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Foreword 

I grew up in Qatar. I spent most of my childhood close to Ras Laffan – the centre of 

Qatar’s gas industry. My father has worked for the national gas company for over 

twenty years. In high school, I participated in an Indian environment-themed quiz show. 

While preparing for this quiz, I first came across topics of environmental conservation, 

grassroots activism, ecological justice and climate change. I could no longer look at my 

home the same way – I now knew about the flipside of Qatar’s enormous hydrocarbon 

wealth. And yet, it was perhaps pre-destined that I would study chemical engineering, 

dream of following my father’s footsteps and make my own career in oil and gas. When I 

signed the contract that granted me a research scholarship from the Qatar Foundation, I 

had just turned twenty-one. I was not entirely sure what doing a PhD or committing to a 

career of research would entail.  

My doctoral research grew out of my experiences: from learning the tools of systems 

optimisation and data analysis in my engineering lectures, from understanding Qatar’s 

economic, political and social dependence on its hydrocarbon wealth as I grew up 

during the hydrocarbon boom, and from observing the environmental impacts of this 

hydrocarbon dependence, both at home and abroad. Alongside my academic work, my 

internships helped me look at the hydrocarbon industry from different viewpoints and 

helped me understand how systematic transformation can happen. I have also devoted 

some time to volunteering at local charities, including faith spaces, to learn the tools of 

community engagement. 

This PhD has been a journey of self-learning and self-reflection. Only by moving away 

from Qatar could I look back at my past and my family’s complex history. From the Arab 

origins of the Bohra community to the centuries-long Bohra presence in the Gulf, I have 

learnt about our shared histories, and claimed a seat at the table as a stakeholder in 

Qatar’s future. 

I hope that I can use my experiences, and my work, to make positive change in my 

world. Climate change is a terribly complex problem, and it will require something of us 

all if we are to remain responsible stewards of this world and leave a positive legacy for 

future generations. 

M.B.   
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Abstract 

The hydrocarbon industry has defined the last century of Qatar’s history. The growing 

threats from the climate crisis, and increasing global efforts at decarbonisation, pose 

risks to Qatar’s reliance on its energy industry. Wasteful consumption of energy 

resources domestically is also a major challenge. Although all ministries and energy 

companies are answerable to the state, energy policymaking is still siloed and may miss 

out on synergies within the energy system. 

This thesis describes the development and applications of a novel quantitative tool, 

QESMAT (Qatar Energy System Model and Analysis Tool), that was used to study the 

long-term evolution of Qatar’s energy system. It is a linear program that optimises 

technology investment and export strategy to maximise revenue for a centralised 

decision-maker. It can be used to assess the viability of a new technology or study the 

effects of a new policy. All major sectors are represented: residential, commercial, 

industrial, transportation and agriculture – QESMAT is the first multi-sector energy 

system optimisation model for Qatar. Original bottom-up projections for energy service 

demands were created across these sectors, based on demographics and other 

indicators. These guided the evolution of the domestic energy system. A stochastic 

uncertainty framework was also developed to aid decision-making under uncertainty – 

this is a novel methodological contribution as well. 

The results show that a significant transformation of Qatar’s energy system is 

technologically and economically feasible. Large amounts of solar PV can complement 

gas-fired power generation, while reverse osmosis can replace existing thermal 

desalination capacity. Electric and hydrogen vehicles can decarbonise the transport 

sector. The industrial sector shows a shift from LNG towards petrochemicals and steel, 

while low-carbon hydrogen has the potential to be the country’s next big export. A 

voluntary reduction of hydrocarbon exports to zero by 2050 is also explored. A 

‘systems’ approach has the potential to help researchers, industry and policymakers 

transform Qatar’s destiny, its kismet, in a post-carbon world. 
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Executive Summary 

Qatar, a small country in the Arabian Gulf (commonly called the Persian Gulf), is home 

to some of the world’s biggest natural gas reserves. Although initially economically 

reliant on oil, Qatar is now one of the world’s biggest exporters of liquefied natural gas 

(LNG). Other exports include petrochemicals (urea, polyethylene, fuel additives), crude 

oil, gas-to-liquid fuels, refined fuels, and steel, among others, all dependent on the 

country’s cheap and abundant hydrocarbons. 

The country’s development as a modern nation state coincided with the growth of its oil 

industry – this includes the development of its political economy, foreign policy, and 

citizen-state relations (see chapter 1). Qatar is a rentier state – citizens are politically 

acquiescent in return for state largesse such as subsidies, free education and healthcare, 

public employment, subsidised land, etc. Although economic diversification has been a 

stated aim of the government for decades, the energy industry supports the rentier state 

model, and cannot be downscaled without risking the citizen-state contract. The 

growing risks from the climate crisis, along with the effect of global decarbonisation 

efforts, threaten Qatar’s gas-driven energy economy in the long-term, and incentivise a 

transition of its energy system. 

This thesis explores the incentives for, the development of, and the results of, an 

optimisation model that can be used to study the evolution of Qatar’s energy system. 

Models such as these are used by policymakers, industry and researchers worldwide, as 

they can be used to test the effect of new policies, or assess the viability of new 

technologies, in a national energy system (see chapter 2). QESMAT (Qatar Energy 

System Model and Analysis Tool) is the first multi-sector optimisation model of Qatar’s 

energy system. It uses publicly available data to model all major sectors of energy 

production and consumption in the country: residential, commercial, industrial, 

transportation and agricultural sectors. For each of these, an original bottom-up 

demand forecast is generated based on demographics and other indicators. QESMAT 

then selects the production and transformation technologies which can meet these 

demands (see chapter 3). The model includes the existing set of technologies in Qatar, 

such as gas-fired power plants, thermal desalination plants, key industrial processes, 

hydrocarbon-powered vehicles, etc., along with a range of newer technologies such as 

solar photovoltaic systems, electric vehicles, reverse osmosis desalination, etc. Diurnal 
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and seasonal variations in energy demand are represented using six time slices within 

the year. QESMAT models five-yearly intervals from 2020 to 2050, allowing existing 

infrastructure to retire and be replaced by new investments. QESMAT has also been 

extended with a stochastic uncertainty framework that provides policymakers with a 

single set of optimal decisions for the short-term, but allows for the long-term evolution 

of the energy system based on the future resolution of uncertainties in commodity 

prices and domestic demands. This represents a novel methodological contribution to 

the field of energy systems modelling. 

The main advantage of an energy systems approach is its ability to study cross-sectoral 

interactions. For example, a reduction in solar PV costs can increase solar deployment, 

which can displace some gas-fired power generation, freeing up more natural gas to be 

exported as hydrogen. The model optimises the production and export of each resource 

based on domestic demands and market prices, and thus quantifies the effect of changes 

in techno-economics, commodity markets and energy policies. It provides researchers, 

industry and government with a quantitative tool to study the viability of new 

technologies (thus guiding R&D), maximise the performance of existing assets or inform 

long-term business strategy, and evaluate the effects of old and new policies such as 

subsidy reform or infrastructure upgrades. 

The results show that a low-carbon transformation of Qatar’s energy system is 

technologically and economically feasible (see chapters 4 through 8). Existing gas-fired 

water and power plants can be augmented by large amounts of utility-scale solar power, 

which can be used to meet a significant proportion of domestic electricity demand. In 

the longer term, integrated water and power plants can be replaced by more efficient 

gas-fired power-only plants, with some of the electricity being used to desalinate 

seawater using more efficient reverse osmosis plants. Given the country’s limited 

freshwater resources, there is no sustainable alternative to desalination other than a 

large reduction in the permanent population. The transportation sector can be 

decarbonised by a switch to hydrogen and electric vehicles, and incentives to use more 

public transport. The industrial sector is projected to see a decline in LNG exports, given 

a global supply glut and uncertain long-term demand keeping prices low. Instead, 

Qatar’s focus could shift to petrochemicals such as urea, which is needed as a fertiliser 

to feed a growing global population, and other industrial products such as steel, a vital 
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material for an urbanising world. The most promising new export could be hydrogen, 

derived from the reforming of natural gas, or through solar-powered electrolysis, if 

long-term price stability, and the solving of transportation challenges, can be achieved.  

The transition of the domestic energy system can be complemented by gradually ending 

wasteful subsidies on fuel, electricity and water, and replacing these by subsidies on the 

installation of green infrastructure – rooftop PV, better insulation and air conditioning 

systems, electric vehicle charging points, hydrogen refuelling stations, etc. This 

maintains the citizen-state contract in a more sustainable form (see chapter 9). With a 

cross-sectoral energy transition, Qatar may even be ready to embrace the post-

hydrocarbon era a century after oil was first produced from its desert.   
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Ch. 1. Introduction 

If you are flying into Doha, try and find a window seat as the aircraft makes its final 

descent. As you gaze out at the waters of the Arabian Gulf, the first signs of human 

activity will be little points of orange light scattered across the sea. These are the flares 

from the offshore platforms that produce Qatar’s oil and gas.  

The first land you will spot is Ras Laffan – the centre of Qatar’s gas industry. Each 

company has a unique clutter of pipelines, vessels, flue gas stacks, lights, flares, and 

buildings; separated from the other companies by a neat grid of roads that end at the 

jetties where enormous ships will carry Qatar’s hydrocarbon products all around the 

world. Your aircraft descends further. 

You may now spot innumerable little cranes, pulling up steel, glass and concrete 

structures out of the sand. Perhaps you may even notice one or two of Qatar’s new 

football stadiums. A new city, Lusail, is being built in the desert, next to an artificial 

island, the Pearl, reclaimed a few years ago from the pearl-rich seabed.  

You will then see Doha’s gleaming skyline – a playground for the world’s best architects 

to leave their mark on the city’s financial district (see Figure 1). Cars drive along the 

curve of the Corniche – a concrete coast that starts in the financial district and ends at 

the Museum of Islamic Art, built on its own island, its historical treasures juxtaposed 

against Doha’s futuristic skyline. 

Your aircraft may fly past the airport, then turn around to make its final descent. Look 

for the red and white stacks of the Ras bu Fontas power plant. It produces some of the 

country’s electricity and desalinated water – powering the millions of lights you see 

from the sky and quenching the thirst of this otherwise arid land. 

As you descend towards the sea, slightly unnerved by the absence of land underneath 

your aircraft, you will shortly touch down at Hamad International Airport – the newest 

symbol of Qatar’s place in the world. It was built to not only serve Qatar’s domestic 

needs, but as a global transport hub, seeing several multiples of Qatar’s total population 

transit through its terminal every year. Welcome to Qatar. 

Qatar is a young country that has found itself taking advantage of improbable 

circumstances to punch above its weight on the global stage. The history of this nation is 
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intimately tied to its hydrocarbon wealth – first oil, and now gas. These energy 

resources have been exploited to create a viable country by importing foreign labour, 

producing drinking water from the sea, growing food in the desert and cooling the hot 

and humid air. More recently, Qatar’s hydrocarbon wealth has been invested into 

education, healthcare, sports, culture and entrepreneurship to go beyond mere survival 

in the desert and create a population that can flourish and dream of an alternative 

future. 

The country may continue to depend on hydrocarbon wealth for the immediate future, 

but there is a growing recognition that the current system faces major threats. The 

effects of climate change are now clear, with worsening floods, droughts, fires and 

storms around the world. Policymakers from Europe to East Asia are aware of the need 

Figure 1. Doha's evolving skyline (2006 - 2013) as photographed by the author. 
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for rapid decarbonisation of their energy systems and are setting targets to achieve net-

zero carbon economies by the middle of this century or sooner. While the demand for 

natural gas will probably outlast that for coal and oil, it is still a fossil fuel that generates 

climate-heating carbon dioxide and methane. Gas will eventually have to be replaced by 

renewables if we are to mitigate the worst impacts of climate change. Meanwhile, 

countries such as Russia, Australia, the United States, Malaysia etc. are ramping up their 

own gas exports, lowering prices, and reducing Qatar’s economic dividends from each 

unit of gas sold. Qatar may still survive in this oversupplied market as it embarks on a 

new period of expansion of its Liquefied Natural Gas (LNG) output, but the best days of 

its gas industry may already be over. 

The effects of climate change will also be seen in Qatar – extreme temperatures and 

humidity will make it impossible for people to venture outdoors for more than a few 

minutes during the summers. Moreover, the country’s dependence on food imports, 

often from countries facing their own climate-caused droughts and famines, adds 

another layer of risk. Climate change is also increasing the risk of food and water related 

conflicts in the wider Middle East. The status quo is unsustainable. Qatar needs to 

transition its entire energy system for a post-carbon future – both at a domestic and 

export level. 

A national energy system consists of several inter-linked sectors – hydrocarbon 

production and transformation, electricity generation, downstream industry, domestic 

transportation, residential demands, and others. These interact with each other in 

complex ways that cannot be understood when modelled in isolation. This thesis 

describes the development of, and the results of, a quantitative framework that is suited 

towards capturing these interactions. This framework is known in broad terms as 

‘energy systems optimisation’ and is explained in chapter 3. The aim of this doctoral 

research project was to create a quantitative tool that can lay out an evidence-based 

roadmap for the future of Qatar’s energy system.  

Before we look to Qatar’s future however, we must first understand how we got to the 

present. This chapter continues with an exploration of Qatar’s history, society, politics 

and economics. The major references for this section are a handbook on the Arabian 

Gulf states commissioned by the US government 1 and sources from the British Foreign 

Office, digitised as part of the Qatar Digital Library 2. Understanding Qatar’s past and 
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present is essential towards suggesting an alternative for the future. Qatar’s politics, 

economy and society are intimately tied to its energy sector, thus, changing the latter 

has significant consequences for the former.  

1.1 Oil in the desert 

The land that is now Qatar has been inhabited for thousands of years. Archaeological 

finds in the north of the country indicate the presence of settlements along the coast, 

limited in size by the availability of freshwater. By the time of the early twentieth 

century, fishing and pearling settlements formed around major wells, while the rest of 

the country was used for seasonal grazing by Bedouin nomads from what is now Saudi 

Arabia 1. 

The British East India Company signed treaties with local sheikhs (tribal leaders) to 

reduce piracy and the kidnapping of slaves in 1820. Soon after, the British government 

recognised the Al Thani family as a de facto representative of the land’s tribes, 

independent of Bahraini control. The Al Thani were originally from the Najd region of 

what is now Saudi Arabia, but settled in Qatar and engaged in pearling, fishing and 

trade. Nominally, the region was under Ottoman rule. However, along with their general 

decline during this period, in 1913, the Ottoman empire renounced its sovereignty over 

Qatar. The British government stepped in to provide military protection in exchange for 

control over some areas of governance such as foreign affairs 2.  

Until the 1930s, Qatar’s primary source of revenue was from pearling. Indian merchants 

financed expeditions and bought all of Qatar’s output, before trading the pearls globally. 

The development of cultured pearling in Japan in the 1930s had a dramatic impact on 

the Gulf’s pearling industry. Combined with the Great Depression, Qatar’s economy was 

close to collapse. Meanwhile, Bahrain imposed a trade and travel blockade on Qatar due 

to a land dispute over Al-Zubarah in 1937. Unable to support themselves and close to 

starvation, many tribes moved out of Qatar, leaving many villages deserted 1. 

Qatar remained a backwater until the 1930s, when competition between Western 

countries to find oil in the region reached a crescendo. The ruler of Saudi Arabia, ibn 

Saud, tried to include Qatar as part of his concession negotiations with the United States 

but was rebuffed by the British. He also threatened to disrupt Qatari oil production if 

the border between Qatar and Saudi was not fixed, but to no effect. The British 
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government signed a comprehensive treaty with the ruler of Qatar in 1935, allowing the 

Anglo-Persian Oil Company a concession to explore and drill for oil almost anywhere in 

the country, in return for fixed annual payments and royalties per unit of oil and gas 

produced. The company was also given free access to any amount of water it needed, 

freedom to import any goods and equipment needed for its operations, and exemption 

from any future taxes on its income. The company was required to hire the sheikh’s 

subjects as its unskilled employees but was allowed to bring in technical and managerial 

employees from abroad if none were available domestically 2. The royalty on oil was set 

at Rupees 3 per ton, translating into approximately $3 per barrel today. Adjusting for 

inflation, the price of oil in 1940 was approximately $18 per barrel in today’s money. 

Thus, Qatari rulers were going to earn less than 20% of the value of their oil.  

Oil was discovered in Qatar in 1939, but the advent of the Second World War prevented 

its immediate production. Oil exports began in 1949, and with this industry, the modern 

nation of Qatar began to take shape under the control of the British. The British Political 

Resident in the region, acting under the direct authority of Her Majesty’s Government, 

was instructed in 1953 to maintain the existing relationship between the United 

Kingdom and Qatar, ensure stability of oil production and additionally ensure that 

Qatar’s oil revenues were invested in line with the interests of the United Kingdom 2. 

The royalty was revised to a fifty-fifty profit-sharing arrangement in 1952 after 

negotiations initiated by the Emir.  

The British created the administrative machinery of the government – finance, law, 

banking, post, telecommunications and police. The police were created as a separate 

institution from the Emir’s bodyguard and given the responsibility for guarding the oil 

production facilities. The first primary school and hospital were started during this 

period as well. The British also commissioned the first desalination and electricity 

plants in Doha. This infrastructure primarily served the oil company. Inadequate 

freshwater resources had limited the population of the Qatari peninsula in the past, but 

the advent of desalination, powered by oil and gas, allowed the formation of large cities 

with stable populations, as seen all along the Arabian Gulf. 

Thus, it was the advent of the oil industry that heralded the formation of the modern 

state of Qatar. In this arid land, the permanent population was limited by the availability 

of freshwater, until the development of desalination which led to the first wave of 



23 
 

urbanisation and population growth. All of the key infrastructure was initially built in 

service of the oil company, which was granted monopolistic control of key resources in 

the fledgling country. Although the local population was overwhelmed by the changes 

so far, the following decades would accelerate the country’s growth. 

1.2 Oil creates a nation 

The lack of sufficient labour for the oil company led to the inward migration of Arabs 

into Qatar, with the Emir granting them documents that made them Qatari subjects. The 

Qatari pearl diving industry had employed hundreds of slaves from East Africa. The oil 

company also employed some slaves, with most of their wages going directly to their 

owners. Slavery was finally abolished by the British in 1952, but it was the owners of 

the slaves who were compensated. The skills of the last generation of pearl divers were 

used to set up the first offshore oil rigs. 

In the 1950s, company mismanagement, dangerous working conditions, long hours (one 

day off per month), low wages, and surging Arab nationalism in the region led to many 

oil workers’ strikes, which were sometimes supported by the Emir to negotiate better 

concession terms, and otherwise violently suppressed. Troublesome workers were 

imprisoned or deported. Political activity, trade unions and demonstrations were 

banned. The sponsorship system, known as ‘kafala’, was introduced in the 1960s, 

limiting foreigners to work for a specific sponsor in a specific role. For the first time, 

lines were drawn between Qatari ‘citizens’ and foreigners. South Asians, non-Qatari 

Arabs and Iranians made up significant minorities, and in total, outnumbered Qatari 

citizens 1. 

The growth in oil revenues allowed the Emir to appease his family and supporters by 

the payment of allowances, gifts of land and appointments to government positions. 

State largesse has also been understood through the lens of a ruler’s Islamic obligation 

to look after the welfare of his subjects. However, Qataris excluded from this state 

largesse expressed their discontent through a strike in 1963 and faced imprisonment 

and exile. Limited attempts were made at reform, including the granting of land and 

loans to poor Qataris. In later decades, handouts included public sector employment, 

subsidies on electricity, water and fuel, along with free education and healthcare, in 

exchange for political acquiescence 1. This system of citizen-state relations was 
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observed throughout the Arabian Gulf as the ‘rentier state’ model and continues to this 

day. The citizen-state contract was formed directly as a result of Qatar’s growing 

hydrocarbon wealth. Thus, for those looking to understand Qatar’s future, one of the 

foundational principles of any energy transition should be its continued ability to fulfil 

the citizen-state contract. For example, even though subsidy reform is a much-loved tool 

of energy policy, it cannot be applied in Qatar without an alternative rent-sharing 

mechanism. While addressed in the modelling methodology, the economic and political 

aspects of an energy transition are explored in detail the final chapters of this thesis 

(Chapters 9 and 10). 

While oil production continued to grow, Qatar’s finances became vulnerable to global oil 

price movements. The country joined the Organisation of the Petroleum Exporting 

Countries (OPEC) in 1961, a group of countries that negotiated quotas on oil production 

to maintain favourable prices. But oil revenues were dependent on domestic 

production, which would sometimes decline, and global prices, which were volatile 

through the 1970s and 1980s. The government saw budget deficits during the 1980s as 

oil revenues declined. That volatility has continued into the 21st century, seemingly with 

increasing frequency, as seen with the oil price crashes in 2008, 2014 and 2020. The 

price of LNG sold through long-term contracts is often linked to the price of oil. Thus, 

Qatar’s revenues take a major hit when oil prices drop for sustained periods. This, 

perhaps even more so than the climate crisis, is the biggest reason for Qatar to consider 

an economic diversification strategy that looks beyond oil and gas to create more 

sustainable revenue streams. The volatility in commodity prices, along with the 

limitations on our ability to forecast them for the long-term, are quantitatively the 

biggest source of uncertainty for the planning of the Qatari energy transition, as we 

shall see later in the thesis (Chapters 4 and 8), and must be carefully analysed before 

translation into policy and infrastructure investments. 

The British decision to disengage militarily ‘East of Suez’ in 1968 led to the granting of 

independence to the states of the Arabian Gulf. Disputes over the formation of a 

federation with neighbouring states led to Qatar declaring independence in 1971. 

1.3 Gas transforms Qatar 
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In 1972, Shell Company Qatar discovered Qatar’s non-associated offshore gas field, but 

at a time when there was limited demand for gas and no viable means of long-distance 

transport. In 1984, the Qatar Liquefied Gas Company (Qatargas) was created to 

produce, liquefy and transport natural gas as LNG (liquefied natural gas) to global 

markets, particularly Japan. 12 years later, in 1996, Qatar loaded the first LNG tanker to 

Japan. Plans to build pipelines that would supply Qatari gas to its Gulf neighbours fell 

through after disputes over territorial claims and pricing 3. Although a pipeline was 

eventually built to the UAE and Oman, most of Qatar’s gas is exported as LNG. The 

evolution of the gas export infrastructure constrains Qatar’s ability to export its 

hydrocarbons. Although pipeline exports are much cheaper than LNG, their limited 

capacity, in spite of growing regional demand, are due to political disagreements, and 

must be exogenously limited in an energy systems framework. A similar constraint is 

also imposed on the regional electricity transmission network, which has remained as a 

back-up for emergency balancing rather than as a means to trade larger amounts of 

electricity more frequently. 

The development of the LNG industry in Ras Laffan, to the north of Doha, came along 

with investments in refining, petrochemicals (fertilizers and plastics), aluminium, steel, 

methanol, gas-to-liquids, electricity, desalination, cement and other chemical products 4. 

All of these industries depend on Qatar’s cheap and abundant gas resources. These are 

all included in the current model and bring in substantial revenues for the government 

at high commodity prices, as the state is the largest shareholder in all of these 

industries. Their role in the energy system is illustrated across the results chapters (5 

through 8).  

Qatar entered the 21st century with increasing wealth and political clout. It maintained 

brotherly relations with other countries in the region, from Saudi to Iran (with whom it 

shares its offshore gas reserves). Qatar also began military cooperation with the United 

States and currently hosts a large American military base. Qatar paid a major part of the 

construction costs and is funding the base’s expansion. American companies such as 

ExxonMobil have established stakes in the Qatari energy sector in return for providing 

technical expertise, while American universities in Qatar train the next generation of 

citizens and residents in various professional fields. The relationship between Qatar, the 

American military and American energy majors has contributed to increased investor 
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confidence in the country 3. The partnership of international energy companies in 

Qatar’s export industry, along with long-term agreements with countries around the 

world, makes Qatar’s continued security in a tumultuous region a direct concern of the 

world’s biggest powers. This is also an important aspect of Qatar’s political economy 

that must be understood when considering any large changes to its energy system. 

While oil production continues to stagnate, gas production is booming. Qatar lifted a 

twelve-year-long moratorium on natural gas production in 2017 5, committing itself to 

an expansion in LNG production of 64% over current levels by 2027 6. Since Qatar’s gas 

is non-associated, i.e., it is not co-produced with oil, Qatar can expand its gas production 

without OPEC’s consent – Qatar even left OPEC in 2018. The country’s natural gas 

wealth allowed it to set even higher targets for itself, and, against all odds, achieve those 

goals. 

Qatar started the new millennium by winning the rights to host the 2006 Asian Games. 

This kickstarted an infrastructure boom. The total population crossed one million by the 

time of the Games. The simultaneous growth of the energy sector, particularly the 

expansion of LNG output, also led to a significant population influx. This was a time of 

rapid growth in Doha. This brought challenges such as traffic congestion, inflation, and 

shortages in housing and education, amongst others. The government responded with 

increased spending on roads, schools, hospitals, etc., and encouraged the building of 

more homes. The domestic electricity and water infrastructure also had to be expanded 

to meet rising demand – this led to the construction of massive gas-fired integrated 

power and water plants. Some of these plants would sit idle for most of the year and 

operate only during times of peak demand. All of them produce carbon dioxide, amongst 

other pollutants. 

The suburbs of Doha were unpopulated many decades ago, until the government 

handed out land to citizens to build houses. With an increase in the foreign population, 

the suburbs now saw a boom in the building of ‘compounds’ – gated communities with 

identical villas that were ideal for big companies to house the families of white-collar 

expatriates. Villas, with more per capita space than apartments, drove up domestic 

energy consumption further. Living in the suburbs also required the use of a car, 

considering the absence of sidewalks or cycle paths, driving up fuel demand and 

increasing pollution and congestion further. 
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This was also the time of outlandish ideas and a regional race to implement them – 

Qatar dreamed up ‘the Pearl’ early in the decade, a manmade island housing luxury 

homes, hotels and shops, built on top of pearl-rich seabed north of Doha. This project 

also allowed foreigners to invest in real estate for the first time in Qatar. The economic 

benefits of grand projects like these are uncertain at best, and have rapidly increased 

the energy demand for electricity, water, and transportation fuels. Plans for any future 

expansion of infrastructure must include forecasts for consumption of electricity, water, 

air conditioning, transport fuels, and other energy commodities, which can then feed 

into energy systems models that guide new investments in energy infrastructure. The 

forecasting methodology used in the current research is detailed in Chapter 3. 

The financial crisis of 2008, which started in the United States, hit neighbouring Dubai 

exceptionally hard and had an impact on foreign investment in Doha, but the energy 

sector was relatively untouched. A more ominous development occurred around the 

same time in the United States – growth in the production of ‘shale’ gas.  

1.4 Challenges to perpetual growth 

The population boom in the 2000’s led to the first conversations around sustainability – 

Qatar was consuming a growing amount of water, food, fuels and electricity. The 

increase in the number of cars led to severe traffic congestion: roundabouts, designed 

by British planners, now backed up traffic by hundreds of metres. Qatar undertook a 

major road-building and upgrade program – constructing new highways, bypass roads, 

flyovers, tunnels and replacing roundabouts with traffic lights. It now looked 

increasingly like an American petro-city such as Houston – with highways connecting 

far-flung suburbs to the financial district, but with limited and unattractive options for 

public transport, let alone any infrastructure for walking or cycling. More roads only led 

to more congestion, as everyone in the growing city was forced to travel by road in the 

absence of alternatives. There were also lessons to be learnt from hosting the 2006 

Asian Games and its aftermath – the gigantic ‘Athletes’ Village’ that had been 

constructed to host the visiting athletes was now left unused. Several years passed 

before the government knew what to do with those buildings – they were handed out to 

a few ministries and the neighbouring hospital. The construction of more buildings, 

without a consideration of long-term sustainability, led to the need for more power and 

water generation infrastructure. 
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Its lack of freshwater and fertile land means that Qatar remains dependent on global 

markets for most of its food needs. The Qatar National Food Security Program was 

established in 2008 to suggest policies and systems that could enhance Qatar’s self-

sufficiency in food production and food processing 7. The government was noticing the 

depletion of groundwater reserves during this period, with most of the water going 

towards domestic agriculture. Qatar also saw a decline in annual rainfall: just 55% of 

the long-term (1962-1992) average in 2013 8. Measures were implemented to enhance 

the artificial recharge of groundwater through treated sewage effluent (TSE) injection 

and recharge from irrigation. However, in the absence of advanced technologies and 

irrigation systems, it was clear that Qatar would not be able to achieve complete self-

sufficiency in food production. Qatar also tried to buy agricultural land abroad, 

particularly in poorer African states, with varied results. These experiences are 

important in understanding the potential for future efforts at increasing domestic food 

and water security. 

The height of Qatar’s ambition, even in the midst of a global financial recession, was its 

2010 bid to host the 2022 World Cup. A small country, 160 km long and 90 km wide, 

with a population barely above one million, with only a small, if devoted, football 

following, had decided to bring home the biggest sporting event on the planet. The 

audacity of that vision was met with incredulity both at home and abroad. With two 

years left to go for the tournament, preparation seems to be on track, in spite of the 

recent effects of the coronavirus pandemic and the hydrocarbon price crash. The long-

term viability of this new infrastructure (sports facilities, roads, public transport, 

airport, new urban districts, power and desalination plants, hotels and shopping malls) 

remains an open question. These investments represent a certain amount of 

infrastructure lock-in and must be represented in a model of the Qatari energy system 

(both on the demand and supply side). 

Qatar tried to implement some of the lessons it learnt from 2006 – the conversation 

around the World Cup bid frequently mentioned sustainability, legacy, carbon, and 

climate change. Some of the stadiums were designed to be dismantled after the 

tournament, others to have removable sections of seating that could be shipped to 

developing countries to improve their football infrastructure. The bid also mentioned 

that the tournament would be zero carbon. While the initial plan was to use renewables 
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integrated into the stadiums to produce electricity all year round, which would offset 

the electricity imported during sports events to cool the stadium 9, this was later 

changed to include the purchase of regional ‘offsets’ that would balance out the 

emissions of the World Cup 10. The tournament was also originally scheduled to be 

played in the summer, when Qatar’s day-time temperatures can exceed 50 oC. 

Consultations with FIFA and regional football associations led to the moving of the 

tournament to winter, when temperatures are more in line with European summers. 

This is expected to significantly reduce cooling needs at the stadiums. Plans for new 

urban districts, such as the Lusail Energy City, have nevertheless continued, and 

construction is still in progress. Considering Qatar’s long-term population strategy 11, 

which envisages a slower growth rate in population, and recent trends in energy 

markets, the new districts may end up being an over-investment in urban 

infrastructure, leading to more wasteful consumption of energy if under-occupied. The 

Doha metro, which started operations in 2019, was conceived to permanently reduce 

vehicle traffic by encouraging the use of subsidised trains, linked by a network of feeder 

buses and taxis that facilitate the ‘last-mile’ of the commute. It is hoped that the public 

Figure 2. Evolution of Qatar's hydrocarbon sector. All data is from the IEA’s country statistics 12. Dashed lines represent 
production (stacked), filled areas represent domestic demand and exports (stacked). ‘Liquids’ includes crude oil, 
natural gas condensates and refined fuels. Transport demand is met by liquid fuels, electricity demand by gas. Industry 
demand includes energy use and feedstock. Electricity demand includes residential, commercial and industrial uses. 
Gap between supply and demand/exports is due to conversion/efficiency losses. 
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transit system will help reduce traffic congestion and air pollution by taking cars off the 

road. 

The local use of energy still represents a thin slice of the country’s total energy 

production. IEA country statistics for 2017 show that non-energy, non-industrial 

domestic use of energy accounted for just 3% of total energy production 12. 80% of total 

production was exported as fuels (crude, oil products and gas), while industrial 

feedstocks, energy sector own-use and conversion losses accounted for around 16%. 

This is reflected in the current modelling work (see chapters 4 through 8). Figure 2 

shows how Qatar’s hydrocarbon sector has evolved since 1990, particularly capturing 

the extraordinary rise of the natural gas industry. This data informed the creation of the 

‘reference energy system’ in the current work, i.e., the data that describes the current 

state of the energy system in Qatar. These statistics clearly show how Qatar’s energy 

system is geared towards, and dominated by, the production, conversion and export of 

hydrocarbons. 

Qatar’s ‘sustainable’ reputation was burnished when it hosted the COP 18 global climate 

summit in 2012. Although there was a lack of significant progress at COP 18, Qatar 

generated some positive press around its efforts at ‘sustainability’. This was in spite of 

the country not having a quantitative target to lower its carbon emissions, even three 

years later at the milestone COP 21 in Paris 13. Targets were set for energy and water 

conservation, and to introduce small amounts of solar energy to the grid 14, while some 

waste-to-energy capacity was installed 15. These targets are tested in this research 

project as well. It is clear from Qatar’s Paris commitments that its carbon footprint will 

not be reduced by a top-down target. If anything, the country makes the case that its 

LNG is displacing carbon-intensive coal production in East Asia and Europe, which 

justifies a further expansion of its LNG sector. This comes down to a question of 

accounting – but in a reality where global carbon emissions keep rising, while climate 

models tell us that they must rapidly drop, the ‘transition’ fuel argument for natural gas 

is quickly becoming irreconcilable with the exacerbating climate crisis. The current 

work explores alternatives to LNG as Qatar’s main export. 

The World Cup focussed the nation’s efforts at a time of intersecting political challenges. 

The 2010s started with the Arab Spring, which saw dictatorships toppled across the 

Arab world, and civil war in Syria and Yemen. Protests in Saudi Arabia and Bahrain 
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were violently suppressed. Qatar did not see any disturbances, perhaps because its 

citizens were in a better financial state than most others. Not taking any chances, 

however, the government increased public sector and military wages generously during 

this period of regional tumult 16. The fragility of the citizen-state contract was clear – 

any future economic or environmental turmoil must be carefully managed while 

keeping the resource rents flowing to the citizens. The government also kept up state 

spending when global oil and gas prices fell in 2014, eating into its accumulated wealth 

from the previous decade. The drop in global hydrocarbon prices was a result of several 

factors, including slowing Chinese demand and the growth of the shale gas industry in 

the US. Qatar’s investments in LNG-regasification projects in the US could only be 

rescued by turning them into LNG-producing plants – directly competing with Qatar’s 

own LNG production. Investment decisions in LNG projects in Russia, Australia, 

Malaysia, East Africa and others all happened before the price drop of 2014. There were 

now fears of oversupply and unprofitability.  

Qatar’s support for democratic change during the Arab Spring led it into increasing 

disagreements with its GCC allies, which were battling their own domestic opposition. 

The neighbouring countries were particularly unhappy about the coverage of Qatar’s Al 

Jazeera news channel during protests in Egypt and Bahrain. They were also unhappy 

about Qatar’s balanced relationship with Iran, which was due to shared natural gas 

reserves, trade and historic ties. Tensions came to a head in 2017, when, led by the UAE 

and Saudi Arabia, Qatar was subjected to a land, sea and air blockade, which has 

continued to the present. 

This crisis turned out to be a blessing in disguise for Qatar. The country re-evaluated its 

friendships in the region, established new trading partners, and saw increased loyalty 

from the population. Citizens and residents found a new sense of belonging to the 

country and respect for each other’s contributions. Plans from the food security 

program were implemented with new zeal – increasing domestic production of 

vegetables, fruits, and dairy. This has increased the local demand for water, and by 

extension, energy.  

Since Qatar only exported a small proportion of its energy products within the region, 

the blockade did not affect its trading position. The neighbouring countries, with limited 

gas reserves of their own, felt the impact of the blockade a little more, as they barred 
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themselves from importing Qatari gas for their domestic needs, instead considering 

options such as nuclear and coal power. Qatar has managed to keep its development 

plans on track throughout the blockade.  

Between the ongoing blockade and the upcoming World Cup, the government enjoys 

virtually the full support and loyalty of the Qatari population. A recently announced 

expansion of LNG production by 2027 will lead to a post-World Cup growth in 

employment, infrastructure and government spending. Small amounts of renewable 

energy will be introduced into the grid but may not outpace the growth in the demand 

for energy, leading to the construction of more gas-fired power and water production. 

Citizens will be kept onboard with the government’s agenda by continued state 

spending on education, healthcare, public employment, business support, and energy 

subsidies. Qatar will continue to enjoy the protection of its military ally, the United 

States, in exchange for favourable terms for American energy companies. New long-

term contracts with India and China also guarantee Qatar’s continued relationships with 

emerging powers. 

The state that was created, nurtured, protected and administered in response to the 

British quest for oil, will continue to exist as it supplies the global demand for natural 

gas. Repeated calls for economic diversification will manifest in the consultancy-

produced ‘national vision’ documents, only to fail in reality as the economy continues to 

depend on the production, transformation and export of gas and related products. A 

system of inertia exists – a mutually-beneficial relationship between citizen and state. 

The political, social, economic, institutional and infrastructure systems created to serve 

the British interests in Qatar – ensuring the stability of hydrocarbon production and 

ensuring the investment of the national wealth according to Western interests – will 

continue towards the foreseeable future. But the future is uncertain. 

1.5 Qatar and the climate crisis 

Our world is burning, melting, flooding, drying, starving and in conflict. The effects of 

climate change are widespread, persistent, incontrovertible and terrifying. Every 

summer brings with it stronger, longer heatwaves, fires and death. From the Amazon to 

Australia, California to Siberia, the forests are burning. Europe is seeing increasingly 

hotter temperatures. The countries surrounding the Indian Ocean experience bigger 
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cyclones, the Caribbean suffers from deadlier hurricanes, and East Asia faces stronger 

typhoons. Meanwhile, glaciers are receding all around the world, threatening billions of 

people with freshwater shortages from South Asia to Western Europe. Droughts persist 

in the Sahel, leading to violent conflict between Western-backed governments, Islamist 

militias, and local tribes over access to food and water. The Greenland and Antarctic ice 

sheets are melting rapidly, directly contributing to sea level rises that are already 

threatening coasts from Bangladesh to Florida. Humanity is using more of the earth’s 

resources than can be sustainably regenerated. Meanwhile, global populations are still 

rising, standards of living are still increasing, and so are the demands for food, water, 

fuels, electricity and other amenities. Qatar’s strategy of importing food products from 

vulnerable countries across Africa and Asia comes with significant risk when one factors 

in the effects of climate change; not to mention the equity issues of importing 

agricultural products from countries where many are starving. 

The impacts of climate change are already beginning to be felt by Qatar, from reductions 

in rainfall 8 to the risks of coastal flooding 13. Rising sea levels are a significant threat to 

the new districts being built by the coasts and on artificial islands. Reductions in rainfall 

make depleted groundwater aquifers more prone to incursion by seawater. Air 

conditioning demand continues to grow as each summer gets progressively warmer. 

Climate models predict that in a business-as-usual case, the Arabian Gulf will see 

summer temperatures top 60 oC, which, combined with high humidity, will make it 

impossible for humans to venture outdoors for more than a few minutes at a time 17. 

The scale of desalination plants across the Arabian Gulf – some supplying water to cities 

such as Riyadh, hundreds of kilometres from the nearest coast, has led to irreparable 

damage to the marine environment due to the discharge of ‘brine’ (concentrated 

saltwater by-product from desalination) into the sea. Overfishing, pollution, offshore 

drilling and large shipping threaten marine ecosystems across the Gulf, resulting in 

declines in fish stocks 18, and further dependence on foreign food imports. These 

declines in fish populations will accelerate due to increasing salinity from brine 

discharge and increasing temperatures from climate change. Increasing salinity in the 

Gulf also adversely impacts the future performance of desalination plants.  

The transportation sector is dominated by fossil-fuel powered vehicles: diesel trucks 

and buses, large SUVs and luxury sedans clog the roads, driving up local air pollution 
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and contributing to the national carbon footprint. In response to global reports on the 

health effects of air pollution 19, the government has released a countervailing 

statement 20 claiming ‘zero impact’ on Qataris’ health from local air pollution. Air 

pollution data is not publicly released. Self-censorship hampers local research. 

Thus, Qatar faces growing threats from land, water and air pollution, along with the 

larger risks from the climate crisis. An energy transition must focus on decarbonisation 

of exports and reduction in demand, so that Qatar, a large per-capita emitter, can avoid 

the worst outcomes from runaway climate change. The current research can identify 

opportunities for decarbonisation and pollution reduction. 

1.6 The need for quantitative planning tools 

Qatar’s major economic and planning decisions are taken in a centralised manner, with 

limited public consultation, predominantly in the energy and financial sector. The 

limited visibility of the decision-making processes in these areas has arguably worked 

well until now, but the scale of the transformation outlined in this thesis will require the 

citizenry to be more informed and more involved in decision-making. This may extend 

to the country’s financial wealth – currently invested through its sovereign wealth fund, 

the Qatar Investment Authority (QIA). 

The QIA was created in 2005, as a vehicle for Qatar to invest excess hydrocarbon wealth 

around the world, since the domestic economy was unable to absorb all of the state’s 

wealth. By 2019, the QIA had over $300 billion in assets 21, invested across a 

combination of global real estate, blue-chip companies, technology start-ups, national 

oil companies, automobile manufacturers, luxury goods retailers etc. QIA is tasked with 

preserving the nation’s hydrocarbon wealth for the long-term and may even use its 

wealth to catalyse a domestic energy transition while investing in companies leading 

the global clean energy revolution. Decision-making regarding investments, 

acquisitions, sales etc. is kept out of the public sphere and managed at the highest levels 

of government. 

Similarly, confidential and top-down planning decisions are made by Qatar Petroleum, 

the present incarnation of the Petroleum Development (Qatar) Company created by the 

British. The world was taken by surprise at Qatar’s decision to end its long-running 

moratorium and expand LNG production, justified on the assumption that growing 
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demand for gas in East Asia will balance out the glut of supply currently on the market, 

enabling Qatar to re-emerge as the swing producer by the end of this decade. The speed 

at which the world needs to take action against deadly climate change, however, goes 

against this assumption. Developing countries may well leapfrog gas as they go straight 

from coal to cheaper renewables, leaving Qatar in a race to the bottom as it supplies 

low-cost gas in return for lower per unit revenues.  

Decision-making across the energy sector in Qatar seems siloed – every company and 

ministry is taking decisions in what seems to be in their best interest, but forgetting that 

ultimately, they all share the same master – the state, in whose interest they must act. 

Opportunities for collaboration and synergies are missed when every entity is 

maximising its own profit. This is especially jarring because Qatar does not operate a 

free market – all major entities in the energy landscape, from utilities to petrochemicals, 

are majority-owned by the government. A quantitative approach to decision-making, 

covering multiple sectors, may prove useful to the government – optimisation models 

can be used to determine the best decisions for a centralised planner, even if they may 

not be in the interest of individual companies. 

Energy systems modelling is a quantitative method where seemingly unconnected 

sectors such as sewage treatment and LNG production are considered within one 

framework. When combined with the tools of policy analysis, energy systems models 

can guide long-term policy, under uncertainty, and identify the best economic, 

environmental and policy opportunities for the government. As elaborated in chapter 2, 

a systems approach to energy policy has enjoyed success at the local, national and even 

regional level, guiding policymakers with evidence-based solutions that account for 

real-world complexity. 
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Ch. 2. Literature review 

The literature reviewed here includes journal articles and reports from international 

institutions (non-profit and private). The topics include the potential for renewable 

energy in Qatar and the Gulf, demand forecasting, and energy policy research in the Gulf 

states. This is followed by a discussion of the relevant energy systems optimisation 

literature – focussing on themes of long-term energy transitions, uncertainty, regional 

(Gulf states) literature and best practice in modelling. Links to the current work have 

been made explicit. 

2.1 Case for renewables in the Gulf 

One of the first papers to consider the possibility of adopting solar photovoltaic (PV) 

technology in Qatar was by Marafia in 2001 22. Coming long before the precipitous drop 

in capital costs of solar PV, the paper rightly concluded that on a direct cost comparison, 

solar PV was twice as expensive as gas-fired electricity. However, the paper did not 

quantify any further benefits of PV such as emissions reduction or freeing up natural gas 

for export. The lack of a system-wide analysis excluded the possibility of identifying the 

right place for solar PV in the grid, say, perhaps, to reduce peak load in the summer. 

Nevertheless, considering solar PV as a clean technology alternative for the country, 

nearly two decades ago, when Qatar was rapidly expanding gas production, was 

prescient. 

By 2011, Radhi was estimating the economic case for building-integrated PV (BiPV) for 

GCC countries 23. He designed a BiPV system for a prototype residential building and 

then costed it. He concluded that given the subsidised tariffs of residential electricity, 

BiPV was not economically feasible, especially since its costs were still high. Radhi noted 

that the social benefits such as emissions reduction were not considered in his 

assessment. He recommended a financial subsidy on the installation of BiPV, but did not 

quantify the savings to the state utility from the reduction of residential demand 

(assuming that enough BiPV was installed to reduce the purchase of electricity from the 

grid). Once again, a system-wide analysis would have allowed such a calculation, by 

providing the cost/savings from the introduction of a marginal watt of solar capacity. 

Just a year later, the professional services firm PWC and the Emirates Solar Industry 

Association collaborated on a report claiming that solar energy had become 
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commercially viable in the Middle East / North Africa (MENA) region for the first time 

24. They based their conclusions on the falling costs of solar panels, and the high global 

prices of oil ($80 per barrel) and LNG ($13 per MMBTU). Oil-importing countries such 

as Jordan and Morocco, and gas-reliant states such as the UAE and Kuwait, now had a 

strong economic incentive to invest in solar PV. Interestingly, it was partly due to 

Qatar’s desire to sell LNG within the Gulf at global market prices that pushed the UAE 

towards renewables. The authors estimated that utility-scale solar PV would cost $130 

per MWh – at a capital cost of $2.5 per watt, an operating cost of $30 per kW per year, 

and a capacity factor of 20%. This made it competitive with peaking generators running 

on imported gas. Rooftop PV was still considered too expensive even at high LNG and oil 

prices. A case was made for solar PV meeting peak electricity demands and reducing the 

need for spare capacity. An argument was also made for solar energy displacing 

subsidised fuels that powered conventional electricity generation – reducing the 

opportunity costs to states such as Saudi that were burning valuable oil to produce 

subsidised electricity. Nevertheless, the report concluded that given the abundance of 

natural gas in Qatar, solar PV still did not make economic sense for the country. Solar 

prices would have to fall further to incentivise Qatar to free up more gas for export by 

generating electricity from PV. The report noted that PV prices were still dropping. 

Saudi Arabia’s growing population and energy demand required the country to look 

beyond its reliance on crude oil-fired electricity generation, which was polluting, 

wasteful and the loss of a high-value export. Although they have significant gas reserves, 

domestic consumption was expected to outstrip Saudi gas production. The government 

was considering investing in nuclear power. In 2014, Ahmad and Ramana analysed the 

economic potential for nuclear power in Saudi 25 and concluded that nuclear energy 

would be more expensive than gas-fired power under a range of parameters. Moreover, 

they expected that the still-falling costs of solar energy would undercut nuclear power 

within the next decade – a prediction that has come true earlier than even they 

anticipated. The authors also considered the potential for nuclear energy and 

concentrating solar technologies to provide a low-carbon solution for water 

desalination, as opposed to the existing hydrocarbon-powered thermal desalination 

methods. They found that nuclear-powered reverse osmosis could compete on cost with 

gas-fired thermal desalination plants, in an early comparison between thermal and 

mechanical desalination technologies for the Gulf states. Even though they were 
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analysing power generation without a systems framework, the Ahmad and Ramana also 

calculated the opportunity cost of using domestic hydrocarbons to generate electricity 

when the fuels could instead be sold abroad. They concluded that given the high cost of 

nuclear energy, Saudi would need the LNG price to be above $14 per MMBTU to justify 

switching to nuclear. Of course, by the end of that year, gas prices fell by almost half, and 

have not recovered to pre-2014 levels since. While the drop in solar energy prices kept 

pace with falling gas prices, nuclear energy seems to have been priced out forever. 

Writing in the aftermath of the Fukushima nuclear disaster in Japan, the authors also 

mentioned the extra costs and risks associated with nuclear waste disposal and 

accidents. Qatar has not needed to consider nuclear energy given its cheap and 

abundant gas resources – thus, nuclear energy is excluded from the current work. 

Later in 2014, the Oxford Institute of Energy Studies released a report on the prospects 

for renewable energy in the GCC states 26. El-Katiri and Husain identified the growing 

demand for energy across the Gulf as a key driver for renewable generation. Like the 

previous publication on nuclear potential in Saudi, this report reiterated the 

opportunity cost associated with burning valuable hydrocarbons for subsidised 

electricity. The authors referenced the PWC/ESIA report 24 to justify investment in solar 

PV, and discussed the savings made by oil-exporting countries such as Kuwait by using 

solar energy to meet daily peak demands. Environmental issues such as extreme air 

pollution and high carbon emissions were also identified as reasons to adopt 

renewables. Economic benefits such as diversification and job creation were touted as 

the benefits of a renewable industry in the Gulf, but with the caveat that these new 

sectors of the economy would have to be productive rather than creating ‘economic 

deadweight loss’. The issue of loss was extended by the authors to cover energy pricing 

in the region. They argued that the low (or zero) prices paid for energy by domestic 

consumers did not provide any incentives for efficiency or avoiding waste. While 

acknowledging the political challenges of cutting subsidies, El-Katiri and Husain wrote 

that ‘reforms seem increasingly unavoidable’ and suggested direct cash transfers as a 

better alternative. They also advocated feed-in tariffs (FITs) for renewable generators – 

a fixed purchasing price paid by the state utility to private power producers. This model 

was well-suited to the centralised markets of Gulf states and led to the driving down of 

solar energy costs during auctions for new projects, as it reduced the risk of solar 

producers having to curtail unsold production. They argued that even FITs would 
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eventually have to be adjusted to prevent a ‘cost explosion’ in renewable electricity, as 

the starting FIT level would already be set above existing retail prices. The authors also 

mentioned that a carbon tax would not be a useful policy tool in the Gulf states without 

a prior reform of electricity tariffs – a conclusion corroborated by the current work 

(arguably, a carbon tax is ineffective even after a reform of tariffs). The authors mention 

facing several questions from experts regarding the viability of subsidising renewables 

in a region where energy is already subsidised – the fall in renewables costs has made 

this conversation futile, and renewables can now compete with conventional generation 

without subsidies. The authors also highlight a problem that exists universally within 

the region – the propensity to make flashy announcements and set unrealistic targets, 

without any policy mechanisms in place to achieve them. They mention that this was 

particularly the case with renewables deployment. This lack of practical steps extends, 

in their understanding, to the national vision documents that each Gulf country has 

commissioned. While this report provided an excellent overview of energy policies that 

can incentivise renewables adoption, it would be complemented by an energy systems 

model that could quantitatively model these policies and analyse their effects. 

Nevertheless, the case for renewables in the Gulf, if not yet for Qatar, was now strong. 

The issues of wasteful subsidies on energy, and the accompanying ballooning of 

domestic energy demands, are of clear importance for Qatar, and have been explored in 

depth in the current work (see Chapters 4, 5 and 8). 

The Brookings Institution also released a report on energy transitions in Qatar and the 

Gulf in 2014 27. Meltzer et al. focussed on the creation of a policy framework and the 

setting of targets to encourage Qatar’s transition. This was in contradiction to the OIES 

report above, which argued that targets did not work. Nevertheless, the Brookings 

report did not suggest a target for renewables or for emissions reduction and left it for 

the state to decide. Qatar still does not have an emissions reduction target – this is not 

surprising, given its dependence on hydrocarbon exports, which are going to grow 

further over this decade. The authors also suggest the development of carbon capture 

and storage for deployment in the country’s power and oil production sectors. A techno-

economic analysis would indicate the infeasibility of either of these proposals – adding 

CCS to the power sector is an additional cost that cannot be justified in the absence of a 

carbon price, while Enhanced Oil Recovery is only profitable at high oil prices. The 

shortcomings of this report highlight the need for a quantitative model that can test the 
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impact of new policies or the techno-economic feasibility of new technologies. A useful 

policy recommendation in this report is the roll-out of energy efficiency measures – 

these would cut wasteful resource use, reduce the state’s subsidy bills and avoid the 

building of excess power/water infrastructure – this effect was tested in the current 

work (see Chapter 8). The report is limited by its lack of local context, however – 

‘market-based instruments’, i.e., pricing reforms, are suggested for the region, without 

an alternative rent-sharing mechanism, while public information campaigns are 

recommended for a part of the world where governments have much more power than 

consumers in shaping energy consumption. The authors discuss the potential for 

renewables in the region, particularly solar energy, but mention the challenges of high 

temperature and dust. They are against the use of feed-in tariffs for solar producers, 

arguing that they may be ineffective due to the centralised nature of state utilities. 

However, there is evidence that FITs have driven down solar costs across the region 28. 

The report also encourages an investment in clean energy research and development, 

which is unconvincing, given the likelihood that technological breakthroughs and 

product commercialisation will happen in other parts of the world, and R&D money 

may be better focussed on applied challenges in deploying commercially available 

technologies within the region. 

Abdmouleh et al. studied the state of renewables in the Gulf in 2015 and recommended 

policies to accelerate the sustainable energy transition 29. By now, the challenges of 

economic over-dependence on hydrocarbons and high domestic subsidies were 

commonly cited as a reason to invest in renewables – this extends to the current work, 

which quantitatively illustrates the need for economic diversification. The authors 

mentioned the abundance of land and sunshine as advantages for solar energy but 

noted the reduction in performance of solar systems due to high temperatures and dust. 

They believed that the high solar radiation of the Gulf would compensate for these 

factors – corroborated by experimental evidence from Qatar’s Solar Test Facility 30. 

Water scarcity was mentioned as an obstacle for cleaning and cooling needs, but the 

authors did not consider the use of treated sewage and industrial effluent for this 

purpose. Subsidy reform was also mentioned, but without the suggestion of an 

alternative rent-sharing mechanism, this would be politically infeasible. The authors 

highlighted Qatar Solar Energy as a ‘vertically integrated’ PV producer that was driving 

the country’s renewables growth – there is no information on the existence of this 
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company after 2014. Five years later, Qatar Solar Technology (QSTec), a second 

company that focusses on polysilicon production, remains an economically 

uncompetitive manufacturer, as corroborated by the current work, as a result of China’s 

dominance of global PV supplies. 

Some of the papers described in this sub-section highlighted the role of renewables in 

displacing domestic use of hydrocarbons, thus allowing more oil and gas to be exported. 

This effect was quantified by Sanfilippo and Pederson in 2016 31. They estimated that 

deploying solar power at Qatar’s targets (2% of electricity generated in 2020, 20% in 

2030), would free up 0.24 million tons of oil equivalent (Mtoe) of gas by 2020 and 2.1 

Mtoe of gas by 2030, with China being the likely importer. The authors did not delve 

into the economics of this analysis by estimating if solar PV could be price-competitive 

with cheap gas-fired power. This type of analysis would be suited to an energy systems 

modelling framework, as it would include the costs of all technologies within the energy 

system and the prices of all resources that can be sold, as done in the current work. 

The establishment of the International Renewable Agency’s headquarters in Masdar 

City, UAE, in 2012, signalled the ambition of the country to lead the world in renewable 

energy. IRENA’s market analysis of the GCC region in 2016 showed how quickly the case 

for renewables had strengthened 32. The report highlighted the vast potential of utility-

scale PV in the Gulf, due to its high solar irradiation, and estimated that developing just 

1% of this area would create 470 GW of power generation capacity (around forty times 

Qatar’s current generation capacity). The falling costs of solar PV had brought down 

electricity costs to under $60 per MWh – half of the cost estimated by PWC 24 just four 

years previously. IRENA mentioned the reliability of a centralised off-taker for 

electricity (the Dubai Electricity and Water Authority) as a key factor for the low costs. 

By 2016, governments around the region were implementing an economic reform 

program to cut subsidies in response to the fall in hydrocarbon prices. IRENA argued 

that the low costs of solar power still undercut cheap fossil fuel-powered generation, 

particularly for oil. The report highlighted the challenges of expanding the regional grid 

to facilitate electricity trading – the absence of competitive markets, price controls and 

similar demand profiles. Growing energy demand across the region was identified as a 

key driver for renewables deployment, particularly to avoid the self-consumption of 

valuable export commodities. The historical development of Gulf institutions in relation 
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to the oil industry was also discussed as a barrier to the efficient transition of the 

economies – this was a key takeaway that is often unrecognised in regional research 

output, and is considered in the current work as a socio-political obstacle to a low-

carbon transition. Subsidy reforms are again mentioned, this time in the context of 

governments facing budget deficits due to low hydrocarbon prices globally. Other 

renewable technologies such as wind, concentrated solar, and even solar-powered 

enhanced oil recovery (EOR) are discussed in the IRENA report, but in the absence of a 

systems model, their techno-economic viability was left uncertain. Small-scale, 

decentralised, renewables were also covered by the analysis – for example, these are 

considered promising in areas of Saudi Arabia that rely on off-grid diesel generators. A 

privatisation of the energy sector is also discussed but remains infeasible due to the 

states’ continued interest in controlling the energy industry and its associated revenues. 

Increased regional interest in renewables provided an impetus for Qatari researchers to 

investigate the potential for domestic solar energy. In 2017, Martin-Pomares et al. used 

satellite data and ground measurements to determine solar irradiation under a range of 

atmospheric conditions in Qatar 33. They fed these into a computational tool to 

determine the virtual performance of PV and concentrated solar (CSP) systems. The 

paper found that the country has ‘abundant and stable’ solar resources and was suited 

to the deployment of grid-scale PV, parabolic trough CSP and large thermal storage 

(molten salt tower) plants. Touati et al. reported the performance of an experimental 

solar PV installation at Qatar University over a period of 26 months, from 2014 to 2016 

34. They found that in the absence of regular cleaning, PV output power reduces by 50% 

over a span of eight months due to dust settling on the panels. In combination with high 

temperatures, the effect of soiling is more pronounced in the summer. Research on 

locally-installed solar technologies continued at the Solar Test Facility (STF). 

Established at the Qatar Science & Technology Park in 2012, the STF consists of over 80 

PV systems, linear Fresnel collector, battery storage, trackers and inverters 30. The first 

five-yearly report on the STF concluded that ‘Qatar’s abundant sunshine makes up for 

its dust and heat’ 30. Fewer cloudy days and less seasonal variation made up for the 

negative effects of dust and temperature, resulting in annual PV power production 

similar to that of a solar panel in California. On average, 13 cleanings a year were 

recommended. A capacity factor of 0.6 could be achieved for an 8-hour period of 



43 
 

maximum daylight, as modelled in the current work. The author also noted that it was 

too early to understand if long-term reliability of solar PV was affected due to Qatar’s 

harsh conditions but saw no signs of unusual degradation either. Flat-plate PV was 

determined to be a more suitable technology for Qatar than concentrating PV, due to the 

large diffuse component of sunlight in the country. The reliable performance of 

experimental-scale solar PV has been crucial to the case for larger-scale PV deployment 

in Qatar, as modelled in the current work, and challenges the dominant narrative, based 

on little evidence, that solar PV cannot perform well in Qatar due to its atmospheric 

conditions. 

An agent-based model was used by Mohandes et al. to study the adoption rate of 

residential PV in Qatar 35. The authors used the US Department of Energy’s targets for 

solar energy costs as a guide for Qatari residential PV costs, and added the effects of 

policies such as reducing domestic electricity subsidies, a local carbon tax and the 

extension of electricity tariffs to Qatari households. The concluded that even without 

these policies, the falling costs of solar energy were enough to incentivise the adoption 

of residential PV for 60% of households by 2030. The introduction of these policies 

pushed the adoption rates to above 90%, although they are unlikely to be introduced 

given the political economy of Qatar. Given the single-actor nature of my optimisation 

model, and the lower costs of utility-scale PV over residential systems, I have not 

considered rooftop PV in my work. Residential PV systems may be represented as a 

reduction in the ‘fixed’ domestic demands for electricity and cooling within my model. 

Qatar’s wind energy potential has been studied by Mendez and Bicer 36. They used local 

wind speed measurements to determine the power output of a proposed wind farm. A 

mean wind speed of 5 m/s leads to an annual capacity factor of 0.24. As a comparison, 

new-build offshore wind farms in the UK have a capacity factor of more than 0.5 37. Due 

to the low capacity factor of prospective Qatari wind farms, they are not currently 

included in the model. However, as wind costs continue to fall, there may be an 

economic case for it in the future. 

The fast-changing landscape of renewables in the Gulf was best captured by the second 

version of IRENA’s GCC Market Analysis, published in 2019 28. The conversation had 

moved on from the possibility of even implementing renewables to the possibility of 

expanding beyond existing targets. The report showed that the cheapest grid-scale solar 
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PV projects in the region were now undercutting the cost of new gas-fired power 

generation, even for gas-rich countries like Qatar. For neighbouring countries relying on 

imported LNG for power generation, the case for solar was even stronger. Rooftop PV 

was considered as a solution for land-constrained sites if complemented by regulations 

and incentives. The electrification of transport, given the falling costs of electric 

vehicles, was also discussed as a complement to expanding renewables in the region. 

Technologies such as reverse osmosis and district cooling (both considered in the 

current work) were also advocated with a view to reducing energy consumption for 

domestic services and integration with renewables. Reverse osmosis, integrated with 

solar PV, is now commercially viable at scale in the UAE, with costs of just under $1 per 

m3. District cooling can reduce the large energy consumption of residential and 

commercial cooling services, while also integrating thermal energy storage to balance 

intermittent renewable generation. Deploying batteries, smart grids and shifting to 

variable electricity pricing were also recommended to manage peak demands. Other 

policy recommendations were along the same path as before – ending subsidies, 

encouraging private enterprise, local R&D, efficiency targets, increasing awareness etc. 

As discussed previously, the citizen-state contract and the role of the government in the 

economy make such reforms difficult to implement in the absence of an alternative 

rent-sharing mechanism. The report also mentioned that Qatar announced a target of 

10 GW of solar power by 2030 in 2017 but noted that this target is not in legislation. 

The literature discussed in this sub-section shows how fast the conversation around 

renewables has changed in the Gulf in the span of a few years. The falling costs of 

renewables, particularly solar PV, was juxtaposed with the rapid growth in domestic 

energy consumption, much of it subsidised. The opportunity cost of using hydrocarbons 

for subsidised domestic consumption was also noted – particularly when oil and gas 

prices were at their peak before 2014. All of these effects are captured by the current 

model through its input parameters, and through scenarios of differing commodity 

prices, and policies such as energy efficiency and subsidy reduction. Some of the 

literature also highlights the challenges of economic diversification in fossil-fuel 

exporting rentier states. The table below summarises the key takeaways for the current 

work from this sub-section. 
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Table 1. Case for Renewables in the Gulf - Key Takeaways 

Publication Key Takeaways for QESMAT 

El-Katiri and 
Hussain, Prospects 
for Renewable 
Energy in GCC States 
- Opportunities and 
the Need for Reform, 
2014 26 

- Growing energy demand due to rising populations, living 
standards 

- Energy subsidies are an opportunity cost and encourage 
wasteful consumption 

- Environmental pollution is a growing problem 

- Economic diversification is necessary for the long-term 

- Carbon tax is not a useful policy tool 

- Falling renewables costs, supported by policies like FITs, can 
speed decarbonisation 

Abdmouleh, 
Alammari, and 
Gastli, 
Recommendations 
on renewable energy 
policies for the GCC 
countries, 2015 29 

- Economic overdependence on fossil fuel and related exports 

- High domestic subsidies on fossil fuels 

- Abundance of solar potential, in spite issues of dust/humidity 

IRENA, Renewable 
Energy Market 
Analysis in GCC, 
2016 32 

- Vast potential for PV in the Gulf, falling costs (under $60/MWh) 
undercutting thermal electricity generation 

- Reliability of centralised off-taker for electricity 

- Subsidy reform linked to falling hydrocarbon prices 

- Challenges in expanding regional grid – price controls, similar 
demand profiles 

- Growing domestic energy demands, eating into exports 

- Historical development of Gulf states tied to oil industry – 
reforming rentier state model is socio-politically difficult 

Figgis, QEERI Solar 
Test Facility 5 Year 
Report, 2018 30 

- Qatar’s abundant sunshine, fewer cloudy days, and less seasonal 
variation, make up for dust and heat 

- Flat-plate PV is most suitable due to large diffuse component of 
radiation 

- 13 cleanings per year recommended to reduce soiling loss 

- Capacity factor of 0.2 over the year – similar to California 

- No signs of unusual degradation due to heat 

IRENA, Renewable 
Energy Market 

- Falling costs of renewables drive deployments beyond targets 

- PV cost-competitive with gas-fired generation even for Qatar 
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The next sub-section reviews relevant literature on the forecasting of energy demands. 

Since energy policy is made with a long-term view, forecasting methods are a crucial 

tool for energy systems modelling, as demand forecasts guide the evolution of the 

energy system. Some of these approaches were used in the current work to determine 

Qatar’s long-term energy needs.  

2.2 Forecasting energy demands 

The science of predicting the future, or forecasting, is complex, at times subjective, and 

the results, in hindsight, are almost always wrong. Wassily Leontief, who won the 1973 

Nobel prize in economics, said “regarding the projections, the only thing that I am 

certain about is that they are wrong” 38. This is one of the main challenges of long-term 

energy systems modelling. The demand forecasts we feed into energy systems models 

determine the scale, costs, and feasibility of technology investments, and the economics 

of the overall system. Apart from the uncertainty in predicting the demographics and 

GDP of a country, both indicative of domestic energy use, the effects of government 

policy, or the creation of entirely new demands (electricity for internet servers, for 

example), makes energy forecasting an almost impossible task. 

In 2006, Sohn revisited energy projections made in 1981, and compared them with 

observations from 2000, to determine the key differences between forecasts and reality, 

and offer lessons for researchers making new long-term forecasts 38. The projections 

were made by Leontief’s World Input-Output Model, a detailed treatment of economic 

activities and their dependence on natural resources for the entire world. Large 

differences were observed between predicted and actual GDP and energy efficiency 

improvements. Both of these effects led to a smaller energy demand than predicted. The 

Analysis in GCC, 
2019 28 

- Electrification of transport, desalination is possible 

- District cooling systems can reduce electricity demand for 
cooling 

- Battery storage, demand-side management, variable pricing to 
manage intermittency of renewables 

- Policies such as subsidy reform and efficiency targets are 
proposed 

- Qatar targets 10 GW of solar PV by 2030, but this is not in 
legislation 
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author noted that advances in computing, increased inter-disciplinarity in research and 

country-level representation in models would improve their performance. The issues of 

energy security and climate change were also highlighted. Sohn ended with another 

quote from Leontief regarding long-term modelling: “Most of these figures (will) fall 

very wide of the mark. The only justification for undertaking such a task is that carrying 

it out or just examining and criticizing some of its results might lead to a clearer 

perception of the dimension of the processes involved and, on the more practical side, of 

the nature of the problems that in one way or another will have to be solved”. This is an 

important consideration for the current work – the utility of the QESMAT model is in 

understanding the interactions between the various parts of the energy system and 

seeing how these are affected by changes in exogenous parameters such as technology 

costs and commodity prices. Thus, the model generates ‘insights’ about the real-world 

running of the energy system, rather than trying to forecast its exact evolution. 

Suganthi and Samuel compiled a detailed review of models for the forecasting of energy 

demands 39. These included time-series models, where time series trend analysis is used 

to extrapolate future energy demands. Seasonal and diurnal dynamics can be integrated 

into time-series methods. Regression models break down energy demand as the 

combination of several factors such as income, energy intensity, weather, etc. 

Econometric models link energy use to macroeconomic indicators such as GDP per 

capita, energy intensity of GDP and population. Advanced methods such as genetic 

algorithms and neural networks were also described, along with a section on the use of 

energy systems models such as TIMES/MARKAL and LEAP. The demand forecasts used 

in these energy systems models are described as ‘bottom-up’ – calculated from per 

capita energy service demands. The current work uses a combination of these 

approaches in its forecasts, as described in sub-section 3.1, building bottom-up service 

demand forecasts, scaled according to the future demographic trends of the country, 

and compared with extrapolations from past data. 

A similar approach was used by Gouveia et al. in 2012, who used a bottom-up 

methodology for projecting end-use energy services demand in Portugal 40. These 

included demands for heating, cooling, water heating, lighting, cooking, refrigeration 

and other appliances. A representative set of individual houses were used to extrapolate 

data to the national level. A sensitivity analysis was performed to determine the most 
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important drivers of energy demand. The authors also developed an optimal technology 

portfolio to meet these demands by running a national-level energy systems model 

(TIMES). This is in line with the approach that I have used in my work, where demand 

forecasts (which highlight the key parameters of future energy use) are fed into a 

national-level energy systems model. 

Some efforts have been made to forecast electricity demands in Qatar. In 2015, Business 

Monitor International released its forecast for Qatar’s power sector 41. In spite of the fall 

in oil and gas prices, the research company expected domestic power demand to grow, 

with future demand to be met by a large new gas-fired power and water plant, Umm al 

Houl, inaugurated in 2019 42. Electricity demand was forecast to grow at 6.9% annually 

until 2024, bringing power generation from 40,000 GWh in 2015 to 64,000 GWh in 

2024. This forecast coincides with the low-demand scenarios in the current work (see 

Chapter 8), when including industrial demand for electricity. The authors noted that 

cheap and abundant natural gas reserves meant ‘little real incentive’ to diversify the 

energy sector through investment in renewables. Their conclusions are limited due to a 

narrow focus on the electricity sector, leaving them unable to study the role of 

renewables in the wider energy economy, as can be possible in an energy systems 

model. 

Alrawi et al. looked at a finer temporal resolution when developing load profiles for 

houses in Qatar from July to November 2017 43. They found that house size, type of air 

conditioning, and whether residents paid an electricity bill, all strongly affected 

electricity consumption. The usage of air conditioners and chillers drove up electricity 

demand significantly in the summer. This effect was incorporated into QESMAT by 

using time slices covering two seasons, summer and winter, with 96% of total cooling 

needs coming in the summer season. The dependence of energy consumption on 

household size was also captured using two types of households, small and large, when 

calculating the electricity and cooling demand forecasts. 

The most comprehensive forecast of Qatar’s electricity demand was published in 2018 

44. Khalifa et al. used historical data from the state utility company Kahramaa to forecast 

electricity consumption to 2030, subject to various scenarios and policies. They covered 

the industrial, commercial, residential (villas and flats) and government sectors, as per 

the classification used by Kahramaa. They used statistical methods to determine the 
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drivers of electricity demand, focusing on population and GDP. They found that certain 

sectors such as industry were strongly linked to GDP, while the ‘flats’ and commercial 

sectors were linked to population growth. This distinction was also used in QESMAT – 

the industrial demands are considered independent of population, and determined by 

the optimiser itself, while the commercial sector’s demand is linked to the total 

population. The authors found a less sensitive link between the electricity demand of 

‘villas’ and total population, reflecting the fact that villas are usually occupied by 

nationals and long-term residents with high-paying jobs – both sectors of the 

population have grown much slower than the total population, which ballooned due to 

low-skilled immigration for construction and other sectors. Once the drivers of 

historical electricity use were determined, the authors moved on to forecasting future 

demands. They assumed a population growth rate of 5% until 2022 and 3% from 2023 

to 2030, reflecting the forecasts of the Qatari government. Several scenarios were 

developed to contrast differing rates of economic growth, population, and energy 

policies. The authors found that in the absence of conservation policies, a sustained 

large increase in economic growth (up to 1.5% growth per quarter), and a 

corresponding increase in population, electricity demand would skyrocket to several 

multiples of current consumption across all sectors, up to almost 5 times the current 

demand in the commercial and industrial sectors. Of course, actual GDP growth may not 

be so large, and may also be negative if hydrocarbon prices continue to stay low. Qatar’s 

population policy targets a reduction in unskilled labour, which could lead to a 

reduction in the total population 11. Nevertheless, the conclusions of Khalifa et al. are 

clear – the country must seriously invest in energy conservation practices if it is to avoid 

a large supply shortfall in the next ten years. Alternatively, as indicated in the current 

work, the rapid adoption of renewable energy such as solar PV can meet growing power 

demand while keeping emissions low and freeing up hydrocarbons for export (Chapters 

6 and 7). 

Acknowledging the growth in electric vehicle usage around the world, Bayram 

simulated the impacts of EV charging on the electricity system in Qatar using MATLAB 

45. He concluded that Qatar has sufficient spare capacity to charge a small fleet of 

electric vehicles but would need additional peak generation capacity if EV penetration 

exceeded 10% and charging was uncontrolled. However, in terms of overall charging 

demand, the country already had enough spare capacity to support an 80% penetration 
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of EVs. Charging of EVs before 11 AM would also complement solar PV generation and 

reduce demand peaks. QESMAT also points to a large-scale electrification of passenger 

transport, along with an expansion of grid-scale solar PV.  

The above literature indicates the key drivers of energy consumption for Qatar: 

population growth, economic growth and energy intensity of the economy. The role of 

alternative technologies and efficiency targets in reducing domestic fossil fuel 

consumption is also explored. The sensitivity of domestic energy consumption to 

parameters such as total population, type of house, industrial portfolio, etc. is explored 

in the literature, and considered in the current modelling work. The next sub-section 

discusses energy policy literature related to the economies of Qatar and the Gulf region, 

with a focus on energy transitions. 

2.3 Policies for an energy transition 

A 2013 Chatham House report on hydrocarbon use in the Gulf begins like this: “The 

systemic waste of natural resources in the Gulf is eroding economic resilience to shocks 

and increasing security risks” 46. The authors argue that increasing demand for energy 

in the region would overwhelm national energy systems, increase governments’ energy 

subsidy handouts, worsen pollution, and eat into exports. Energy planning is discussed 

as an important means to guide the economy. Even in richer countries like Qatar, a 

mismatch of supply and demand projections can result in overinvestment in expensive 

infrastructure such as gas-fired electricity plants, which are rarely operated, and lock 

out investments in small-scale renewables. Meanwhile, the Gulf’s profligacy of energy 

use across sectors – residential, commercial, transportation and industry, has 

compounded the effects of increasing populations and stressed the energy systems 

further. The authors are clear that low energy prices are a major factor in driving 

wasteful energy consumption, but stress that ending subsidies would be politically 

difficult given their role in upholding the citizen-state contract. They also mention 

vested interests in the industrial and commercial sector lobbying to keep prices low, as 

they benefit the most from subsidised energy. Thus, they propose measures that reduce 

energy use directly – such as appliance efficiency standards, building codes, regulatory 

enforcement and new infrastructure such as solar energy and reverse osmosis 

desalination. An upgrade of the GCC electricity grid is recommended to facilitate cross-

border trade of excess electricity. Some of these features are studied within QESMAT. 
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The authors also propose publicly available studies that quantify the opportunity cost of 

high domestic energy consumption – the current work does this for Qatar, showing 

billions of dollars of savings in subsidy bills, infrastructure costs and increased export 

revenues, if domestic energy consumption is reduced.  

The economics of energy subsidies was discussed by Plante in more detail in 2013 47. He 

used a macro-economic model to illustrate the inefficiencies caused by energy subsidies 

– they distort prices, lead to over-consumption of energy, and can even depress non-

hydrocarbon sectors of the economy. The author notes that OPEC countries can spend 

up to 9% of their GDP on energy subsidies. Net energy exporters can face a large 

opportunity cost, observed as foregone revenue, when providing subsidised energy at 

home instead of selling it abroad – this was particularly the case at a time of high 

hydrocarbon prices pre-2014. He recommends that cash transfers are a better form of 

rent-sharing, as people are then free to spend the money as they want rather than 

simply consuming cheap energy. This concept is mentioned as part of the 

recommendations on future research building on the current work. 

A report by the Global Subsidies Initiative in 2014 highlighted the effect of subsidies on 

the development of renewable energy in the Gulf 48. The authors quoted IEA estimates 

of subsidies in 2011 and noted that Qatar’s subsidy bills amounted to $6 billion per 

year, in the form of opportunity costs for hydrocarbons and under-priced electricity. 

They argued that hydrocarbon subsidies were a key reason in the stifling of renewable 

energy in the region – governments had access to abundant, cheap, hydrocarbons, while 

investors were wary of entering a distorted energy market. The falling costs of 

renewables and rising domestic energy consumption mean that Gulf states have ramped 

up their renewable energy production since then. 

Qatar’s economy was booming in the period prior to 2014 – aided by a growing natural 

gas industry and infrastructure development for the World Cup. This period was 

reflected in a 2014 study that looked at energy consumption and energy conservation 

practices in the country 49. Legislation targeting per capita reduction in energy 

consumption, building codes and appliance standards were discussed. However, as 

noted by the authors, the key drivers for energy consumption were the commercial and 

industrial sectors – representing half of electricity demand in 2011. This is also 

reflected in the current modelling work – most of the Qatar’s domestic energy 
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consumption happens in the energy (production, refining, gas liquefaction, GTL) and 

downstream industrial (petrochemicals, metals production, etc.) sectors. 

The link between domestic energy consumption and economic growth was further 

explored by Al-Mulali and Ozturk 50. They found a one-directional causality from 

electricity consumption to GDP growth in Qatar. They simplistically conclude that this 

implies that energy conservation should not be implemented in Qatar, as this would 

harm GDP growth. However, if we separate energy services from energy resources, we 

can still provide the same energy services using more efficient or alternative 

technologies without affecting economic growth – this was implemented in the current 

work, allowing the optimiser to find low-carbon alternatives to existing energy 

commodities. Further, one of the biggest users of electricity in Qatar is the industrial 

sector, dominated by the energy industry. It is not surprising then that electricity 

consumption is tied to GDP growth. In 2017, Krarti et al. analysed the impact of a large-

scale energy efficiency program in Qatar 51. They calculated that retrofitting existing 

buildings can reduce annual electricity demand by 11,000 GWh and 2500 MW of peak 

demand, while creating 4000 jobs. Measures include installing energy-efficient air 

conditioning, lighting, insulation, glazing etc., and can reduce electricity consumption by 

60%. They estimate that the whole project could be financed by the government, and 

still lead to savings, due to reduced investment in new power capacity and lowered fuel 

use – this is also explored in the current work, through ‘high’ and ‘low’ demand 

scenarios (Chapter 8). Salahuddin and Gow reached a similar conclusion in 2019, when 

looking at the relationship between energy consumption, economic growth and 

environmental quality 52. They found a bi-directional causality between all variables, 

concluding that within the current system, economic growth would lead to further 

deterioration of the environment. They proposed improvement in power generation 

efficiency by switching all gas-fired plants to combined cycle gas turbine (CCGT), scale-

up of renewables, and demand-side technologies such as smart meters – these can 

reduce environmental impacts while maintaining economic growth. They also 

suggested a diversification of the economy and greater environmental regulations, but 

without a consideration of the political economy and its associated challenges. A 

broader analysis of the national energy system can add further nuance to the discussion 

around economic growth and energy use – for example, by studying how different 
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demand scenarios lead to differences in infrastructure requirement, as shown in 

Chapter 8. 

Tsai believed that we were already seeing a shift in the political economy of rentier 

states in the Gulf 53. He argued that wasteful energy subsidies were being gradually 

replaced by a premium associated with state-provided employment. While moves to 

increase energy prices were met with resistance in Kuwait, Tsai said that subsidy 

reform was easier to implement in other states. This is because they engaged in public 

campaigns on the need to fix subsidies at a time of low hydrocarbon prices and 

developed social programs such as Saudi’s Citizen’s Account benefits program to 

cushion the blow of higher energy prices. Moreover, states were increasingly entering 

the non-oil sector, such as in renewable energy generation, to balance out lower 

revenues from hydrocarbons, and gain another channel for rent distribution. Tsai 

argued that this shift in rent, from subsidies to jobs, is better for citizens as they see a 

direct income, while states can reduce leakage of subsidy benefits to expatriates and 

curb the wasteful use of energy. Rent is now distributed based on the citizen’s 

alignment with the states’ economic agenda, and dependent on their acceptance of a 

‘national’ identity. Tsai believed that economic diversification was no longer a threat to 

ruling elites, as they increasingly control non-energy sectors as well. He concluded by 

noting that state control of energy infrastructure will continue for the foreseeable 

future, as it remains a major source of rent before meaningful diversification is 

achieved. These considerations are modelled in the current work as well – the 

centralised decision-maker in the optimiser represents the state, whose economic 

objective is to maximise profits. It controls all sectors of the economy and takes 

precedence over the needs of individual consumers. The future work section of this 

thesis also builds on the conclusions of Tsai buy suggesting alternative rent-sharing 

mechanisms that do not involve wasteful energy subsidies. 

A better understanding of the role of hydrocarbons in the domestic economy can point 

to a future without a dependence on fossil fuels. Lahn and Stevens discussed how 

natural gas can be valued in the Gulf states through a Chatham House report in 2014 54. 

They argue that domestically produced gas is highly undervalued compared to 

benchmarks in Europe, Asia and North America. One of the reasons for these low prices 

is the low cost of production – especially when gas is produced in association with crude 
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oil. The authors highlighted that the pricing of gas was also a political question, given 

the dependence of the national economies on hydrocarbons for electricity generation, 

petrochemicals, fuels and other products. Low gas prices can be a barrier for 

renewables deployment domestically. However, if monetised through value-added 

exports such as hydrogen, even cheap gas can be replaced with renewables for domestic 

consumption, as shown in the current work (Chapters 6 through 8). 

Qatar’s transition from fossil fuels must also be understood from the perspective of 

global gas markets, given Qatar’s dominant role as a swing producer over the past two 

decades. Krane and Wright studied how Qatar’s gas exports determined its role in 

geopolitics and noted the obstacles facing a bigger GCC gas market in 2014 3. They asked 

why, with its enormous supplies, and regional demand for gas growing, Qatar was not 

selling more of its gas to Kuwait, UAE, Oman, Saudi and Bahrain. Their answer was two-

fold: pricing and politics. The authors note how regional pipeline infrastructure was 

first discussed in the 1990s, with all Gulf monarchies interested in buying Qatari gas. 

However, those plans fell apart due to differences regarding pricing, border disputes 

and a change in Qatar’s leadership. Qatar’s investment in gas liquefaction allowed it to 

secure higher prices from far-off customers in East Asia and Europe, instead of the 

lower prices that other GCC countries expected to pay for Qatari gas. Of course, this was 

an extension of the distorted internal markets for gas in the Gulf countries, where 

energy costs were kept artificially low. Meanwhile, regional gas infrastructure is limited 

to a single pipeline from Qatar to the UAE and Oman. Although pipeline transportation 

costs less than LNG, the customers expected Qatar to continue to subsidise sales to its 

neighbours, while Qatar expected them to pay a price in line with those in East Asian 

and European markets. Domestic demands for gas have even pushed countries like 

Kuwait to import LNG all the way from Russia. Qatari foreign policy has been closely 

linked to its hydrocarbon industry, and this continued with the advent of LNG. The 

country’s reliance on American military security coincided with the entry of an 

American oil major in the country’s gas industry. The authors also discussed how LNG-

importing states have added Qatar to their energy security calculations, investing them 

with responsibility for Qatari stability and security. Qatar’s reliance on non-associated 

gas also allowed it to make decisions independently of other OPEC states, and arguably, 

made it even less reliant on US diplomatic support due to its diverse clientele for LNG. 

Krane and Wright concluded their report with a discussion on the future of gas markets. 
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They correctly predicted that new supply from the US and other countries would 

depress gas prices. Although Qatar can survive in this market due to its low production 

costs, the authors suggested that regional export opportunities may once again become 

viable. The current blockade on Qatar by its neighbours prevents this from happening, 

but growing regional demands for energy, particularly for gas, may bring about a more 

inter-connected regional market. This is explored in the model through constraints on 

LNG, pipeline and electricity exports. 

The future of Qatar’s gas industry was also explored by Fattouh et al. in a 2015 paper 

from the Columbia Center on Global Energy Policy 55. The authors believed that Qatar’s 

role as a swing producer could be challenged over the next decade as new LNG supplies 

from North America, Australia, East Africa and Russia enter the market. They outlined 

Qatar’s choices: keep the moratorium in place to support LNG prices but lose market 

share and arbitrage opportunity; or expand LNG production and keep market share but 

depress LNG prices. A few years later, Qatar chose the latter route, with a massive 

expansion in production expected to come online by the mid-2020s. Low LNG revenues 

are expected to be offset by sales of value-added petrochemicals, fuels from gas 

condensates and other industrial products. The authors also discussed Qatar’s LNG 

pricing strategy: balancing long-term agreements linked to oil prices with spot 

(uncontracted) sales that can take advantage of regional price differences. These long-

term agreements are modelled as ‘minimum’ export constraints in QESMAT – these are 

relaxed over the modelling horizon as contracts expire, increasing the flexibility of the 

energy system to export new products. The report also looked at LNG demand – China’s 

growth rate is a key factor that determines if new supplies from Central Asia and Russia 

will enter the market. We also know that China’s climate change mitigation policy may 

require a shift from coal to gas for domestic generation. The authors projected gas 

prices to 2030 and studied the impact on Qatari LNG revenues under various scenarios, 

concluding that the country can generate a robust annual revenue in the range of $40 

billion at current LNG production rates. One would caveat these results by noting that 

the authors do not consider a scenario where low gas prices are sustained due to 

oversupply and limited growth in demand, as countries like India leapfrog gas and 

switch from coal directly to renewables, forcing Qatar into a race to the bottom in the 

gas market. The impact of sustained low gas prices on the government’s profits from the 

energy sector is explored in the current work (Chapters 4 and 8). 
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Goldthau and Westphal believed that petrostates like Qatar could double-down on their 

hydrocarbon export strategy as the world decarbonises 56. They argued that countries 

with low costs of production will stay in the market for as long as they can by using 

their competitive advantage, even if that means securing lower per-unit revenues. 

Meanwhile, considerations around the ‘social cost’ of oil, i.e., government expenditure 

needed to maintain the citizen-state relation of the petrostates, will also determine how 

long producers stay in the market. The authors also argued that as countries 

decarbonise, they may shed carbon-intensive sectors such as refining and 

petrochemicals, shifting these sectors to petrostates, and allowing the latter to move 

their products up the value chain. This may not be a straightforward transition if carbon 

taxes are levied on imports, or if countries rapidly move away from the use of 

hydrocarbon fuels and plastics. Either way, the authors did not provide a way forward 

for the long-term – once decarbonisation is truly under way, the future of petrostates 

looks fragile. 

Can Qatar use its accumulated hydrocarbon wealth to go down a different path, and 

effectively end its dependence on the energy sector? Hertog pointed towards a possible 

solution – a citizens’ income 57. He argued that in high-rent countries, such as the Gulf 

states, subsidies and public employment create inefficiencies in energy and labour. The 

citizen-state contract can instead be preserved through an unconditional cash grant 

given to every citizen. This could reduce wasteful employment in the public sector and 

reduce the opportunity costs of selling subsidised energy resources domestically. 

Citizens would be more willing to accept the lower salaries in the private sector, or risk 

starting their own business, if their incomes were topped up by the state. Hertog took 

this argument to its logical conclusion – in very rich states like Qatar, the universal 

income may be enough that citizens do not need to work at all. This is in line with the 

statement of a member of the Qatari royal family, who once said that “Qatar is a wealthy 

society and maybe nobody even needs to work” 58. Hertog concluded by noting that in 

rich countries like Qatar, the citizens’ income may eventually be funded entirely by the 

states’ sovereign wealth funds, leading to a future where hydrocarbon exports are no 

longer needed. The testing of this hypothesis is beyond the scope of the current work, 

but QESMAT can be used as a starting point to explore broader socio-economic policies 

through the transition of the energy sector.  
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Citizens will have to be more involved in decision-making structures if they are to be 

convinced of the necessity and scale of the coming transition. The topics of climate 

change, economic diversification, sustainability and environmental conservation will 

have to be discussed publicly. Mohammed conducted a survey of Qataris’ attitudes to 

environmental concerns in 2017 59. He found that traffic congestion, air pollution and 

unsustainable water consumption were important concerns amongst citizens. Broader 

issues such as climate change, sustainable development and desertification were also 

well-known, with the younger generation keen on finding solutions to these challenges. 

There is a near-unanimous willingness to install solar panels and solar water heaters in 

Qatari homes. Citizens strongly believe that the government should invest more to 

protect the environment, increase regulations to reduce pollution and disclose more 

information publicly regarding the state of the environment. The government thus has 

an opportunity to leverage public opinion to push for faster economic diversification 

and transition from a hydrocarbon economy – this highlights the applicability of the 

current work in quantitatively guiding Qatar’s energy transition. 

The need for economic diversification away from hydrocarbons comes out of serious 

concerns around the impacts of climate change. Al-Sarihi argued that there are co-

benefits in implementing climate change measures as part of long-term planning for 

economic diversification 60. She noted that climate change will have two types of 

impacts: the direct effects of temperature and salinity in the Gulf, and mitigation policies 

abroad such as emissions reduction targets in the EU, Japan, India and China that could 

have a significant impact on those states’ imports of Middle Eastern energy. The co-

benefits of ‘climate mainstreaming’ were discussed – improving the resilience of local 

agriculture to enhance food security, building new infrastructure with awareness of 

climate risks, conservation of mangroves and coral reefs to protect against coastal 

flooding, promoting water and energy conservation, and the introduction of renewable 

energy to reduce domestic emissions. Some of these measures, such as energy efficiency 

and renewable energy, can be studied within the framework of an energy systems 

model and have been incorporated into the current work. 

System-wide changes on a large scale were discussed at a workshop on low-carbon 

energy transition for Qatar 61, organised by the Josoor Institute and the Supreme 

Committee for Delivery and Legacy, responsible for delivering the 2022 World Cup. 
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Recommendations for the oil and gas sector included the setting of efficiency and 

emissions standards, development of carbon capture and storage, and renewables 

integration. The government was urged to create frameworks that support the private 

sector to develop new technologies, implement building codes, facilitate decentralised 

generation of electricity by households, provide ‘green’ financial support for low-carbon 

infrastructure, and support local R&D. Increasing the use of public transport and 

incentivising the switch to electric vehicles were also discussed. Qatar’s role as a leader 

in the energy transition, through strategic investments of its sovereign wealth fund, was 

considered. Many of the above technological and policy ideas are explored 

quantitatively through the current work. Note how far the conversation has shifted over 

the last decade – climate change and economic diversification are now critical issues 

even for a fossil-fuel exporting rentier state like Qatar. The most relevant literature in 

this sub-section is summarised below. 

Table 2. Policies for an Energy Transition - Key Takeaways 

Publication Key Takeaways for QESMAT 

Lahn, Stevens, and Preston, 
Saving Oil and Gas in the 
Gulf, 2013 46 

- Growing domestic energy use due to rise in living standards, 
growing populations 

- Efficiency measures can reduce overinvestment in infrastructure, 
cut waste, reduce opportunity cost of domestic consumption 

- Energy prices are too low, but subsidy reform is challenging in a 
rentier state 

- Investment in renewables and demand reduction can reduce fossil 
fuel use 

- Upgrade regional electricity grid for cross-border trading 

Plante, The Long-run 
Macroeconomic Impacts of 
Fuel Subsidies, 2013 47 

- Energy subsidies distort prices, lead to over-consumption of energy, 
and depress non-hydrocarbon sectors of the economy 

- Energy exporters face a large opportunity cost when subsidising 
domestic consumption 

- Replace energy subsidies with cash transfers is less wasteful, 
preserves rent sharing 

Ayoub et. al, Energy 
consumption and 
conservation practices in 
Qatar - A case study of a 
hotel building, 2014 49 

- Qatar’s industrial and commercial sectors are the biggest consumers 
of energy, representing half of the total electricity demand in the 
country in 2011 
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Krarti et. al, Macro-
economic benefit analysis of 
large scale building energy 
efficiency programs in Qatar, 
2017 51 

- Energy efficiency program, including building retrofitting, can 
reduce 2.5 GW of peak demand (60% of total demand). 

- The program is revenue-positive for the government as it reduces 
capital and operating costs of power-water infrastructure, while 
freeing up gas for export 

Tsai, Political economy of 
energy policy reforms in the 
gulf cooperation council: 
Implications of paradigm 
change in the rentier social 
contract, 2018 53 

- Change in the rentier state model, replacing energy subsidies with 
alternative transfers such as public-sector employment 

- Coinciding with drop in hydrocarbon prices so subsidy reforms do 
not hurt 

- States entering non-oil sectors (such as renewables) to preserve 
control over economy 

Krane and Wright, Qatar 
‘rises above’ its region: 
Geopolitics and the rejection 
of the GCC gas market, 2014 
3 

- Disagreement with regional countries hampers the future of a GCC 
gas market 

- Qatar’s security and foreign policy is linked to its energy industry 

- New supplies from US and elsewhere will depress prices, regional 
export opportunities may re-emerge 

Fattouh, Rogers, and 
Stewart, The US Shale Gas 
Revolution and its Impact on 
Qatar's Position in Gas 
Markets, 2015 55 

- Qatar’s ‘swing producer’ status in LNG market threatened with 
increasing global supplies 

- Qatar could maintain production, lose market share, support LNG 
prices; or, increase production, keep market share and depress 
prices (hopefully driving out costlier producers) 

- Low LNG revenues are offset by sales of value-added fuels and 
petchems 

- LNG demand growth in China is expected to support higher prices 
over the longer term 

Goldthau and Westphal, 
Why the Global Energy 
Transition Does Not Mean 
the End of the Petrostate, 
2019 56 

- Petrostates could double down on hydrocarbon investments as 
world decarbonises and ‘offshores’ refining and petchems 

- Low cost producers can remain in market even at lower revenues, 
though maintaining social contract (rent transfers) will be 
challenging 

Hertog, Making wealth 
sharing more efficient in 
high-rent countries: the 
citizens’ income, 2017 57 

- Replacing subsidies and public employment with a ‘citizen’s income’ 
as the most effective rent transfer, reducing opportunity costs and 
underemployment 

- Eventually, for Qatar, the citizen’s income could be funded entirely 
by the sovereign wealth fund 

Mohammed, Environmental 
Awareness, Attitudes and 
Actions: A Baseline Survey of 

- Citizens concerned by traffic congestion, air pollution and large 
water consumption 

- Broad awareness of issues such as climate change, sustainable 
development and desertification, particularly among youth 
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the Citizens and Residents of 
Qatar, 2017 59 

- Willingness to install solar panels and water heaters 

- Citizens believe the government must protect the environment 
through regulation, investments and accountability 

Ravetz and Mohammed, 
Towards a Low Carbon 
Future in Qatar, 2018 61 

- Workshop on energy transition for Qatar 

- Energy efficiency and emissions standards 

- Implementation of CCS and renewables 

- Investment in low-carbon infrastructure (development and 
implementation) 

- Increase public transportation options and electric vehicle 
incentives 

- Strategic investments through the Qatar Investment Authority 

 

Policy and technology suggestions were discussed qualitatively in most of the literature 

cited so far. Energy systems modelling allows a quantitative comparison of these 

policies and technologies, to see which options are economically feasible. Literature on 

energy systems modelling is reviewed in the next sub-sections. Modelling frameworks, 

uncertainty analysis, best practice and national/regional applications are covered. 

2.4 Energy systems modelling 

The field of linear programming emerged out of the American military’s need for 

quantitative planning, and was facilitated by the simultaneous development of 

computing, which enabled planning problems to be solved to meet an ‘objective’ 62. 

Dantzig realised that planning problems could be represented as a set of linear 

inequalities, with an ‘objective’ function representing the aim of the planner, such as 

minimising the total cost. Optimisation models were soon being applied across the 

fields of engineering and economics, with greater complexity (non-linearities and 

stochastic uncertainties) and advanced solution methods.  

By the 1980s, optimisation models were being used for planning minimum-cost 

configurations of national energy systems 63. Kanudia and Loulou discuss the evolution 

of optimisation models during this period 64. These models were used to compute a 

‘partial equilibrium’ on energy markets, where, given a fixed set of demands for energy 

resources, the model could determine the technology investment and operational 

decisions needed to meet these demands at minimum cost. These so-called ‘bottom-up’ 
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models differed from other ‘top-down’ economic models that had more aggregated 

representations of the energy system. The authors also mention how the continuing 

improvements in computing were facilitating detailed models of national energy 

systems, with increasing attention being paid to the quality of input data. The first 

models that integrated all sub-sectors, including end-use demands, of the energy system 

were the EFOM (Energy Flow Optimisation Model), MARKAL (Market Allocation Model) 

and MESSAGE (Model for Energy Supply Strategy Alternatives and their General 

Environmental impact) models 65. These were inspired by earlier models that applied a 

network description of the energy system, linking technologies that produce, consume 

or transform commodities, to solve for an objective for a future time period 66. The 

EFOM and MARKAL models later evolved into the TIMES (The Integrated MARKAL-

EFOM System) model, developed and maintained by the Energy Technology Systems 

Analysis Programme (ETSAP), under the International Energy Agency 67. 

TIMES has become the standard for energy systems models, particularly for policy 

studies 68. It inherited the detailed representation of technologies and the concept of the 

Reference Energy System (RES) from MARKAL 67. The RES is a framework that 

describes the commodities and technologies that comprise the system. This is 

effectively an equivalent representation to the Resource-Technology Network 

representation, described later in this sub-section, used in QESMAT. While early 

iterations of MARKAL represented energy service demands as fixed and unresponsive 

to price, TIMES demands are elastic to price, allowing for the solution of a supply-

demand equilibrium. Since Qatar’s domestic consumption of energy services accounts 

for under 5% of its total energy flows, QESMAT has mostly fixed demands for energy. 

Some commodities such as electricity have an elasticity that varies the demand 

according to the subsidy provided on it, but not according to its market price.  

TIMES models are usually used to study the long-term evolution of energy systems and 

assume perfect foresight, i.e., there is no uncertainty in parameters representing ‘future’ 

data. The issue of uncertainty in energy systems modelling, and ways to introduce it 

into the modelling framework, is discussed in a later sub-section. TIMES also allows for 

a spatial representation of the energy system, i.e., the transfer of commodities between 

different parts of a country or region. This feature was also not replicated in QESMAT, 

as Qatar is a small country, with one large demand centre (Doha) and three large supply 
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centres (Ras Laffan, Mesaieed and Dukhan) all within tens of kilometres from each 

other.  

TIMES models have been modified with additional features such as ‘lumpy’ investments, 

allowing fixed sizes of technologies using mixed-integer programming, or uncertainty 

analysis, using stochastic optimisation. QESMAT does not implement a mixed-integer 

approach, to allow for easier solution of the model, with the resulting inaccuracy being 

minor, as optimal technologies are deployed in significant quantities in the model. 

QESMAT was extended to include a stochastic uncertainty framework, explained in 

chapter 3, with the results reported in chapter 8. This is a novel contribution to the field 

of energy systems modelling as applied to a fossil-fuel exporting state 69. 

TIMES has also been extended to global applications, along with integration into global 

climate models. Data management has been improved by the development of a ‘shell’ 

called VEDA that can structure the data fed into TIMES and the results generated by it 67. 

Although the current work began with the possibility developing a TIMES model for 

Qatar, it evolved into the development of a model from scratch instead, so that it could 

be tailored for the country’s dominant energy and industrial system. TIMES models are 

generally built and maintained by a team of researchers, as the data management and 

modelling process is labour-intensive, while the current work was conducted 

independently. Given more resources, QESMAT could be replicated on TIMES to fit a 

more standardised framework for energy systems modelling. The mathematical 

similarity of a fixed-demand TIMES model 70 and the Resource-Technology Network 

framework used in QESMAT should guarantee equivalent results between these two 

approaches, although this test will have to be conducted through future work. QESMAT 

was benchmarked successfully against a different, but similar, energy systems model 

called OSeMOSYS, described later in this sub-section. Thus, QESMAT was inspired by, 

and is similar to, the TIMES model family. 

TIMES is only one of many energy systems models currently being used in academia 

and policymaking. Connolly et al. reviewed various models used in energy planning, 

including simulation, scenario, top-down econometric, and bottom-up optimisation 

tools 65. Not all of these models involve the use of optimisation, i.e., maximising or 

minimising an objective. Some of them are used to model the operation of an existing 

energy system (such as a scenario tool), some to study evolution of the system in 
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various scenarios, some to determine the change in energy prices and demands based 

on macroeconomics (econometric model), and others, like TIMES, to optimise 

investment and operation decisions for technologies in an energy system. 

The optimisation tool MESSAGE, similar to TIMES/MARKAL, was developed by the 

International Institute for Applied Systems Analysis (IIASA) in the 1980s, and is still in 

use today. It has been integrated into larger models that can test the impact of climate 

mitigation policies for national and global regions and economic models that determine 

future energy demands 65. MESSAGE has also been used to provide quantitative analysis 

for reports made by the Intergovernmental Panel on Climate Change and other 

organisations 71. 

While models such as TIMES and MESSAGE are built and maintained by organisations, 

individual research groups continue to build new energy systems models when the 

need arises. In 2013, Hunter et al. introduced TEMOA (Tools for Energy Model 

Optimisation and Analysis), an open source optimisation model that was built to allow 

third-party verification of model results, uncertainty analysis, and transparency 72. The 

word temoa means ‘to seek something’ in the Nahuatl (Aztec) language. TEMOA was 

also built to take advantage of high-performance computing, by using simultaneous 

Monte Carlo simulations to provide an analysis of uncertainty. The model represents the 

energy system as a network of processes that convert commodities into end-use 

demands, similar to the Reference Energy System used in TIMES. Instead of modelling 

consecutive time periods at a fine resolution, TEMOA uses representative time slices for 

seasons and times of day, reducing the size of the model and allowing faster solution. 

The model also includes a simplified representation of storage, balancing storage inputs 

and outputs over a season. Although this does not provide an operational schedule for 

storage, it identifies the diurnal/seasonal opportunities for storage. These approaches 

to temporal discretisation and representation of storage were adopted in QESMAT. 

TEMOA was built on Python, a commonly used, freely available, programming language, 

using an open-source optimisation library called Pyomo. The code is freely available 

online at temoacloud.com. This encourages transparency and wider collaboration. 

Inspired by this open-source approach to research in the public interest, I have also 

shared the AIMMS code of QESMAT online (https://github.com/MoizBohra/QESMAT), 

and shared the data sources for each parameter in Chapter 3 and in the appendices. 

https://github.com/MoizBohra/QESMAT
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AIMMS is freely available to academics. A case study using QESMAT was published in an 

open-access peer-reviewed journal 69. 

Another open source model for energy systems optimisation is OSeMOSYS (Open Source 

energy Modelling System), developed at KTH Royal Institute of Technology in Sweden 

73. It was designed to be a simpler tool with a smaller learning curve and time 

commitment, written in an open-source environment (GNU MathProg and solver GLPK). 

The model was built in collaboration with other institutions such as the IAEA 

(International Atomic Energy Agency), University College London, Stanford University, 

and Paul Scherrer Institute, among others. The model is based on a similar framework 

as TIMES, i.e., linear program consisting of a least-cost objective function, to match 

supplies and demands within an energy system over a long time horizon, assuming 

perfect foresight. A reference energy system is built to map out how technologies 

produce, transform or consume resources. Representative time slices are used to 

capture seasonal and diurnal dynamics while allowing faster solution times. All of these 

features are also part of QESMAT. The model can also be extended to a mixed-integer 

framework, allowing discrete capacity additions for various technologies. It is possible 

to learn the basics of this tool within two weeks. An early version of QESMAT was 

successfully benchmarked with OSeMOSYS to validate the modelling methodology of the 

current work.  

 In 2015, Babonneau and Haurie introduced ETEM-SG model, an extension of ETEM 

(Energy/Technology/Environment Model), part of the MARKAL/TIMES family 74. This 

extension focussed on the electricity sector, and allowed for the modelling of 

intermittent generation, grid storage, demand response and variable pricing. 

Technologies like electric vehicles were modelled to allow flexible charging as energy 

storage. ETEM-SG includes a detailed description of the power distribution system, 

computing the real power, reactive power and reserves associated with each region, 

thus balancing load and voltage 75. It also applies a robust optimisation method to deal 

with uncertainty, such that the solution is feasible for a whole set of random 

parameters. These features are beyond the scope of QESMAT in the current work but 

allow for a detailed understanding of renewables penetration into an electricity grid. 

The ETEM model was applied to the Qatari electricity system, as described later in this 

chapter. These results are complementary to the multi-sectoral outputs from QESMAT. 
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QESMAT (Qatar Energy System Model and Analysis Tool) was built using the RTN 

(Resource - Technology Network) framework developed at Imperial College London. 

This approach is similar to the Reference Energy System of the TIMES model, using a 

linear optimisation model to match supplies and demands over a long temporal horizon. 

The RTN framework evolved from the STN (State – Task Network) approach to the 

scheduling of batch operations 76. The STN representation consisted of two types of 

nodes: states, representing feeds, intermediates and products, and tasks, representing 

process operations that transformed materials between these states. In the RTN 

approach, resources are produced, transformed or consumed by technologies, joined 

together within a network 77. The conversion of resources by technologies is governed 

by the input-output table, a parameter that captures the efficiency of each technology. 

Supplies and demands are matched at every time slice in every time period over the 

entire modelling horizon, with the potential to also model flows to and from storage. 

Time slices can either be consecutive or representative of times of day or seasons. 

Constraints on production, emissions or imports/exports of resources can be set by the 

modeller. Demands are modelled exogenously and considered fixed. The model is 

solved with perfect foresight, by optimising for a given objective function, which could 

either be economic (minimise costs) or environmental (minimise emissions). The RTN 

framework can be extended to a mixed integer framework to model discrete capacities, 

or a stochastic framework to understand uncertainty. The details of QESMAT are 

discussed in the methodology section (chapter 3) of this thesis.  

Apart from being the first multi-sector optimisation model for Qatar, QESMAT 

represents a novel contribution to the field of energy systems modelling as applied to a 

fossil-fuel exporting state. By focusing on the key sources of uncertainty for an energy 

exporter such as Qatar – volatility in global commodity prices, rapid growth in domestic 

consumption, and a more general drop in the costs of renewables technologies, QESMAT 

allows local policymakers to test the system-wide impact of new technologies, assess 

the efficacy of energy and environmental policies, and provide insights on the long-term 

transition of the energy system given the above uncertainties. It can also be used in 

combination with interdisciplinary approaches to study broader socio-economic 

transitions. 
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Samsatli and Samsatli introduced an energy systems model called STeMES (Spatio 

Temporal Model of Energy Systems) based on the RTN framework 77. They could use it 

to solve problems with higher spatial and temporal resolution by applying non-uniform 

hierarchial time discretisation – using unequal time slices based on the temporal 

variability of supply and demand. Resource storage could also be modelled in detail due 

to this feature. The authors additionally applied a temporal decomposition method, 

where they used an iterative process to solve the problem. All of these are beyond the 

scope of the current work, as these features are not essential in answering the research 

questions posed at the end of this chapter. They may be considered in future work on 

energy systems modelling for Qatar. 

The models described in this sub-section are run with ‘perfect foresight’ in their default 

states. This means that the modeller assumes that they have perfect information about 

the future, making accurate predictions for future technology costs, commodity prices, 

and energy policies. Clearly, these assumptions are not valid in the real world. Energy 

systems models have thus been modified in various ways to understand, simulate and 

account for the effects of uncertainty. 

In 1995, Messner et al. introduced a stochastic approach to capturing uncertainty in the 

MESSAGE model 78. They used distribution functions for technology parameters instead 

of point estimates and added an expected ‘penalty’ cost of riskier technologies to the 

objective function. They found that, compared to the optimal solution of the 

deterministic model, the solution of the stochastic model was likely to be less costly, due 

to the diversification of investments based on risk minimisation, and was arrived at 

without a large increase in CPU time.  

Kanudia and Loulou developed a stochastic version of MARKAL in 1998 to study 

Quebec’s energy system 79. By using a multi-stage stochastic programming approach, 

they allowed their model to make mid-course corrections depending on the actual 

realisation of future uncertainties. The advantage of stochastic programming over other 

techniques such as scenario modelling is the selection of a single course of action until 

the resolution of uncertainty, thus providing policymakers with a practical plan to 

implement at their current time. The optimal solution diverges once the uncertainties 

are realised and the policymakers choose which solution to adopt based on their 

realised scenario. This was the approach used in QESMAT to account for uncertainties 
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in commodity pricing and domestic demand growth, which are the two biggest factors 

of uncertainty for Qatar. Condevaux-Lanloy and Fragniere developed a new tool called 

SETSTOCH to automatically link energy system models such as MARKAL to stochastic 

solvers, allowing users to define event tree distributions for the uncertain parameters, 

provide a baseline model, and obtain the solution to the stochastic program 80. The 

limitation of this approach is that the model size balloons as the number of uncertain 

parameters is increased, and the model can quickly become intractable. Thus, the 

modeller must limit the number of uncertain parameters to those that have the most 

impact on the evolution of the energy system. 

Martinsen and Krey introduced ‘fuzzy’ constraints to a linear energy systems model 

IKARUS to obtain a compromise solution between contradictory objectives (economic 

and environmental) 81. IKARUS is a bottom-up linear optimisation model of the German 

energy system and solves for a partial equilibrium. In contrast to 

TIMES/MARKAL/MESSAGE, IKARUS is myopic – it does not take into account future 

changes at each optimisation step, making its output a more realistic simulation of 

policymaking. Parameters derived from policy targets, such as share of imports in the 

German energy supply, renewables penetration, efficiency standards and emissions 

reductions are modelled as ‘fuzzy’ constraints, with ‘target’ and ‘acceptable’ values 

representing the bounds. The objective is to maximise ‘total satisfaction’, which is a 

measure of how much compromise is necessary for the fuzzy constraints. The results 

can be interpreted as a multi-objective optimisation. The authors showed that the 

‘fuzzy’ problem results in energy efficiencies and emissions that are in between the 

‘target’ and ‘acceptable’ values. They stressed that the fuzzy solution is not an 

interpolation between the bounds, but rather a consistent solution in itself. Their results 

also showed how much compromise was necessary for each target. Since there are very 

few, and modest, targets set by policymakers in Qatar around energy and water 

conservation and renewables penetration, this approach is not currently relevant to the 

current work. It might be more applicable if the government decides on a more 

ambitious decarbonisation pathway. 

A novel methodology called EXPANSE (EXploration of PAtterns in Near-optimal energy 

ScEnarios) was introduced by Trutnevyte in 2013 82. Understanding that the strictly 

optimal solution is not generally adopted in the real world due to various restrictions, 
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Trutnevyte developed a number of technically feasible, near-optimal energy mixes, 

using an energy systems modelling approach. There is a ‘slack’ associated with the 

costs, which represents an acceptable deviation from the cost-optimal solution. The 

methodology was used to find the economic potential of renewable energy for heating 

demand in a rural canton in Switzerland. A 30% deviation in costs from a cost-optimal 

solution was permitted. This deviation allows decision-makers to see if a more 

expensive renewable resource (such as wood or solar) can be exploited instead of a 

cheaper non-renewable one (such as oil or gas) in a near-optimal case, rather than the 

simple optimal solution which would pick the non-renewable fuel. This methodology is 

limited to simpler models with a small number of technologies and a coarser time 

resolution.  

A similar approach for near-optimal solutions for energy systems was considered by 

Voll et al. 83. By making a series of ‘integer cuts’ to an optimal solution, the modeller can 

explore the next best optimal solution. A set of near-optimal solutions can be explored 

by the decision-maker, to find the compromise between ‘must-haves’ and ‘real choices’, 

while staying away from the ‘must-avoids’. In the case study they solve, the tenth best 

solution for a heating/cooling network at an industrial site has an objective value that is 

0.17% worse than that of the optimal solution. The decision-maker can analyse the top 

ten solutions to study how the sizing, configuration and number of equipment differs 

between them, and then decide the way forward by incorporating the practical 

constraints and uncertainties that were not part of the optimisation model. 

The TEMOA model mentioned previously was designed to run on a computing cluster, 

taking advantage of distributed memory to solve a stochastic optimisation problem 

involving multiple scenarios (81 scenarios across three time stages) 72. Python’s PySP 

library for stochastic programming was used. Fuel prices were varied based on low, 

medium and high growth rates, all assigned equal probabilities. The results provided a 

hedging strategy for the immediate future, followed by recourse options over the 

following two decades based on how the uncertainties in fuel prices were resolved. 

While this approach enables the resolution of parametric uncertainty (lack of perfect 

information about parameters), it does not resolve structural uncertainty 

(imperfections in the underlying model). Thus, the TEMOA framework was extended in 

2015 through a technique called Modelling to Generate Alternatives (MGA), which 
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involves changing the model structure to explore the near-optimal solution space 84. A 

new objective function is created in each step, which minimises the sum of the optimal 

values of the decision variables from the previous step. MGA thus generates a series of 

solutions within the constrained decision space, as far away from each other as possible, 

which can then be evaluated manually. The decision space is constrained based on a 

user-defined slack value – a bigger slack allows the model more space to deviate from 

the optimal value. This technique allows decision-makers to explore the potential of 

technologies that may not be deployed in a simple linear optimisation program. The 

authors argue that because the alternative solutions are generated computationally, 

they are less prone to human bias in building ‘cognitively compelling’ scenarios that 

may nevertheless be misleading. They note, however, that MGA must be used alongside 

sensitivity analyses and stochastic optimisation to obtain a better picture of uncertainty. 

Another approach to uncertainty in energy systems modelling was introduced by Pye et 

al 85. They used a TIMES-like, bottom-up linear energy systems model called ESME 

(Energy Systems Modelling Environment), and a probabilistic methodology (Monte 

Carlo sampling) to capture uncertainty in parameters such as capital costs, resource 

availability and resource prices. These uncertainties were determined based on 

consultations with experts and a literature search. Five hundred Monte Carlo 

simulations were run to cover the entire uncertainty space. An additional sensitivity 

analysis showed that, for the UK case, the gas price and biomass availability were the 

most influential uncertain parameters, i.e., they had the largest impact on system cost. 

In the current work, a stochastic approach to uncertainty is developed for QESMAT, as 

described in Chapter 3, with the results in Chapter 8. Due to its fast solution time, the 

model is also amenable to Monte Carlo methods, as described above, to sample the 

uncertainty space, and this may be explored in future work. 

The breadth of methods, models, analyses and applications for energy systems 

modelling has resulted in challenges for decision-makers to implement the ‘optimal’ 

solutions in practice. There is some literature on how modellers can improve our work 

to make it more applicable to the real-world while recognising the limitations of the 

field.  
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Pfenninger et al. discussed the 21st century challenges for energy systems modelling 86. 

They focussed on temporal and spatial resolution, uncertainty, complexity and 

modelling human/social behaviour as some of the key challenges. Emerging issues such 

as climate policy, decentralised/intermittent renewables and increasing electrification 

were highlighted as requiring more temporal and spatial detail in energy systems 

models. The authors noted that computational limits still constrain the creation of 

detailed ‘hybrid’ models that link bottom-up technology-rich energy systems models 

with top-down macro-economic models. The issue of model transparency and 

reproducibility was mentioned – these continue to be critical, as models that guide 

policy can affect the lives of millions of people. Suggestions to increase transparency 

included public access to the source code and data, use of free software, and increasing 

interoperability between models. OSeMOSYS, an energy systems model discussed 

previously, is mentioned as an example of an open-source, free, tool 87. The authors 

suggested that simpler models that can be solved quickly might be more beneficial, as 

they allow the modeller to run a rigorous uncertainty analysis. Several of these factors 

were considered and implemented in QESMAT as well. 

Cao et al. developed a transparency checklist that they encourage all energy systems 

modellers to use 88. They noted how the specialised and technical nature of energy 

systems models makes it difficult to comprehend exactly what is being done. It is also 

challenging to compare the results of two different studies. Thus, they argued, the onus 

is on the modeller to engage in transparency, by including essential information within 

the model and any research outputs. This includes source of funding, sources of data, 

pre-processing steps, listing assumptions (how scenarios are constructed), model 

information, sensitivity analysis, and communication of uncertainty. The authors also 

urged modellers to clearly indicate the relationship between their results and their 

policy recommendations to minimize modeller bias, and caveat any recommendations 

based on the strength of the results. 

DeCarolis et al. provided further recommendations for energy systems optimisation 

modelling 89. They noted that since energy infrastructure is long-lived, models that 

show significant turnover in stock need to model farther into the future, risking large 

uncertainties. The authors said that narrowly focussed predictions can lead to 

misleading conclusions, and that rather than creating a set of quantitative predictions, 
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models must challenge our assumptions and biases. They laid out a set of guiding 

principles: use fit-for-purpose models to suit the problem, keep the analysis as simple as 

possible but as complex as necessary, add detail in a piece-wise fashion, re-evaluate 

modelling goals throughout the analysis, consider uncertainties and ensure 

transparency. ‘Lumpy’ investments were suggested only for technologies that are 

deployed in small numbers, but comprise a substantial part of the energy system, for 

example a large thermal power plant. The authors noted that consumer choices are 

often poorly represented in energy systems models, with the most common approach to 

improve behavioural realism being to create different consumer segments to represent 

heterogeneity in demand. They suggested that technology deployment rates can be 

controlled by applying technology-specific constraints and activity bounds. Stochastic 

optimisation is recommended as a good way to capture uncertainty, but modellers are 

told to limit the number of uncertain parameters to avoid the ‘curse of dimensionality’. 

Suggestions for the communication of results include focussing on ‘insights’ rather than 

numerical outputs, transparency of the model and data, involving decision-makers in 

the modelling process, and providing information on uncertainty and assumptions. 

Ellenbeck and Lilliestam argued that energy systems models reflect the modellers’ 

understanding of society, environmental-social relations and scientific tools and 

theories 90. These ‘discourses’ shape crucial modelling decisions, particularly where 

there are no ‘correct’ answers. They argued that something as fundamental as having a 

cost-minimising objective function reflects a belief in economic efficiency ‘being the 

main aim of policy interference in the free market’. The Stern-Nordhaus controversy 

surrounding the ‘correct’ discount rate was also mentioned – this directly affects the 

deployment of renewables. The authors stated that the structure of the model itself – 

the relationships between various parts of the energy system – depended on how 

modellers viewed their society and the world. The inclusion of certain technologies, 

whether fossil fuel or renewables, also reflects the purpose of the modelling exercise. 

The authors’ conclusions matched those of Pfenninger et al. 86: models would have to 

become simpler so that the discourses around the modellers’ choices were more visible.  

Recently, Savvidis et al. highlighted the gap between policy challenges and model 

capabilities 91. By focussing on the problems to be solved rather than the models to be 

used, they mirrored the views of Decarolis et al 89. They highlighted key trends in 
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energy systems: the entry of new stakeholders as energy systems decentralise and 

decarbonise, intermittency of renewables, and increased interdependencies between 

previously decoupled sectors as electrification increases. They tried to determine which 

of the existing energy systems models were suitable for which types of policy questions 

– renewables integration, emissions targets, decentralisation etc. The authors noted that 

gaps exist in modelling of the distribution grid, endogenous demands and technical 

flexibility. The need for collaboration between various stakeholders and within the 

modelling community was also mentioned.  

Many of the suggestions for best practice have been adopted for QESMAT: listing model 

assumptions, referencing data sources, publishing results in an open-access journal. It is 

hoped that various stakeholders can be engaged in future modelling work using 

QESMAT. The relevant literature from this section, particularly those sources that 

directly influenced the development of QESMAT, are highlighted in the table below. 

Table 3. Relevant literature on ESMs and influence on QESMAT 

Author, Name, Year Influence on QESMAT 

Loulou and Labriet, ETSAP-

TIAM: The TIMES integrated 

assessment model Part I: 

Model structure, 2008 67 

TIMES – Linear program, bottom-up, partial equilibrium, detailed 
spatio-temporal resolution, perfect foresight, technology rich model.  
Additions: cross-temporal storage, lumpy investments, uncertainty 
(stochastic optimisation), integration with wider economic / global 
climate models. 
QESMAT uses a similar framework (RTN) to the ‘Reference Energy 
System’ of TIMES.  
QESMAT is mathematically similar to a ‘fixed demand’ TIMES model. 
TIMES is the most commonly used ESOM for policy analysis. 

Hunter, Sreepathi, and 

DeCarolis, Modeling for 

insight using Tools for 

Energy Model Optimization 

and Analysis (Temoa), 2013 

72 

TEMOA – Open-source ESOM for transparency and uncertainty analysis 
(Monte Carlo simulations using distributed computing resources). 
Bottom-up model using a ‘Reference Energy System’ similar to 
QESMAT’s RTN. 
Uses representative time slices based on seasonal/diurnal variation 
(faster solution time) – adopted in QESMAT. 
Uses a simplified representation of storage (balancing input-output 
over a day/year) – adopted in QESMAT. 

Howells et al., OSeMOSYS: 

The Open Source Energy 

Modeling System. An 

introduction to its ethos, 

OSeMOSYS – Open-Source Energy Modelling System. 
Linear program, least-cost objective function, supply-demand matching, 
perfect foresight – similar to QESMAT. 
‘Reference Energy System’ similar to QESMAT’s RTN. 
Simpler tool with smaller learning curve and time commitment 
(compared to TIMES) 



73 
 

structure and development, 

2011 87 

Representative time slices allow seasonal/diurnal dynamics, but faster 
solution 
Addition: mixed-integer framework for ‘lumpy’ investments 
QESMAT was successfully benchmarked against OSeMOSYS for 
validation 

Samsatli and Samsatli, A 

general spatio-temporal 

model of energy systems 

with a detailed account of 

transport and storage, 2015 

77 

STeMES (based on RTN) – linear program, supply-demand matching, 
input-output table, fixed demands, least cost objective, perfect foresight, 
bottom-up. 
Resource-Technology Network (RTN) represents how ‘technologies’ 
can produce, transform or consume ‘resources’ – adopted in QESMAT. 
Technology investments (and retirements) happen at the start of every 
‘major’ time period, while supply – demand – storage – import – export 
are balanced at every time ‘slice’. 

Kanudia and Loulou, Robust 

responses to climate change 

via stochastic MARKAL: The 

case of Québec, 1998 79 

MARKAL – linear ESOM, perfect foresight, bottom-up model that was 
the precursor to TIMES.  
Extended to a multi-stage stochastic model, providing a hedging 
strategy for immediate investments, and allowing mid-course 
corrections when uncertain parameters are realised – adopted in 
QESMAT. 
 

Pfenninger, Hawkes and 

Kierstead, Energy systems 

modeling for twenty-first 

century energy challenges, 

2014 92 

Key areas of future research include modelling intermittency of 
renewables and increasing electrification of various sectors and 
overcoming computational limits on linking bottom-up technology-rich 
models with top-down macroeconomic ones. 
Model transparency is critical for policy analysis - open source, 
simplified models, with clearly stated assumptions, and a thorough 
uncertainty analysis – adopted in QESMAT. 

Cao et al., Raising awareness 

in model-based energy 

scenario studies—a 

transparency checklist, 2016 

88 

Transparency checklist for ESMs: Transparent about funding, clearly 
stated input assumptions, thorough uncertainty and sensitivity analysis, 
clarify the links between results and suggested policies (to reduce 
modeller bias), structural and empirical validity testing (plausibility and 
historical accuracy), standardisation of models and data to compare 
different ESMs. These principles were kept in mind, and implemented 
as much as possible, while developing QESMAT. 
 

DeCarolis et al., Formalizing 

best practices for energy 

system optimization 

modelling, 2017 89 

Long-term models inherently have a wider uncertainty range the 
further into the future we model.  
Build simpler, fit for purpose models. Re-evaluate goals of the study at 
regular intervals, add detail to complex models piece-wise (easier for 
troubleshooting), include uncertainty analysis, improve model 
transparency (list assumptions, open-source modelling, data and 
results). All of these were adopted in building QESMAT. 
Technology-specific constraints (for example, lumpy investments for 
larger technologies) can make outputs more realistic.  
The outputs of ESMs are ‘insights’ into how the energy system works, 
not the exact numerical results which depend on many assumptions. 
This is also the purpose of QESMAT. 
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Ellenbeck and Lilliestam, 

How modelers construct 

energy costs: Discursive 

elements in Energy System 

and Integrated Assessment 

Models, 2019 90 

ESMs reflect the modellers’ understanding of society, environmental-
social relations and scientific theories.  
These ‘discourses’, representing bias of the modeller, shape crucial 
modelling decisions (such as having a ‘least-cost’ objective function or 
choosing a ‘correct’ discount rate).  
Scenarios are ‘narratives’ created by the modellers. 
The selection of input technologies/resources, time horizon, etc. reflect 
the purpose of the modelling exercise. Though the biases cannot be 
eliminated, the ‘discourses’ around modelling choices must be made 
more transparent. 
Reality of ‘policy-based evidence making’ instead of ‘evidence-based 
policymaking’. 
 

Savvidis et al., The gap 

between energy policy 

challenges and model 

capabilities, 2019 91 

Challenges for ESMs - addressing intermittency and increasing 
penetration of renewables, privatisation and distributed generation, 
cross-sectoral coupling (especially for electricity), collaboration across 
academic disciplines, linking policy questions with the right ESMs, and 
improving transparency of model structure and assumptions. 
 

 

While this sub-section looked at several energy systems models, explored their 

methodology, and highlighted challenges future challenges in the field, the next sub-

section of this chapter focusses on the applications of optimisation models to study how 

the Gulf’s energy systems will evolve in the future and guide national and regional 

policy. Literature from the Gulf region is highlighted, and the specific applicability to 

Qatar is noted. 

2.5 Relevant energy systems research 

Although optimisation models have been used to study national energy systems for 

decades, I have focussed on the literature from the last decade – primarily because this 

is when these tools were applied to the Gulf region. Previously cited literature has 

numerous examples of older studies on national energy systems in Europe and North 

America 63,65,66,68. 

The first national energy systems model within the region was the KAPSARC energy 

model for Saudi Arabia, introduced in 2013 93. This model is different from all of the 

models described so far, in that it is formulated as a mixed complementarity problem 

(MCP). The authors argued that linear programs cannot always approximate market 

equilibrium, particularly when multiple sectors were included within one model. For 

example, in Saudi Arabia, a utility company can buy crude oil for much less than its 
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market value. MCPs provide a more explicit statement of price relationships between 

various components of the system, allowing non-competitive markets to be modelled 94. 

The authors noted that every optimisation problem could be written as an MCP – the 

original problem would be the ‘primal’ from which a corresponding ‘dual’ problem 

could be written, with complementarity relationships between the primal and dual 

problem completing the MCP. The authors noted that MCP solvers took a longer time 

than solution algorithms for linear programs, and that large MCP models were still 

intractable. 

In 2013, Sgouridis et al. introduced the Emirates Integrated Energy Model (EIEM) to 

study the potential for a sustainable energy transition in the UAE 95. Like the scenario-

planning model LEAP, EIEM uses two modules – a bottom-up demand model and an 

hourly electricity/water supply model, to create scenarios that represent varying levels 

of a sustainable energy transition. EIEM is not an optimisation model – the capacities for 

the different technologies are user-specified. Nevertheless, the authors used EIEM to 

study the potential for various renewables such as solar, wind and nuclear energy to 

enter the Emirates’ energy system. The authors projected that Qatari gas would be used 

to meet a significant portion of the UAE’s energy needs, due to its low cost of import 

($1.5 per MMBTU). They argued that although a renewables transition had large 

upfront costs, it was necessary to be implemented quickly to prevent new fossil-fuel 

infrastructure lock-in – relevant as the UAE’s contract to import cheap pipeline gas from 

Qatar expires in 2032. 

Mondal et al. applied the MARKAL model to study the evolution of the UAE’s electricity 

system in 2014 96, and reached similar conclusions as Sgouridis et al. They aggregated 

demands across sectors to determine the country’s total electricity demand and 

considered supply technologies such as solar, wind, nuclear and a range of gas-fired 

power plants. They found that emission reduction constraints, renewables production 

targets, and having to buy gas at international prices led to positive changes in the 

electricity system such as the deployment of solar PV. While the first two policies led to 

a small increase in system cost (around 10% over the base case), a reforming of gas 

prices almost doubled the system cost. This result validates the UAE’s approach to wean 

itself off Qatari gas, given Qatar’s desire to sell gas to its neighbours at internationally-
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aligned prices. This is of relevance to Qatar as it seeks to expand its sales of natural gas, 

and considers the trade-offs between LNG and pipeline exports, as explored in QESMAT. 

The following year, Almansoori and Betancourt-Torcat applied a mixed-integer model 

to design the UAE’s power system 97. Their model was not a capacity expansion model – 

it could not decide whether to ‘build’ new infrastructure. Instead, the model would 

decide if a given, existing technology would be part of the generation mix. The authors 

found that while gas-fired power was the cheapest option at present, an increase in the 

cost of imported gas would lead to the deployment of nuclear energy, along with a small 

amount of renewables. The authors also accounted for the social benefits of emissions 

reduction by applying a discount on the costs of renewables – this led to a 

corresponding increase in nuclear deployment. Note that the capital costs of these 

technologies are not considered within the model, since it only optimises the operation 

of existing units within a given year – this may underestimate the real cost of nuclear 

energy, which is more expensive than solar PV and other renewables 28. 

The same authors formulated a stochastic programming model to study the long-term 

evolution of Abu Dhabi’s power system under uncertainty 98. They used a normal 

probability distribution to represent uncertainty in the price of natural gas. The model 

included fixed annual demands for electricity, which were to be satisfied using a range 

of technologies – from several types of gas-fired power plants to wind, solar and nuclear 

plants. The authors concluded that gas-fired plants would continue to supply the bulk of 

Abu Dhabi’s needs, with nuclear power also playing a significant role. Other renewables 

were deployed in very small quantities. The main reason for the small deployment of 

solar PV is the high capital cost estimate used in the model (from $3 to $17 per Watt) – 

these prices plummeted over the last five years. The sensitivity of key results to 

individual parameters such as capital costs of solar PV shows the limitations of 

optimisation modelling – thorough sensitivity and uncertainty analyses are needed to 

make useful real-world predictions. 

An alternative method to deal with uncertainty was proposed by Jayaraman et al., who 

applied a fuzzy goal programming approach to analyse the energy and environmental 

policy goals of the UAE 99. This approach allows multi-criteria decision-making when 

there are multiple and conflicting objectives, such as economic and environmental 

targets. Goal programming is an optimisation technique that minimises deviations from 
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specific goals. Since policy goals are not always defined precisely, the authors adopt a 

‘fuzzy’ objective – the closeness of the solution to the aspired level is quantified. Goals 

for GDP growth, electricity consumption, GHG emissions and number of employees are 

set. The authors find that a large economic transformation to generate diverse revenue 

streams, along with the deployment of alternative energy to meet growing demand, will 

be needed to meet these goals. While this is not an energy systems model, the results 

are nevertheless interesting from an energy policy point of view, as it helps quantify the 

trade-offs between different objectives. 

The Kuwait Institute of Scientific Research collaborated with its government and 

industrial partners to develop a TIMES model for Kuwait in 2015 100. They focussed on 

Kuwait’s power and water sector, emphasising the period until 2030. Demands across 

sectors were aggregated. According to their results, approximately 10% of generation 

can come from renewable sources, particularly solar PV and CSP. The rest of the 

electricity and water would be produced by a variety of gas-fired technologies, 

particularly combined cycle power plants and multi-stage flash desalination units. 

Kuwait would have to rely on gas imports, probably as LNG from Qatar, to meet its 

electricity and water needs. 

In 2018, Aleisa and Al-Shayji formulated an optimisation model to suggest the best 

policy for a water desalination system in Kuwait 101. They noted how the Gulf countries, 

and particularly Kuwait, had very high per capita water consumption (estimated at 500 

litres per capita per day), which was projected to increase. Virtually all of this demand is 

met through large hydrocarbon-fuelled desalination plants, further increasing the 

countries’ emissions. The authors highlighted the effect that these plants had on air and 

water pollution in Kuwait – from particulate air pollution to heavy metal contamination 

and brine discharge into the sea. They noted that reverse osmosis, a membrane-based 

process that is more energy efficient than thermal desalination but requires greater pre-

treatment of feed water, was a promising alternative to the existing multi-stage flash 

plants. They also concluded that multi-effect distillation, another thermal desalination 

technology, could prove effective if combined with concentrating solar power. They 

mentioned that since there were constraints on the minimum size of plants, the model 

could not investigate the effect of decentralisation of water production. The issues of 

growing water demand, and marine pollution, are also of relevance to Qatar. QESMAT 
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explores alternatives to thermal desalination that can reduce Qatar’s carbon emissions 

and integrate renewables into the water production system. 

Some studies have looked at optimising the energy system of the entire Gulf region. 

Considering the lack of political alignment, and differing strategic interests, this seems 

unlikely to be implemented in practice, but the results can still offer some insights. In 

2016, Jayaraman et al. adopted a goal programming approach to study the entire GCC 

(Gulf Cooperation Council), looking at four criteria – GDP, electricity consumption, GHG 

emissions and number of employees 102. This was similar to their study on the UAE, 

described above 99. They concluded that if optimising at the GCC level, Qatar would be 

the only country to show negative GDP growth. Given the arbitrary nature of the 

construction of the model, it is not entirely clear why this is the case. However, this 

study reinforces the need for Qatar to have its own strategy for energy policy. 

In the same year, Farzaneh et al. applied an optimisation model to study the long-term 

evolution of the Middle East’s energy system 103. Energy demand was calculated based 

on economic and demographic trends, while energy supply predictions were 

extrapolated from past trends. The authors noted that most Middle East countries 

(including Iran, Iraq and the Gulf) would become net energy importers by 2050, with 

gas-exporting Iran and Qatar being the major exceptions. Given the Gulf countries’ 

reliance on energy exports, and cheap domestic energy, this is a worrying prospect. 

Applying a zero emissions scenario by 2100 results in the deployment of solar energy 

and some nuclear capacity, but the bulk of generation continues to come from gas-fired 

power plants fitted with carbon capture and storage – this remains an unproven 

technology at scale, and far more expensive than renewables. Nevertheless, it shows 

how access to cheap hydrocarbon resources locks in carbon-intensive infrastructure for 

several decades. 

Before this sub-section concludes with a selection of optimisation studies from Qatar, 

some important papers from other parts of the world that have relevance for long-term 

policymaking in Qatar are reviewed here. 

Canada has abundant natural resources, particularly fossil fuels, and relies heavily on 

these to sustain its economy – much like Qatar. Vaillancourt et al. studied deep 

decarbonisation pathways for the Canadian energy sector using TIMES 104. They soft-
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linked the energy systems optimisation model with a simulation model that provided 

macroeconomic feedbacks – an iterative process was used to obtain consistent results. 

Emissions reduction targets were set. They found that electrification of the transport 

sector and a reduction in the production of fossil fuels accounted for the biggest drop in 

emissions. Other sectors such as electricity generation, industrial, residential and 

commercial sectors also played a role in the transition. It is clear that fossil fuel 

exporters such as Qatar and Canada will have to find alternative exports if 

decarbonisation targets are to be met. The availability of cheap natural gas and solar 

energy in Qatar also allows for a deep decarbonisation of the transport sector, similar to 

the above paper. This is explored using QESMAT (Chapters 6 through 8). 

A recent paper by Algunaibet et al. applied the concept of ‘planetary boundaries’ to 

study the energy system of the United States 105. They argued that energy systems 

modelling still did not take into account the planet’s ecological limits, and that this 

needs to change. By incorporating the effects of the energy system on planetary 

boundaries such as CO2 concentration, ozone, ocean acidification, biogeochemical 

phosphorus and nitrogen flows, land-system change and freshwater use, the authors 

could study how seemingly ‘sustainable’ energy mixes could still infringe on the earth’s 

limits. For example, while a fossil-fuel heavy energy mix severely violated CO2 and ocean 

acidification limits, so did a Paris-compliant mix consisting of large amounts of 

renewables. They develop a planetary boundary-compliant mix consisting of no carbon-

emitting technology and find that while it fits into climate-related planetary boundaries, 

it still violates the biogeochemical nitrogen flow – partly due to its reliance on some 

CCS-fitted gas and bio-energy generation (BECCS). While the Paris-compliant mix is 

cheaper than business-as-usual, the planetary boundary-compliant mix is more 

expensive than both – costing roughly twice that of the Paris-compliant mix. 

Nevertheless, this study highlights that while we rightly focus on carbon emissions and 

climate change, our energy systems are also out of sync with the earth’s biogeochemical 

nitrogen cycle, and this calls for an even faster transition to renewables. 

Over the last two decades, Qatar has been supplying natural gas to clients in Europe and 

East Asia. A couple of studies looking at countries in these regions highlights their 

perspectives on sustainable energy transition, with repercussions for the future of 

Qatar’s LNG industry. 
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In 2017, Fragkos et al. used the PRIMES energy systems model, along with a general 

equilibrium model, to study how the European energy system would be restructured in 

line with each country’s Paris commitments. PRIMES is a technology-rich simulation 

model that solves for an equilibrium between supply and demand for five-year intervals 

up to 2050. An agent-based framework was used to determine the actions of individuals 

investing in various residential or transportation technologies. They found that 

efficiency improvements, renewables penetration and fuel switching (from coal to gas) 

would be the biggest factors for emissions reduction. By 2050, however, natural gas 

consumption would be lower than it is today due to a combination of energy efficiency 

and greater penetration of renewables, especially wind. 

A recent paper from South Korea highlighted the potential for renewables, specifically 

wind, solar and biomass, to exclusively power the country’s energy system 106. Fuel 

demand can be met by hydrogen (produced via electrolysis) or biofuels. The 

optimisation model followed the familiar network representation matching supplies 

and fixed demands and includes a spatial disaggregation of the country. Hydrogen 

electricity storage technologies were also included. Han and Kim concluded that South 

Korea had enough renewable resources to meet future demands for energy, without 

relying on hydrocarbon imports. Hydrogen was predicted to play an increasing role in 

the energy system – similar to targets set by Japan to move towards a hydrogen 

economy 107. The move towards a hydrogen-based energy system provides an avenue 

for Qatar to enter a new market – this is explored through QESMAT (Chapter 7). 

While the above studies show how Qatar’s long-standing customers in Europe and East 

Asia are decarbonising, the following papers highlight how Qatar’s ambition of selling 

more LNG to growing countries like India and China may go unfulfilled. 

Burandt et al. used a multi-sector, open-source, energy systems model (related to 

OSeMOSYS) to study how China’s energy system must transform to meet national 

climate goals 108. While the phase-out of coal is essential to meeting these goals, these 

plants are not replaced by gas in an optimal scenario – instead, the least cost option is to 

jump straight to renewables such as wind and solar. The authors noted that energy 

security issues have increased the reluctance of China’s policymakers to rely on 

imported gas from Russia and the USA. 
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The same group analysed India’s energy system using OSeMOSYS and found that the 

country does not rely on gas-fired generation for power after 2025 109. While coal 

production is slowly phased out, the authors predicted that renewables such as solar 

and biomass will play a large role in the national energy system, thus leapfrogging the 

use of natural gas as a transition fuel. 

A more conservative model of India’s energy system does not bring better news for 

Qatar. Recently, the country’s planning agency, NITI Aayog, released a working paper on 

the use of the model MESSAGE to study India’s energy system 110. The authors predicted 

that coal will continue to play a major role in electricity generation and industry, with 

only small investments in gas-fired generation. An increase in hydro, wind, solar and 

nuclear capacity was also predicted. They found that the deployment of solar energy 

was particularly sensitive to its costs. Considering that solar costs are still falling, this 

may lead to further deployment of solar energy. Gas consumption is limited by the high 

price of imported gas. Even if future gas prices drop due to oversupply, the long lead-

times to build LNG regasification plants and gas-fired power plants make it difficult for 

India to quickly invest in new gas-fired capacity. Even if we assume that these 

investments are made, Qatar would still receive far lower revenues per unit of gas than 

it has in the past. 

The conclusion is clear – new and old customers for Qatari gas are seeing rapid 

transformations of their energy systems, forcing Qatar to adapt its own energy system 

away from hydrocarbon exports. In the final part of this sub-section, we look at 

literature on optimisation in Qatar’s energy sector. 

Zhang et al. used a mixed integer linear programming method to model an integrated 

carbon capture, transport and storage network for Qatar’s power sector 111. The carbon 

price was set between $45 to $80 per ton. The model showed larger emitters investing 

in CCS, while smaller plants purchased credits from the bigger plants or from abroad. 

Al-Mohannadi et al. used a superstructure optimisation model to design a natural gas / 

CO2 utilisation network in an industrial cluster that looked similar to Qatar’s industrial 

portfolio 112. They concluded that there was no incentive for carbon capture and storage 

unless there was an emissions constraint, in which case some investments were feasible 

in methanol production, EOR (Enhanced Oil Recovery) and underground storage. 

QESMAT corroborates this result – the extra costs of CCS cannot be economically 
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justified, and decarbonisation strategy is justified only when including the social and 

environmental costs of carbon emissions. 

Recently, Namany et al. used a multi-objective stochastic optimisation model to study 

the potential of Qatar’s food sector to decarbonise while maintaining a 40% self-

sufficiency 113. Technologies such as solar PV, reverse osmosis, biomass integrated 

gasification combined cycle (BIGCC) and bio-energy with CCS (BECCS) were added to 

the existing portfolio of combined cycle gas turbines (CCGT), groundwater pumping and 

treated sewage effluent (TSE). The model selected BECCS to meet 67% of the energy 

demand, although it is unclear how the biomass will be supplied, which will have a big 

impact on the ability of the technology to be carbon negative. Moreover, dedicated 

BECCS has still not been commercially implemented anywhere in the world, and it is 

unlikely to be deployed in Qatar considering the absence of large quantities of biomass. 

Babonneau et al. studied Qatar’s electricity system using an optimisation model, with a 

view to integrate ‘smart’ technologies into the grid 114. Their Energy-Technology-

Environment model has been discussed previously 75 – it is a bottom-up, technology 

rich, linear program similar to TIMES. The authors added constraints into the model 

that enabled them to study smart grids, distributed energy supplies and demand 

response. The authors aggregated demands for electricity across sectors until 2050, 

which formed an input to the model. Technologies were modelled as ‘resource 

transformers’, with their corresponding efficiencies, costs, lifetimes, and input-output 

relationships. A set of time slices that represented seasons, and times of day, to reduce 

computational demand. They found that a large-scale transition to electric vehicles was 

feasible, but this would drive up electricity demand. The authors concluded that 

concentrated solar plants would become the biggest electricity generator in the country 

by 2030, with more than half of this generation being stored for later use. The authors 

estimated that this transition would cost Qatar $60 billion over the period 2020-2050, 

mostly devoted to investments in concentrated solar power and electric vehicles. 

Experimental studies in Qatari conditions have found that concentrated solar plants 

have underwhelming performance due to the high dust and humidity in the country – 

solar PV systems show much better performance 30. Since this was a conference paper, 

the details of the model were not disclosed – it is not clear how many ‘green’ 

technologies were included in the portfolio, and at what costs. Moreover, since the 
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model focussed on the electricity system, synergies with the oil and gas sector were left 

unexplored. Nevertheless, the insights into the possibility of electrification of the 

transport sector are interesting, and validated by the current work. 

In spite of the small number of studies on energy systems optimisation in the region, 

this section highlights that many of the countries face similar challenges – growing 

domestic demands for energy eating into exports, worsening environmental pollution, 

and increasing budgetary constraints given the multi-year slump in commodity prices. 

Qatar has some unique features such as its small population, high GDP per capita, and 

extraordinary natural gas reserves, which affect the evolution of its energy system, as 

explored in this work. QESMAT represents a novel contribution in the field of energy 

systems modelling, and in the field of energy policymaking in Qatar, as it combines 

quantitative modelling methods with an understanding of the political economy of the 

country to suggest the path(s) forward. The gaps in the current literature that are filled 

by the current work can now be clearly identified. 

2.6 Research gaps 

Given the scale of the climate emergency, the world requires a large-scale 

transformation of its energy system. Fossil fuel exporters in the Middle East must not 

only contend with changing global markets, but with citizens who expect state largesse 

in return for political fealty, and who have become used to cheap and abundant 

hydrocarbon fuels at subsidised prices. There is a need for policies that are informed by 

local expertise, tailored to the socio-economic situations of individual countries, that 

can preserve existing political structures while allowing the countries of the Gulf to 

embrace the ongoing energy transition. 

Quantitative planning tools such as energy systems models can provide insights into the 

effectiveness of new policies, while also highlighting avenues for new technologies and 

new exports. Given the export-heavy structure of Qatar’s energy system, this model 

must incorporate a detailed portfolio of industry and the energy sector. Synergies with 

the domestic sector, particularly electricity and water generation, must also be 

explored. 

Although organisations like the state utility (Kahramaa) and the national oil company 

(Qatar Petroleum) use models to drive long-term strategy, these models seem to remain 
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siloed to individual sectors, which prevents insights into the whole energy system. This 

is especially ironic, given that all components of the energy system are owned or 

controlled by the Qatari state – it is the key stakeholder, and prime beneficiary, for all 

decisions taken in the energy sector. 

Thus, there is a need for a cross-sectoral energy systems optimisation model which can 

provide pathways for a climate-compliant transition of the energy system. The model 

must provide insights into the evolution of each sector – identifying viable technologies 

and new export opportunities. It must also address domestic needs for abundant and 

affordable energy. The model must be informed by bottom-up projections of energy 

services demands across sectors – residential, commercial, transportation and 

agriculture. These projections must account for future uncertainties, and the modelling 

framework must support uncertainty analysis. The approach to uncertainty must 

provide policymakers with a hedged investment strategy that would work well no 

matter which scenario is realised in practice and note the opportunities for future 

investments that can be made when the uncertainties are resolved. 

The model must be simple enough to be accessible to a variety of stakeholders but 

retain the potential for adding complexity where needed. It must prioritise questions of 

long-term strategy – in the author’s opinion, this is where quantitative guidance is 

currently lacking. The model must rely on local data as far as possible and built in 

collaboration with local experts – this will ensure the work’s relevance for 

policymakers. The model, and its analysis, must remain publicly available to increase 

stakeholder engagement, and maintain transparency on policy questions that impact 

millions of people. Modelling results must be translated into policies after careful 

consideration of Qatar’s political economy – this is challenging given the historic role of 

the hydrocarbon sector in creating the citizen-state relationship. QESMAT (Qatar 

Energy System Modelling and Analysis Tool) was built with these goals in mind. 

2.7 Research questions 

This work aims to answer the following questions: 

1. Decarbonisation: Can Qatar lower the carbon footprint of its energy system, 

both for domestic consumption and export? Are Qatar’s targets for reducing its 

carbon emissions compliant with worldwide ambitions? If not, where is the 
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potential for further reductions? What are the impacts of policies such as subsidy 

reforms, renewables targets, efficiency programs and carbon pricing on the 

evolution energy system? 

2. Diversification: Can Qatar diversify its energy exports beyond LNG? What are 

the most promising alternatives, given global markets, and where is more 

research needed to develop key technologies? How can Qatar maximise its 

geographical and resource advantages? 

3. Security: Can Qatar maintain, or even improve, the security of its energy, water 

and food systems as it embarks on a low-carbon transition? Can the 

intermittency of renewables be overcome? Is this transition ‘sustainable’, i.e., 

preserving the country’s environment for future generations, and preserving the 

citizen-state relationship? 

The rest of this thesis is organised as follows. Chapter 3 describes the methodology of 

QESMAT – data inputs, forecasting, optimisation and uncertainty analysis. Chapters 4 

through 8 describe the results of various iterations of QESMAT – the first two chapters 

present results from the initial evolution of the modelling framework, the third focusses 

on the potential for solar energy, the fourth on a future hydrogen economy, and the last 

one, based on a recent journal publication 69, studies the evolution of Qatar’s energy 

system under uncertainty. Chapter 9 dives into the technological and industrial changes 

that can be proposed to enable Qatar’s energy transition – these emerge from the 

various modelling iterations and case studies that are presented in the preceding 

chapters. Chapter 10 provides a brief summary, lists the key conclusions linked to the 

research questions on the previous page, and anticipates future work that can be done 

to enable systems thinking in Qatar’s energy and socio-economic policy. The thesis ends 

with two appendices – these provide transparency regarding QESMAT’s methodology. 

Appendices A1 and A2 respectively list the sets of technologies and resources that are 

included in the latest version of the model. 
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Ch. 3. Methods 

The challenges we face today, such as climate change and economic inequality, are 

inter-connected and complex. Solutions that focus on only one component of a problem 

may result in undesirable side effects. Qatar’s challenges are similarly complex – it must 

decarbonise its domestic energy system and diversify its exports, while maintaining the 

security of its energy system. Such complex problems must be addressed using ‘systems 

thinking’, where we can model the interactions between different components of the 

system, and then study how a change in one part of the system can propagate across the 

others. As seen in the last chapter, the quality of an energy systems model depends on 

the quality of the data that goes into making it, and we must be cognisant of how 

limitations of the data impact the accuracy of the model. Nevertheless, even the limited 

amounts of publicly available data from international organisations, government 

ministries and local companies allows for a fairly accurate large-scale representation of 

the Qatari energy system (see 3.1.1). 

This picture includes details regarding the domestic producers and consumers of 

energy, and the government policies that keep the current system in place. Data was 

collected for the existing industries that are energy-dependent: oil and gas, 

petrochemicals, electricity and water, steel, cement and other products. The domestic 

consumption of energy services was also quantified for the following sectors: passenger 

and freight transportation, residential and commercial electricity and water use, 

agricultural water use, aviation fuel use, and air conditioning demand. This data was 

used to forecast the demand for these energy services over the next three decades (see 

3.1.2), using some of the forecasting methods mentioned in the last chapter – bottom-up 

forecasts based on per capita consumption and demographic projections, which were 

then reconciled with historical consumption. The model also includes assumptions 

about the trajectory of commodity prices over the next three decades (resolved using a 

two-stage stochastic model as described in the previous chapter), and a user-created list 

of technologies, both existing and in development, that may become part of Qatari 

energy infrastructure. 

All of this data served as the input to QESMAT, which represents the Qatari energy 

system. The name QESMAT (Qatar Energy System Modelling and Analysis Tool) sounds 
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like the word ‘kismet’, which means ‘fortune/destiny’ in Arabic, Urdu, Hindi, Turkish 

and English, amongst other languages. 

The model meets the demand for energy services by selecting technologies that produce 

or transform energy vectors (such as natural gas, electricity or even water and air 

conditioning needs). The supply must match demand at each time step (divided into 5-

year major time periods and six intra-year time slices to capture seasonal/diurnal 

trends – representative time slices as used in TEMOA). Once domestic needs are met, 

excess hydrocarbon production can be diverted for international exports through a 

variety of products (as refined oil and gas, hydrogen, petrochemicals or other products 

such as steel and cement). The model selects the optimal set of technologies and energy 

flows based on the most financially profitable option for the country. This approach 

works because Qatar is one of a handful of countries where all major industries are 

controlled by the central government, all of the planning of infrastructure is centralised, 

and due to limits on individual freedoms, the interest of individual consumers is 

subservient to the interest of the state. Thus, there is only one decision-maker (the 

state) that needs to be satisfied, allowing us to implement a simplified optimisation 

approach that maximises profits for the state. 

Instead of using an existing ESM, a tailor-made optimisation model was built to more 

accurately represent the peculiarities of the Qatari energy system, including centralised 

control of key industries, the state as the main stakeholder, focus on the export-oriented 

energy/industrial sector, domestic energy subsidies, etc. However, the model is 

mathematically similar to existing ESMs such as TIMES (when demands are fixed). 

QESMAT was successfully benchmarked against another energy systems modelling tool 

called OSeMOSYS, which, as mentioned in the last chapter, is also a linear ESOM with 

perfect foresight. 

The optimal solution describes how investments in energy infrastructure must be made 

over the next three decades, from which we can also infer the social and economic 

policies that will enable this transition. The model also provides us with the optimal 

export portfolio for the country, given the uncertainty in global commodity prices. 

QESMAT was built with an open-access philosophy – with public access to the data, 

model and results, so that it can be used freely by local stakeholders (academia, 

industry, government) to perform a more granular analysis of a specific component of 
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the energy system or test the impact of new technologies and policies. This is in line 

with the recommendations from the literature (mentioned in the last chapter) that 

encourage transparency, open-access and clarity on model inputs, assumptions and 

limitations. 

QESMAT allows users to study the long-term evolution of the Qatari energy system and 

was designed to answer the research questions posed at the end of the previous 

chapter. A rich technology set, including existing and developing renewable 

technologies, enables the study of a long-term decarbonisation based on techno-

economic viability and synergies within the energy system. The temporal resolution, 

with its representative time slices that capture seasonal/diurnal trends in supply and 

demand, enables the modelling of intermittent solar generation and peaks in domestic 

demands. The detailed modelling of the industrial sector provides options for export 

diversification – this remains limited to energy/industrial exports but is nevertheless 

useful in studying which industries are the most resilient to changing commodity prices, 

or which exports Qatar can focus on over the next three decades. Finally, the supply-

demand balancing constraints ensure that the energy system is always able to meet the 

domestic needs for energy and other commodities and includes some reserve capacity 

(implemented by default due to the temporally-limited production of renewables). 

Thus, even though QESMAT does not model the detailed operation of the energy system, 

an in-depth analysis of its results can indicate how an evolving energy system can 

maintain reliability and provide energy security.  

QESMAT can also be used to test energy policies such as renewables targets, feed-in 

tariffs, subsidy reforms, energy efficiency targets etc. – all of these have been indicated 

in the literature (seen in the previous chapter) as policy tools for a regional energy 

transition. Although it is beyond the scope of the current work, QESMAT can also be 

linked to broader economic or gas market models to understand the broader 

implications of decarbonisation and diversification on Qatar’s economy, as highlighted 

in the literature. 

A review of the literature confirms that QESMAT is the first cross-sectoral energy 

systems optimisation model for Qatar. It represents a novel contribution to the field of 

energy systems modelling as it is built to represent an energy system where over 95% 

of the resource flows are export-oriented. To the best of the author’s knowledge, no 
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such quantitative tools have been used by the Qatari government to assist conversations 

on long-term energy strategy across multiple sectors. QESMAT brings together elements 

of state-of-the-art ESMs from the literature – the framework of the Resource-

Technology-Network models developed at Imperial College London, the bottom-up 

technology-rich features of the TIMES family, and the innovative aspects of emerging 

models such as TEMOA. It then offers a novel methodological contribution by 

implementing a two-stage stochastic optimisation model on the RTN framework and 

uses this to develop the best hedging strategy for Qatar’s short-term infrastructure 

investment. QESMAT fills a critical gap in the literature by providing a quantitative 

framework to understand the techno-economic viability of a long-term energy 

transition in a hydrocarbon-exporting economy. These aspects, along with the wider 

research methodology, are detailed in the following sections. 

3.1 Data collection 

3.1.1 Reference Energy System 

The International Energy Agency compiles annual energy balances for many countries, 

including Qatar 12. These balances show the production, transformation and 

consumption of various hydrocarbon resources, along with electricity, across the 

industrial, residential, commercial and transportation sectors. The crude oil and natural 

gas production numbers from these balances served as the production constraints in 

QESMAT. In the case of natural gas, the production constraint was revised upwards 

when Qatar lifted its moratorium on new natural gas production in 2017 5. Annual 

reports from Qatar Petroleum and other companies 4,115,116, along with the IEA statistics, 

were used to glean information about the current capacities of industrial, electricity and 

transportation infrastructure, for example, the capacity of the polyethylene and urea 

plants, the sizes of the gas-fired integrated water and power plants, and the annual 

aviation fuel consumption. Publicly available information on Qatar’s long-term liquefied 

natural gas (LNG) contracts was used to set the minimum export requirement of LNG 

over the next few decades 117,118. The Solar Test Facility at Qatar Foundation studies the 

real-world performance of solar photovoltaic (PV) cells in desert conditions  – its data 

was used to determine the capacity factor of solar PV, if deployed at a large scale, in 

Qatar. The capacity factor was also calculated from the publicly available 5-year report 
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on the Solar Test Facility 30 – it matched the capacity factor calculated from the raw 

data.  

General data was used whenever Qatar-specific data was unavailable, for example, to 

determine the capital costs of various industrial processes, and these were obtained 

through specific searches on the internet. These sources are listed in the appendices. As 

QESMAT was constructed and implemented in stages, the reference energy system grew 

to encompass more technologies and energy vector transformations. The specific 

reference energy system for each case study is discussed in the first section of each 

results chapter (see sub-section 4.1, for example). Building on the best-practice for 

energy systems modelling, each chapter transparently presents the inputs and 

assumptions for each case study – commodity price trends, production constraints, 

technology costs, included/excluded technologies, storage constraints etc. The specific 

inputs for each case study have important consequences on their results and 

interpretation.  

3.1.2 Forecasting service demands 

A bottom-up forecasting methodology for the energy service demands was selected due 

to the availability of sufficient data to disaggregate the various components of domestic 

energy demand, which was used to create models for how demographic trends and 

technological factors might change these demands in the future. This is in line with the 

literature on forecasting reviewed in the previous chapter, which used per capita 

energy use parameters, and demographic models, to predict future energy demands. 

Qatar-specific literature was used to model seasonal/diurnal trends in air conditioning 

demand and focus on parameters such as the type of house, which determines per 

capita consumption of electricity, water and cooling services. As indicated previously, 

Qatar’s domestic energy sector uses less than 5% of the produced energy in the country 

– thus, changes in the forecasting methodology have little impact on the overall energy 

system, mostly focused on the domestic electricity/water production infrastructure. 

Nevertheless, growing energy consumption in the region, exacerbated by subsidies, 

represents a large opportunity cost to national economies, as indicated in the literature. 

It is thus important to understand the drivers of energy use to assess the best policies 

for more sustainable consumption of resources. 
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Qatar’s population has increased dramatically over the last three decades, driven by a 

burst of new infrastructure development, resulting in labour inflows. The population 

has ballooned in the run-up to the 2022 World Cup, where the construction of stadiums 

has been accompanied by the development of new roads, a metro system, a new airport, 

a new port, and entirely new industrial and residential districts, all of which require a 

large foreign workforce. Given a sustained dampening of hydrocarbon prices, and a 

limited ‘citizen’ population which is increasingly wary of being marginalised in their 

own country, it can be assumed that Qatar will no longer see a drastic increase in its 

population, which might actually shrink in the short-term as completed construction 

projects see the repatriation of a large proportion of the labour force. There will, 

however, continue to be an increase in the resident population, as natural trends 

continue, along with a fixed labour population, many of whom work in retail and 

hospitality. This is in line with the government’s Population Policy 11, which wants a 

reduction in unskilled labour, more skilled migration, and growth in the national birth 

rate. 

This effect can be seen in Figure 3 69, where the World Bank’s population projection for 

Qatar is plotted along with the tailor-made demographic forecast. The forecasts agree 

on the natural growth rate of the population (slope of the population line), and roughly 

the total number of people in 2050, but diverge in the numbers over the next decade as 

Figure 3. Population projection until 2050 for Qatar 



92 
 

the model estimates a repatriation of a significant part of the labour population after the 

completion of the World Cup-linked infrastructure projects. 

The historical population model is based on the monthly total population numbers 

released by the Ministry of Development Planning and Statistics (as seen in Figure 3). 

The 2010 and 2015 census reports 119,120 divide the total population by size of 

household. These numbers were aggregated into two categories – large (villas/houses) 

and small (apartments). Based on the literature 43, it can be assumed that the size of the 

house determines the per capita consumption of energy and water. Using the two 

census population numbers as fixed data points, a linear regression was used to forecast 

the small and large household populations. The labour population is not listed as living 

in a ‘household’ according to the census and is correspondingly not listed within the 

energy consumption of the residential sector by the state utility. Thus, to maintain the 

same frame of reference with the data sources, the labour population from the 

household population forecast – instead setting the labour population at a fixed 1.7 

million for 2020 and 2021, and then reducing it by 100,000 every year until it settles at 

800,000 (assumed to include stabilised retail, hospitality and construction sectors). The 

resource consumption of the labour population is included within the ‘commercial’ 

sector by the state utility, as most of the population resides in company accommodation 

not classified as ‘households’.  

The reduction in labour population and the increase in the household population is 

based on the Population Policy 2017-22 11. The policy was developed by the Permanent 

Population Committee, an organisation established by royal decree to understand and 

implement a long-term sustainable population plan for Qatar. The Population Policy 

2017-22 aims to reduce the population of unskilled labour, corresponding to the end of 

the World Cup infrastructure boom, and implemented within my demographic model as 

the net yearly reduction of 100,000 labourers. The document also wants to incentivise 

the migration of skilled workers through policies such as naturalisation and long-term 

residency visas – which would be reflected in the growth of the household population. 

Finally, the Population Policy also reflects the government’s desire to increase the 

number of Qatari citizens by encouraging higher birth rates – once again, this will be 

captured in my model as the growth of the household population. Although the 

developed forecast is deterministic, the effect of uncertainty is captured by the range on 
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per capita resource consumption. The large difference between high and low forecasts 

for energy consumption can also serve as a simplistic way to capture the effect of high 

and low populations – to a certain extent. A massive new infrastructure plan, which 

would once again require the import of a million-strong workforce, would require an 

update of the demographic model, and by extension, the energy demand forecast.   

The population forecast explained above fed into the energy service demand projections 

for residential and commercial electricity and water demand, residential liquefied 

petroleum gas (LPG) use for cooking, domestic passenger and freight transportation 

needs, and air conditioning demand. Other demands such as aviation fuel use 

(dependent on Qatar’s status as a major transit hub for international passengers), 

agricultural water/energy use (to meet less than half of current domestic food demand), 

and industrial energy and feedstock demand (dependent on global markets rather than 

domestic consumption) were considered to be independent of Qatar’s population, and 

modelled differently, as described in later sections.  

These forecasts by themselves are a novel contribution to the literature. A review of 

existing literature suggests that this is the first study to determine long-term demand 

forecasts for all major energy commodities in Qatar – not just electricity. The utility of 

these projections goes beyond their role as inputs into QESMAT – they can be used to 

understand the key drivers for of energy use in Qatar, and thus quantify the impact of 

policies such as energy efficiency measures on long-term demand growth, which feeds 

into infrastructure planning. 

3.1.2.1 Residential/commercial electricity, water, air conditioning and LPG demand 

Qatar’s resident population (not including the labour population) is characterised in the 

national census as living in small or large households 119. The same classification was 

kept in this analysis, by estimating the electricity, water, air conditioning and LPG 

demand for each resident, depending on household type. The state utility company, 

Kahramaa, classifies the electricity and water use of labour camps as ‘commercial’ 

rather than ‘residential’ usage, which was used in this analysis to maintain consistency 

with the available data sources. The per capita parameters were estimated from 

historical energy and water use (recorded in IEA data from 1996 to 2015, and 

Kahramaa data from 2005 onwards). Given the uncertainty in forecasting, upper and 
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lower per capita numbers for electricity, cooling and water consumption were used, 

while it was assumed that LPG demand varies linearly with the total household 

population. While ‘residential’ resource use is dependent only on the total household 

population, ‘commercial’ resource use is dependent on the total population (household 

plus labour population). Only the upper forecasts were used in the first three case 

studies (chapters 4 121, 5 122 and 6 123), as they were run as deterministic models. 

Chapter 8 shows the results of QESMAT run as a stochastic model, where uncertainty 

was introduced using both higher and lower forecasts for domestic energy use. This 

model was published as a peer-reviewed article within an open-access journal 69. The 

per capita estimates for residential and commercial usage are shown in Table 4 and 

Table 5 below. Table 4 also shows the common factors (used in both residential and 

commercial demand forecasts) that capture annual changes in demand due to climate 

change-induced increased cooling needs, efficiency improvements, and an increase in 

electricity demand due to new appliances/devices. 

Table 4. Per capita resource use for residential sector 69 

Household  Parameter High Value Low Value 

Small Lighting and appliance use 
(kWh/cap/day) 

30 20 

Air conditioning need (BTU/cap/day)   112,500  75,000 
 

Large Lighting and appliance use 
(kWh/cap/day) 

40 30 

Air conditioning need (BTU/cap/day)   150,000 112,500 

Common 
factors 

Climate change induced cooling demand 
increase factor (annual) 

1.005 

Efficiency of new appliances (annual) 0.98 
Increase of electricity-powered devices 
(annual) 

1.04 

Water Use (m3 per capita per year) 300 200 
LPG Use (tons per capita per year) 0.14 

 

Table 5. Per capita resource use for commercial sector 69 

Parameter High Value Low Value 

Lighting and appliance use 
(kWh/cap/day) 

6 3 

Air conditioning need (BTU/cap/day)  30,000  15,000 
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Water use (m3 per capita per year) 70 40 

 

The per-capita numbers used above were based on historical electricity consumption 

data from the IEA 12, apportioned between air conditioning and electricity demand 

based on Kahramaa data on summer and winter electricity use 124. This also fed into the 

calculation of the DemFrac parameter (see Table 7).  

The annual residential electricity consumption is obtained using equation (1). 

(1) 

𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑡𝑖𝑎𝑙 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐷𝑒𝑚𝑎𝑛𝑑

= 365

∗ ∑ Populationhousehold ∗ [Appliance Use (
kWh

cap
∗

1

day
)

Large

Household=Small

∗
1 GWh

106 kWh 

∗ (Efficiency of Appliances ∗ Increase of electricity services)Year−2010]  

2010 was considered as a “base year” for the parameters. Commercial electricity 

consumption was calculated using a similar approach, but the total population was used 

instead of household population. 

The annual cooling demand is given by equation (2) for the residential sector, and 

similarly calculated using total population for the commercial sector. 

(2) 

𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑡𝑖𝑎𝑙 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑

= 365

∗ ∑ Populationhousehold ∗

Large

Household=Small

Air conditioning need (
BTU

cap
∗

1

day
)

∗ (Climate change factor)Year−2010]  
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In its 2017 annual report, Kahramaa estimated a per capita water consumption (at 

supply) rate of 224 m3 per year. Bounds at 200 and 300 m3 per person per year were 

selected and multiplied with the total household population, to estimate the ‘residential’ 

water demand. When extrapolated to the past, we can compare this forecast with 

historical data from the Ministry of Development Planning and Statistics 8, as shown in 

Figure 4. 

The commercial water demand was calculated as a product of the total population 

forecast and a per capita water consumption.  Figure 5 shows how historical data on 

commercial sector water consumption from the Ministry of Development Planning and 

Statistics was used to determine upper and lower bounds for per capita water 

consumption. The water consumption of the labour population is included within this 

commercial water demand, following the same methodology used by the state utility 

and relevant ministries). 

Figure 4. Historical water demand (residential use) and forecast 
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This approach gives a fixed annual demand for electricity, cooling, water and LPG. 

Seasonal/diurnal variation in these demands is captured in a separate parameter array 

called demfrac, which splits the annual demand into six time slices based on two 

seasons (summer and winter) and three periods of the day (morning – 8 AM to 4 PM, 

evening – 4 PM to 12 AM, night – 12 AM to 8 AM). Based on data from Kahramaa 125, it 

can be assumed that there is no seasonal/diurnal variation in water consumption, some 

variation in electricity consumption, and significant variation in air conditioning 

demand. This is also validated by the literature 43. It was also assumed that LPG demand 

is constant throughout all time slices. The values of demfrac are listed in Table 7. 

3.1.2.2 Passenger and freight transportation demand 

The IEA energy statistics track gasoline and diesel fuel use for Qatar from 1996 

onwards. It was assumed that gasoline fuel use corresponds exactly to passenger 

transportation, while diesel fuel use matches with freight transportation – since there is 

no detailed national-level data on fuel use by car type, this was a reasonable assumption 

given data limitations. Comparing this with total population over time, a ‘high’ and ‘low’ 

per capita fuel use for passenger and freight transportation was calculated. Using 

estimates for ‘high’ and ‘low’ fuel efficiencies for passenger (L/km) and freight (L/kg) 

transport, the per capita transportation service demands (in passenger – km for 

passenger transport, and kg for freight transport) were then estimated, as seen in Table 

6. The parameter array demfrac (see Table 7) was used to break down these annual 

demands into seasonal/diurnal slices. It was assumed that freight transportation is 

Figure 5. Historical water consumption and forecast (commercial use) 
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distributed equally across all time slices, while passenger transport demand during the 

night is half that of demand during the day/evening. The total transportation demand in 

each time slice is then the product of per capita demand, total population and the 

corresponding demfrac value. 

Table 6. Transportation service demands 69 

Parameter High Value Low Value 

Passenger demand per capita per year (pass.-

km) 

9,000 6,000 

Freight demand per capita per year (kg) 55,000 50,000 

 

3.1.2.3 Aviation fuel demand 

Since Qatar’s aviation fuel demand is primarily dependent on its role as a global 

transportation hub rather than the actual air travel needs of its residents, aviation fuel 

demand cannot be determined using domestic demographic data. Instead, IEA statistics 

on domestic aviation fuel consumption were correlated with historical data on 

passenger and freight numbers to determine aviation fuel consumption per million 

passengers (75 ktoe/million passengers) and per million tons of cargo carried on 

freight aircraft (100 ktoe/million tons cargo). Only 10% of Qatar Airways cargo is 

carried on dedicated freight aircraft while the rest is transported on passenger aircraft 

(thus being included in the passenger fuel consumption), as estimated from Qatar 

Airways’ publicly available 2015-16 sustainability report 116. The total aviation fuel 

consumption for Hamad International Airport when it operates at its designed capacity 

(50 million passengers and 4.4 million tons of freight per year) could now be estimated 

at around 3,800 ktoe per year. 

3.1.2.4 Agricultural water and energy use 

Al-Ansari estimated the annual water (161 Mm3) and energy (1300 GWh of electricity) 

demands of the agricultural sector if Qatar produced 40% of its own food, according to 

its food security target 126. He also estimated that water demand in the summer was 

double that in the winter, which was captured in QESMAT using demfrac, as seen in 

Table 7. 
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Early iterations of QESMAT do not distinguish between desalinated water (potable) and 

water used for irrigation (not potable), but in later iterations of QESMAT, ‘agricultural’ 

water is a separate resource which can also be produced by the treatment of sewage 

effluent, which is an increasingly important technology for maintaining Qatar’s water 

security 8.  

Table 7. Parameter array values for demfrac 69 

Time Slice Electricity Cooling  Passenger 

transport 

Agricultural 

Water 

Morning – Summer 0.16 0.36 0.2 0.23 

Morning – Winter 0.16 0.02 0.2 0.11 

Evening – Summer 0.18 0.31 0.2 0.22 

Evening – Winter 0.18 0.02 0.2 0.11 

Night – Summer 0.16 0.28 0.1 0.22 

Night – Winter  0.16 0.0 0.1 0.11 

 

3.1.2.5 Industrial energy and feedstock use 

The latest versions of QESMAT have a technology set that consists of various 

hydrocarbon and petrochemical production/refining processes. These processes do not 

have a ‘fixed’ demand for resources, as their operation is determined by the optimiser. 

Early versions of QESMAT (see chapter 4), however, did not have the entire industrial 

technology suite, hence, one had to set fixed demands for natural gas (the major 

petrochemical feedstock) and electricity for the various industries in Qatar. This was 

done by compiling plant information from various public sources (such as Qatar 

Petroleum’s annual report 4 and the IEA statistics 12), as shown in Table 8 and Table 9 

below, and aggregating the electricity, natural gas and light hydrocarbons (ethane, 

butane and ethylene) demand. 

Table 8. Gas and electricity use by company’s production capacity 121 

Companies Starting Year Gas Use (ktoe) Electricity Use (ktoe) 

QChem 2004 598  

QChem 2 2010 836  



100 
 

Qatofin 2005 538  

QSTech 2016 0 34 

Qatalum 2011 1820  

Qatar Steel 1990 600 150 

QAPCO 1990 478  

QAPCO expansion 2012 358  

A further 15% of the numerical value of the natural gas use by each company was added 

to the electricity use due to the absence of electricity use data for each plant. This was a 

very simplistic assumption, and not carried forward in later iterations of QESMAT once 

a more detailed technology set was available. 

Table 9. Petrochemical feedstock by company’s production capacity 121 

Companies Starting Year Feed (ktoe) Feedstock 

QAFAC 1991 740 Natural gas 

QAFAC expansion 2010 130 Natural gas 

QAFCO 1969 3000 Natural gas 

QAFCO expansion 2010 1980 Natural gas 

QChem 2004 575 Ethane rich gas 

QChem2 2010 480 Butane 

2010 805 Ethylene 

Qatofin 2010 690 Ethylene 

QAPCO 1990 1100 Ethane rich gas 

QAFAC 2010 450 Butane 

 

3.1.3 Forecasting commodity prices  

Since there are no reliable long-term forecasts for commodity prices, the uncertainty 

analysis in QESMAT was based on a large difference in high and low price forecasts (a 
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factor of three, in Chapter 8), as seen in Table 10. Hydrogen, electricity, steel, cement, 

aluminium, sulphur and solar cell prices were set independently (based on publicly 

available pricing data), while the prices of all other commodities were linked to either 

the gas or crude oil price, based on the process of their production. For example, urea 

and polyethylene prices were linked to the natural gas price, while naphtha, diesel and 

gasoline were linked to the crude oil price. A five-yearly price factor was applied to oil 

and gas commodities, to reflect the assumption of a long-term shift from crude oil and 

towards natural gas and hydrogen. The price for the ‘current’ time period is defined as 

the product of the price of the previous time period and the price factor. The prices for 

the key commodities at the start of the modelling period are shown in Table 10. All 

details on prices and price factors are described in Appendix A2. 

Table 10. Commodity price summary 69 

Resource High Price Low 

Price 

5-year price 

factor 

Crude Oil 

($/bbl) 

100 30 0.98 

Natural Gas 
($/MMBTU) 

10 3 1.02 

Hydrogen 

($/ton) 

3700 1600 1.01 

Electricity 

($/MWh) 

From 80 in 2020 to 30 in 2050. 

Steel 

($/ton) 

400 250 - 

 

QESMAT also includes a parameter to set the domestic subsidy on each resource, as 

calculated by the opportunity cost metric (the price difference between the 

international and domestic price, divided by the international price). This allows us to 

factor in the opportunity cost of selling a resource domestically at a subsidised price 

instead of selling it internationally at its market price. This is a novel contribution to the 

state-of-the-art energy systems modelling literature, which does not generally include 

the effect of domestic subsidies. As seen in the energy policy literature (reviewed 

previously), for Qatar, the issue of domestic subsidies is critical in understanding the 
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dynamics of a long-term energy transition. It is thus important to include a parameter 

for domestic subsidy in an ESM for Qatar. 

Though early iterations of QESMAT included subsidies on transport fuels as well, in 

later iterations of QESMAT, according to current prices in the Qatari market, only 

electricity and LPG were considered as subsidised (by 66% and 83% respectively). 

Transportation fuels used to be subsidised, but reforms in the last couple of years have 

brought domestic prices in line with the international market. Note that these reforms 

were only possible due to the collapse in oil prices generally – this allowed the 

scrapping of subsidies without any cost increase for the consumer. In the case of 

electricity, this subsidy is calculated based on the difference between the production 

cost of gas-fired electricity (assumed to be 6 ¢/kWh) 127 and the price charged to Qatari 

consumers (2 ¢/kWh on average, according to the Kahramaa tariffs), since there is no 

international electricity price. For LPG, the difference in prices between Qatar (1.25 

QAR/L) and the UK (74 p/L) was used to determine the domestic subsidy. 

Another parameter called elasticity captures the price elasticity of demand, i.e., the 

change in demand for a resource, given a unit change in its price. It is a unitless 

parameter. Although there is limited data on price elasticity in the Middle East, a small 

elasticity of demand for electricity (-0.4), water (-0.4) and LPG (-0.1) was assumed, to 

capture the effect of changing subsidies on domestic electricity/water consumption. 

Since commodity prices and demands are fixed, the effect of this elasticity parameter is 

only dependent on subsidies (as seen in the formulae in the next section). The 

references used for the estimation of these, and other, resource parameters are listed in 

Appendix A2. 

3.1.4 Forecasting technology parameters 

Building on the energy balance of the IEA and company reports, a detailed picture of the 

existing industrial processes in Qatar was created, from which the IniTech parameter 

was quantified - this sets the number of ‘technologies’ that exist in the energy system at 

the start of the modelling period. ‘New’ technologies that could be introduced into the 

energy system based on their commercial and technological viability were introduced 

into the technology set, such as electric cars, solar PV/CSP, carbon capture and 

underground storage (CCS), hydrogen fuel cells, etc. These technologies may or may not 

be selected by QESMAT in the optimal solution. 
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Each technology is described by the following parameters (parameter names as used in 

AIMMS in brackets). The data listed for each parameter comes from the latest version of 

QESMAT, which mostly builds on earlier versions of the model. Thus, not all of these 

technologies feature in the superstructure of earlier iterations of QESMAT. The data for 

these parameters came from a variety of public sources: books, journal articles, 

company reports, IEA statistics and personal calculations. The individual references for 

each technology are listed in appendix A1. 
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Table 11. Technology capacities and initial set 69 

Technology (j) Annual capacity of 

one unit (Capaj) 

Initial no. of 

units (Nj,2015) 

Natural gas production wells 875 (ktoe) 166 

Natural gas combined cycle power plants (NGCC) 8600 (GWh) 3 

Solar photovoltaic (PV) 8.6  (GWh) 0 

Gasoline cars 50000 (pass.-km) 450000 

CNG cars 50000 (pass.-km) 0 

Gas-to-Liquids plants (total hydrocarbon output) 7600 (ktoe) 1 

Oil production wells 80 (ktoe) 500 

Oil refineries (total hydrocarbon output) 3700 (ktoe) 2 

Hybrid cars 50000 (pass.-km) 0 

Electric cars 50000 (pass.-km) 0 

Air conditioning units 103 (million BTU) 750000 

Diesel freight units 43000 (kg) 3460000 

Electric freight 43000 (kg) 0 

Natural gas liquefaction plants (total LNG output) 9700 (ktoe) 8 

Integrated water and power plants (IWPP) 8600 (GWh) 10 

Reverse Osmosis desalination (water output) 57 (million m3) 1 

Natural gas condensate refineries (total output) 7400 (ktoe) 2 

Natural gas sweetening (total output) 18000 (ktoe) 8 

Steel production 3 (Mtons) 1 

Cement production 5 (Mtons) 1 

Aluminium production 640000 (tons) 1 

Polysilicon production 8000 (tons) 1 

Urea production 3.7 (Mtons) 1 

Polyethylene production 2 (Mtons) 1 

Methyl-tertbutyl ether production 640000 (tons) 1 

Ammonia production 3.4 (Mtons) 1 

Ethylene production 2.6 (Mtons) 1 

Methanol production 875000 (tons) 1 

Melamine production 60000 (tons) 1 
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- Initial technology set (InitialTech): the number of units existing within the 

energy system at the start of the modelling period (Table 11). 

- Capacity (Capacity): the amount of resource produced by one unit of a 

technology over the span of a year (Table 11). If a technology produces multiple 

resources, the outputs of other resources were normalised against one 

‘reference’ resource. 

- Capacity factor (CapacityFactor): the availability of a technology in a given time 

slice (1 if available at full capacity). 0.6 for solar PV during morning hours (and 

zero in the evening and night due to no generation), and 0.5 for solar CSP for all 

time slices (indicating energy stored during the day for later consumption). 

- Invention (Invention): the year in which a technology is invented. A technology 

cannot be deployed by the optimiser until after this date. Most technologies are 

assumed to be commercially viable by 2020. Hydrogen transport is ‘allowed’ 

after 2025, while CCS can be deployed only after 2030. 

Alpha-olefins production 345000 (tons) 1 

Steam methane reforming (hydrogen output) 100000 (tons) 0 

Hydrogen cars 50000 (pass.-km) 0 

Hydrogen freight 43000 (kg) 0 

Public transit system (metro) 3.5 (billion pass.-

km) 

1 

Electrolyser (hydrogen output) 30 (tons) 0 

Fuel cell 8.6 (GWh) 0 

Carbon capture and storage (CCS) 100000 (tons of 

CO2) 

0 

Enhanced Oil Recovery (EOR) oil well 80 (ktoe) 0 

District cooling 24.8 (trillion BTU) 1 

Desalinated water to agricultural use (converter) 1 0 

Treated Sewage Effluent (TSE) production 1 (Mm3) 117 

TSE to agricultural use (converter) 1 0 

Syngas to hydrogen and carbon dioxide (converter) 1 1 

Concentrated Solar Plant (CSP) 8.6 (GWh) 0 

Methanol to Gasoline (gasoline output) 392 (ktoe) 0 
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- Life (Life): the number of years a technology can work before it must be retired. 

All industrial technologies are assumed to last for thirty years, while ‘personal’ 

technologies such as cars, freight transport, air conditioners and fuel cells have a 

lifetime of ten years. 

- Leftover Life (LeftoverLife): the number of useful years left for a technology that 

exists at the start of the modelling period (initial technology). Industrial 

technologies and the public transit system are assumed to last for twenty to 

thirty years, while personal technologies such as cars and air conditioners are 

assumed to last for ten years. 

- End-use technology (EndUsrTech): a binary parameter that describes if a given 

technology meets an end-user demand and does not generate any revenue. This 

includes cars, freight transport and air conditioners. Other technologies such as 

district cooling systems and the metro system also meet end-user demands but 

generate their own revenue. This parameter is used to calculate the revenue 

generated by end-user technologies (the government earns revenue on fuel sold 

for cars or electricity sold for air-conditioning). 

- Input-Output table (InputOutput): Table 12 describes the relationship between 

every technology and every resource. Positive values indicate the production of a 

resource while negative values indicate the consumption of a resource. This table 

is at the core of the Resource-Technology Network framework. Usually, all values 

are normalised according to the production of one unit of a given resource. This 

table also implicitly captures the efficiency of a certain technology in converting 

one resource into another. The data for this table was drawn from a variety of 

sources or self-calculated, as described in appendix A1. 
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Table 12: Input-Output Relationship 

Technology (j) Input-Output Relationship 

Natural gas 

production wells 

1 ktoe sour gas, 0.2 ktoe condensate, 32 tons ethane, 150 tons 

CO2 (point) 

Natural gas combined 

cycle power plants 

(NGCC) 

1 GWh electricity, -0.215 ktoe natural gas, 420 tons CO2 (point) 

Solar photovoltaic (PV) 1 GWh electricity, 40 tons CO2 (diffuse) 

Gasoline cars 1 pass.-km, -1.32e-7 ktoe gasoline, 2.5e-4 tons CO2 (diffuse) 

CNG cars 1 pass.-km, -5.25-8 ktoe natural gas, 1e-4 tons CO2 (diffuse) 

Gas-to-Liquids plants  -197 tons of H2 (as syngas), 0.35 ktoe base oil, 0.32 ktoe diesel, 

0.16 ktoe naphtha, 0.16 ktoe aviation fuel,  890 tons of CO2 

(point) 

Oil production wells 1 ktoe crude oil, 272 tons of CO2 (point) 

Oil refineries -0.68 ktoe crude oil, -0.45 ktoe condensate, 0.22 ktoe aviation 

fuel, 31 tons LPG, 0.22 ktoe diesel, 0.4 ktoe gasoline, 0.1 ktoe 

fuel oil, 419 tons of CO2 (point) 

Hybrid cars 1 pass.-km, -6.6e-8 ktoe gasoline, 1.4e-4 tons CO2 (diffuse) 

Electric cars 1 pass.-km, -2e-7 GWh electricity, 7e-5 tons CO2 (diffuse) 

Air conditioning units 1 BTU cooling, -3e-10 GWh electricity  

Diesel freight units 1 kg freight, -2.55e-8 ktoe diesel, 9.3e-7 tons CO2 (diffuse) 

Electric freight 1 kg freight, -2.04e-7 GWh electricity, 4.5e-7 tons CO2 (diffuse)  

Natural gas 

liquefaction plants 

1 ktoe LNG, -1.088 ktoe natural gas, 410 tons of CO2 (point) 

Integrated water and 

power plants (IWPP) 

1 GWh electricity, 0.014 Mm3 desalinated water, -0.265 ktoe 

natural gas, 370 tons of CO2 (point) 

Reverse Osmosis 

desalination  

1 Mm3 desalinated water, -5 GWh electricity 

Natural gas 

condensate refineries 

-1 ktoe condensate, 0.34 ktoe aviation fuel, 39 tons LPG, 0.4 

ktoe naphtha, 0.16 ktoe diesel, 420 tons of CO2 (point) 

Natural gas 

sweetening 

-1 ktoe sour gas, 0.95 ktoe natural gas, 12.33 tons sulphur, 350 

tons of CO2 (point) 
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Steel production 1 Mton steel, -200 ktoe natural gas, -50 GWh electricity, 

540,000 tons of CO2 (point) 

Cement production 1 Mton cement, -120 ktoe natural gas, 324,000 tons of CO2 

(point) 

Aluminium production 1 ton aluminium, -2.8e-3 ktoe natural gas, 7.56 tons of CO2 

(point) 

Polysilicon production 1 ton polysilicon, -50 GWh electricity, 30 tons of CO2 (point) 

Urea production 1 Mton urea, -81.4 GWh electricity, -3.3 ktoe natural gas, -0.57 

Mtons ammonia, -733,000 tons of CO2 (point) 

Polyethylene 

production 

1 Mton polyethylene, -1 Mton ethylene, -1195 ktoe natural gas, 

3.2e6 tons of CO2 (point) 

Methyl-tertbutyl ether 

production 

1 ton MTBE, -0.66 tons LPG, -0.36 tons methanol, 

Ammonia production 1 Mton ammonia, -111,700 tons of H2 (as syngas), -87.2 GWh 

electricity, 2e6 tons of CO2 (point) 

Ethylene production 1 Mton ethylene, -1470 ktoe naphtha, -625,000 tons ethane, 

4.71e5 tons of CO2 (point) 

Methanol production 1 ton methanol, -0.122 tons of H2 (as syngas), 2.403 tons of 

CO2 (point)  

Melamine production 1 ton melamine, -2.86e-6 Mton urea 

Alpha-olefins 

production 

1 ton alpha-olefin, -1.1e-6 Mton ethylene 

Steam methane 

reforming (hydrogen 

output) 

1 ton H2 (as syngas), -0.007 ktoe natural gas, -4.5e-6 Mm3 

desalinated water 

Hydrogen cars 1 pass.-km, -1e-5 tons hydrogen, 7e-5 tons CO2 (diffuse) 

Hydrogen freight 1 kg freight, -7.14e-6 tons hydrogen, 4.5e-7 tons CO2 (diffuse) 

Public transit system 

(metro) 

1 pass.-km, -1.2e-7 GWh electricity, 3e-5 tons CO2 (diffuse) 

Electrolyser (hydrogen 

output) 

1 ton hydrogen, -0.053 GWh electricity 

Fuel cell 1 GWh electricity, -60 tons hydrogen, 30 tons CO2 (diffuse) 
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- Capital cost (Capex): the cost to purchase and introduce into the energy system 

one unit of a given technology. It is assumed that mature technologies cost the 

same until 2050, while developing technologies such as solar PV and CSP 

continue to show cost reductions 128. ‘Personal’ technologies such as cars, air 

conditioners and freight trucks do not incur a cost to the government, however, a 

small non-zero cost (for example, $10 for a car) was introduced so that, for 

example, the optimiser does not select different types of cars for different time 

slices in the same year. This assumption reflects the political economy of Qatar – 

all decision-making is optimised for the government, hence only those costs 

incurred directly by the government are considered. 

Carbon capture and 

storage (CCS) 

-1 ton CO2 (point) 

Enhanced Oil Recovery 

(EOR) oil well 

1 ktoe crude oil, -1870 tons CO2 (point) 

District cooling 1 BTU cooling, -1.8e-10 GWh electricity 

Desalinated water to 

agricultural use 

(converter) 

1 Mm3 agricultural use water, -1 Mm3 desalinated water 

Treated Sewage 

Effluent (TSE) 

production 

1 Mm3 treated sewage effluent, -1 GWh electricity 

TSE to agricultural use 

(converter) 

1 Mm3 agricultural use water, -1 Mm3 treated sewage effluent 

Syngas to hydrogen 

and carbon dioxide 

(converter) 

1 ton hydrogen, 15.2 tons CO2 (point), -1 ton H2 (as syngas) 

Concentrated Solar 

Plant (CSP) 

1 GWh electricity  

Methanol to Gasoline 

(gasoline output) 

1 ktoe gasoline, -2230 tons methanol 
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- Fixed cost (Fixex): the annual cost of keeping in the energy system one unit of a 

given technology, irrespective of whether it is used or not. This mostly applies to 

electricity generation technologies, both gas-fired and solar. 

- Operating cost (Opex): the cost per unit of ‘reference’ resource produced from a 

given technology. This cost obviously only applies if a technology is being used in 

a given time period. For technologies where a good capital cost estimate was not 

available, an operating cost estimate that implicitly included the cost of the 

technology itself was used, such as setting the operating cost of CCS at $50/ton of 

CO2. 

Table 13. Capital, operating and fixed costs for all technologies 

Technology Capital cost ($ 

per tech unit) 

Operating 

cost ($ per 

output 

resource unit) 

Fixed 

cost ($ 

per tech 

unit) 

Natural gas production 

wells 

1.2E+08 33000 
 

Natural gas combined cycle 

power plants (NGCC) 

1E+09 2000 1.00E+07 

Solar photovoltaic (PV) 1000000 

(2020) - 

500000 (2050) 

 20000 

Gasoline cars 10 
  

CNG cars 10 
  

Gas-to-Liquids plants (total 

hydrocarbon output) 

2.00E+10 41879 
 

Oil production wells 60000000 21400 (2020) 

- 40000 

(2050) 

 

Oil refineries (total 

hydrocarbon output) 

1.5E+09 28000 
 

Hybrid cars 10 
  

Electric cars 10 
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Air conditioning units 10 
  

Diesel freight units 10 
  

Electric freight 10 
  

Natural gas liquefaction 

plants (total LNG output) 

1.9E+09 95000 
 

Integrated water and power 

plants (IWPP) 

1.31E+09 2750 1.00E+07 

Reverse Osmosis 

desalination (water output) 

5E+08 (2020) - 

4E+08 (2050) 

240000 
 

Natural gas condensate 

refineries (total output) 

3E+09 28000 
 

Natural gas sweetening 

(total output) 

4E+09 28000 
 

Steel production 2.1E+08 1.5E+08 
 

Cement production 5E+08 30000000 
 

Aluminium production 3.84E+09 960 
 

Polysilicon production 1E+09 25000 
 

Urea production 3.2E+09 7000000 
 

Polyethylene production 2.2E+09 80000000 
 

Methyl-tertbutyl ether 

production 

3.2E+08 350 
 

Ammonia production 6.8E+09 
  

Ethylene production 2.6E+09 80000000 
 

Methanol production 4.37E+08 332 
 

Melamine production 1.3E+08 200 
 

Alpha-olefins production 3.45E+08 350 8.00E+07 

Steam methane reforming 

(hydrogen output) 

 
150 

 

Hydrogen cars 10 
  

Hydrogen freight 10 
  

Public transit system 

(metro) 

3.60E+10 

(2020) - 3E+10 

(2050) 

0.19 
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Electrolyser (hydrogen 

output) 

300000 (2020) 

- 200000 

(2050) 

400 
 

Fuel cell 50000 (2020) - 

30000 (2050) 

  

Carbon capture and storage 

(CCS) 

 
50 

 

Enhanced Oil Recovery 

(EOR) oil well 

5E+08 164000 

(2020) - 

100000 

(2050) 

 

District cooling 1E+08 
  

Desalinated water to 

agricultural use (converter) 

   

Treated Sewage Effluent 

(TSE) production 

 
800000 

 

TSE to agricultural use 

(converter) 

   

Syngas to hydrogen and 

carbon dioxide (converter) 

   

Concentrated Solar Plant 

(CSP) 

1E+07 (2020) – 

7E+06 (2050) 

  

Methanol to Gasoline 

(gasoline output) 

2.18E+08 
  

 

Additionally, later iterations of QESMAT also modelled the short and long-term storage 

of certain resources. Storage technologies are described by: 

- Storage cost (StorCost): the cost per unit of resource stored in any given time 

slice. This factor does not take into account the duration of storage, or the capital 

cost of building unused storage space. These simplified costs were 

approximated: it was assumed that gases are the most expensive to store, 
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followed by liquids and solids. The cost of storing electricity (in batteries) is 

assumed to be 10 cents/kWh (see appendix A2.1 for the data source). 

- Storage capacity (StorMax): the maximum allowable amount of resource that can 

be stored in a year. These numbers were also self-estimated. 

Storage technologies in QESMAT are not ‘technologies’ as defined by the resource-

technology framework, and hence, are not described by the various other parameters 

(such as capacity factor, capital cost etc.) described above. They are only used to 

transfer resources across time periods, and costed per unit of commodity stored. 

Table 14. Storage technology capacities and costs 

Resource Maximum 

storage 

units 

Storage cost per 

unit 

Unit 

Electricity 10000 100000 (2020) – 

50000 (2050) 

GWh 

Aviation fuel 10000 0.1 ktoe 

LNG 10000 1000 ktoe 

Desalinated water 20 10000 Mm3 

Natural gas 5000 25000 ktoe 

Crude oil 10000 0.1 ktoe 

Sulphur 50000 0.1 tons 

Condensate 10000 0.1 ktoe 

LPG 50000 30 tons 

Naphtha 10000 25000 ktoe 

Diesel 10000 0.1 ktoe 

Gasoline 10000 0.1 ktoe 

Fuel oil 10000 0.1 ktoe 

Steel 0.2 0.1 Mtons 

Cement 0.2 0.1 Mtons 

Aluminium 20000 0.1 tons 

Solar cells 20000 0.1 tons 

Ethane 100000 30 tons 

Ethylene 0.2 3.00E+07 Mtons 
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Polyethylene 0.2 0.1 Mtons 

Methanol 100000 0.1 tons 

MTBE 100000 0.1 tons 

Ammonia 0.2 0.1 Mtons 

Urea 0.2 0.1 Mtons 

Alpha-olephins 100000 0.1 tons 

Melamine 100000 0.1 tons 

Base oil 10000 0.1 ktoe 

Hydrogen 100000 396000 tons 

Agricultural water 10 10000 Mm3 

Treated sewage effluent 10 10000 Mm3 

 

These parameters represent all of the data inputs for QESMAT. They are based on a 

combination of Qatar-specific data, general data and self-calculations. The future work 

section indicates how the estimation of the parameters may be improved – particularly 

through the engagement of local stakeholders who have better quality data on costs, 

performance and forecasts. This is a key avenue for future research. 

The next section describes the structure and workings of the optimisation model. 
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3.2 Optimisation 

QESMAT was developed from scratch to account for the peculiarities of the Qatari 

energy system such as the large amount of exports when compared to domestic 

consumption, the prevalence of domestic subsidies on resources, and the government as 

the sole decision maker of large-scale infrastructure investments. However, the 

underlying framework (Resource – Technology Network) for QESMAT is not new, and 

was iteratively developed by researchers at the Centre for Process Systems Engineering, 

Imperial College London 76,77. RTN is similar to standard energy systems models such as 

TIMES – both can be formulated as linear, least-cost, perfect foresight, technology-rich 

optimisation models for national-scale energy systems. Further modifications to the 

RTN framework were made in the development of QESMAT – particularly in the high-

level representation of storage and the adoption of a two-stage stochastic framework. 

These novel contributions are detailed in the following sub-section. QESMAT was 

benchmarked against an open-source energy systems model called OSeMOSYS 87 to 

ensure consistency of results. QESMAT was initially built in GAMS 129, a commonly used 

optimisation tool in process engineering, and later moved to AIMMS 130, which provided 

a graphical user interface and ability to handle larger data tables. Although AIMMS is 

not open-source, it provides a free license for academic users. The input data, model 

code and results 69 are all open-access (see https://github.com/MoizBohra/QESMAT 

and the appendices in this thesis). 

3.2.1 QESMAT framework 

QESMAT is built as a linear program (LP). The general form of an LP is: 

Objective function: min 𝑐𝑇𝑥 

Constraints:  𝑎𝑇𝑥 ≤ 𝑏 

Where 𝑥 represents the vector of decision variables, 𝑐 is the vector of cost parameters, 

and 𝑎 and 𝑏 are vectors of all other parameters. 

LPs are commonly used in energy systems modelling. The most popular energy systems 

model, TIMES, is also an LP model. LPs are generally guaranteed to provide a globally 

optimal solution within a reasonable time when using the simplex algorithm 67. The 

limitation of an LP is that each constraint has to be linear – this means that the input-

output relationship for each technology must be approximated linearly, even if the 

https://github.com/MoizBohra/QESMAT
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processes themselves may be non-linear. The effect of this assumption is mitigated 

because we are interested in long-term operation, averaged out over just six time slices 

in the whole year, instead of a detailed production plan on a shorter timescale. The 

linear nature of the model also prevents the modelling of flexible operation of 

technologies – for example, running an integrated water and power plant in electricity 

production or desalination modes. This would require the use of binary variables – 

allowing choices to be made, but then result in a mixed-integer formulation that is 

harder to solve, especially when running a stochastic uncertainty framework. For the 

policy questions of diversification and decarbonisation, it is enough to build QESMAT as 

a linear program that allows it to be most useful as a tool to test the techno-economics 

of new technologies, understand system interactions, and observe the effect of new 

policies over a long horizon. A mixed-integer, non-linear, framework may prove useful 

when modelling the actual operation of the energy system over a finer timescale. 

QESMAT was built using a linear programming simplification of the Resource – 

Technology Network formulation. As seen in Figure 6 121, the model consists of 

resources (clouds) that are material or energy vectors that can be produced, 

transformed or consumed by technologies (rectangles), at discrete time intervals. 

Resources can also fulfil fixed demands (ovals), while surplus resources may be 

exported (diamonds). There may be multiple pathways to satisfy a given demand (such 

as aviation fuel demand being met by an oil refinery that transforms crude oil into 

Figure 6. Simplified Resource-Technology Network, as used in early iterations of QESMAT 
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multiple products, or a Gas-to-Liquids plant that chemically converts natural gas into 

liquid hydrocarbons). 

The balance of supply and demand of resources, and the technological infrastructure 

needed to achieve it, must be solved at discrete time steps: these are represented by the 

major time intervals (5-year steps from 2020 to 2050) and minor time slices (six intra-

year time slices – ‘morning_summer’, ’morning_winter’, ’evening_summer’, 

’evening_winter’, ’night_summer’, and ’night_winter’). The time slices are non-

consecutive, but add up to form a single year, while the time intervals are consecutive, 

thus allowing a progression of technological investment (and the evolution of the 

energy system) into the future. This temporal discretisation is illustrated in Figure 769. 

Although the RTN framework is also capable of incorporating a spatial discretisation, 

thus allowing the placement of technologies on a geographical grid, QESMAT does not 

contain this feature, due to the small physical size of Qatar and the proximity of 

resource supply and demand centres. While the temporal discretisation I have adopted 

allows us to reduce the number of variables in QESMAT, thus enabling computational 

tractability, the necessary limitation is that the model cannot create detailed production 

plans based on the specifics of a given year, or given time of day (for example, if it is 

cloudy or not). Rather, it provides a generalised production schedule at any given time. 

The absence of continuity in the intra-year slices also limits the quantification of energy 

storage in the model – however, a work-around that still allows a simplified description 

of storage technologies was implemented as a novel contribution to the RTN 

framework. This approach indicates the seasonal/diurnal opportunities for storage in 

Figure 7. Temporal granularity in QESMAT (deterministic model)  
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the energy system, which can then be investigated at finer temporal resolution in an 

energy system simulation model. 

QESMAT also does not account for economies of scale – where the larger the capacity of 

a given technology, the less its cost per unit of capacity. Instead, a linear trend between 

technology capacity and its capital cost was assumed. This assumption maintains the 

linear nature of the optimisation problem, but has limited impact on the results, due to 

the optimal solution deploying key technologies in large numbers, and all of the 

technology costs being derived from large-scale estimates. Gaining the ability to 

explicitly capture economies of scale would require the adoption of a mixed-integer 

framework – technologies would have to be deployed in discrete units rather than the 

currently allowable ‘continuous’ deployment (‘lumpy’ investments described in the 

previous chapter). Once again, this would increase the solution time of the problem, at 

the expense of the goals of the QESMAT framework – to rapidly test new technologies 

and policies in the evolution of the energy system.  

Due to the limits of the data, there is a caveat on the use of the objective value as an 

absolute indicator of economic performance of a given scenario. Rather, it is more useful 

in quantifying the difference between scenarios, or policies. Although the model is 

deterministic and assumes perfect foresight, the latest iteration of QESMAT 

incorporates uncertainty on key parameters such as global commodity prices and 

domestic demands through a stochastic, scenario-based, optimisation approach, as 

detailed in section 3.2.3. This represents a novel contribution to RTN-based energy 

systems models. The stochastic framework provides a short-term infrastructure 

investment plan that hedges against future uncertainties, while allowing the optimiser a 

‘recourse’ when these uncertainties are realised. Thus, policymakers can use the 

outputs of the model as a practical tool to guide infrastructure strategy, as opposed to 

single scenario runs which can provide diverging investment plans even for the short-

term. 

More broadly, QESMAT is the first multi-sector energy systems optimisation model for 

Qatar. It was built to represent the distinct political economy of the Gulf countries – 

fossil-fuel exporting state-controlled economies that subsidise domestic consumption. 

The work includes a novel cross-sectoral long-term demand forecast based on a 

bottom-up demographic model and per capita energy use. These forecasts inform the 
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evolution of domestic electricity/water and transportation infrastructure, while 

indicating the economic value of domestic energy efficiency measures and renewables 

penetration to free up more hydrocarbons for export. As discussed in the previous 

chapter, the decarbonisation of the domestic energy systems of Gulf countries is driven 

not by environmental concerns, but by growing energy demands, fuelled by decades of 

energy subsidies as a form of rent transfer. QESMAT is the first quantitative tool for 

Qatar that can be used to study cross-sectoral synergies – for example, how increasing 

solar PV generation in Qatar can free up more gas for export as LNG or hydrogen. This 

allows domestic policymakers to perform a better techno-economic valuation of 

introducing new technologies into the Qatari energy system. 

The next sub-sections introduce the key constraints, secondary constraints, objective 

function and stochastic uncertainty framework in QESMAT. They provide a complete 

picture of the inner workings of the model, which in combination with the input data 

and assumptions described in the previous sections and appendices, can help readers 

understand the results of the case studies in the following chapters. 

3.2.1.1 Key constraints 

The key equations of QESMAT are described below 69 – they are based on the RTN 

framework. Since these equations describe the latest iteration of QESMAT (including the 

incorporation of uncertainty through scenarios), note that earlier stages of the model 

may not use all of these sets, or even all of these equations. The evolution of the 

modelling framework across case studies is described in section 3.2.2, and also 

highlighted at the beginning of every results chapter for that specific iteration. 

Table 15 lists the nomenclature for the various sets, parameters and variables described 

in the equations in this and the next few sub-sections. 

Table 15. Nomenclature for QESMAT equations 69 

Symbol Name Symbol Name 

Sets Parameters 
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tm Major time periods Capaj Tech. production capacity 

(annual) 

t Intra-year time slices EndUsej Binary: 1 if tech. provides 

end-use service 

r Resources Max Storr Storage capacity (annual) 

j Technologies DemFract,r Annual demand split per 

time slice 

s Scenarios Elasr,tm Elasticity of demand 

Parameters DR Discount rate 

µr,j Resource-technology matrix Variables 

Dr,tm,s Fixed demand (annual) INVj,tm,s Technology investments 

cfj,t Capacity factors Nj,tm,s Total technology 

N0j Legacy technologies RETj,tm,s Retired technology 

Lifej Technology lifetime (new) Pj,t,tm,s Production 

Life0j Technology lifetime (legacy) EXPr,t,tm,s Exports 

Subsr,tm Resource subsidies (fraction) IMPr,t,tm,s Imports 

Imr,tm,s Import cost S_taker,t,tm,s Quantity brought from 

storage 

Exr,tm,s Export revenue S_putr,t,tm,s Quantity sent to storage 

Limit_oiltm Resource extraction limit 

(crude) 

Emissionstm,s Total emissions 

Limit_gastm Resource moratorium (gas) Ctm,s Total 5-year Revenue - Costs 

Capaj Annual production capacities Obj Sum of discounted Ctm,s over 

tm,s 
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• Technology balance 

Nj,tm,s = Nj,tm−1 + INVj,tm,s(if yeartm > inventionj) − RETj,tm,s ∀ j, tm, s 

The total number of units N of technology j in time period tm in scenario s is equal to the 

number of units of that technology in the previous time period tm-1, plus new 

investments INV of that technology made in time period tm (if the technology has been 

invented by that time), minus any retired units RET of that technology, for all 

technologies j, time periods tm, and scenarios s. 

This formulation allows the transfer of technologies from one time period to the next, 

thus enabling the continuous evolution of the energy system. 

• Technology retirements 

𝑅𝐸𝑇𝑗,𝑡𝑚,𝑠 = ∑ 𝐼𝑁𝑉𝑗,𝑡𝑚1,𝑠(𝑖𝑓(𝑦𝑒𝑎𝑟𝑡𝑚 − 𝑦𝑒𝑎𝑟𝑡𝑚1) > 𝑙𝑖𝑓𝑒𝑗) + 𝑁0𝑗
(𝑖𝑓(𝑦𝑒𝑎𝑟𝑡𝑚 − 2015) >𝑡𝑚1

𝑙𝑖𝑓𝑒0𝑗
) ∀ 𝑗, 𝑡𝑚, 𝑠   

The number of retired units RET of technology j in time period tm in scenario s is equal 

to the number of invested technology units INV from previous time periods tm1 that are 

past their lifetime (parameter lifej), plus the number of initial units N0 of that technology 

that are past their lifetime (parameter life0j), for all technologies j, time periods tm, and 

scenarios s. A new set, tm1, was created to capture the investment decisions in all 

previous time periods before tm. This can be easily implemented in any optimisation 

software. 

• Production balance 

Pj,t,tm,s ≤ Nj,tm,s ∗ cfj,t ∗
Capacityj

6
∀ j, t, tm, s 

The total production P from all units N of technology j in time slice t of time period tm in 

scenario s, is less than or equal to the product of the number of technology units N, 

capacity factor (parameter cfj,t) and technology capacity (parameter Capacityj), divided 

by six (representing six equal time slices) for each technology j in each time slice t of 

each time period tm in each scenario s.  

The optimiser does not force a technology to produce at its full capacity, thus allowing 

flexibility in meeting demands. The capacity factor sets the maximum production from a 

technology in a given time slice (1 if it can produce at its capacity, less than 1 if it 

cannot), while the capacity parameter sets the annual generation limit of a given 

technology. Since the time discretisation in QESMAT consists of six equal time slices, 
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and it is assumed that each technology can work equally in all time slices (subject to the 

time-dependent capacity factor), one can simply divide the capacity by six to obtain the 

time-discretised production from each technology. 

• Demand balance 

DemFract,r ∗ Dr,tm,s ∗ (1 − Subsr,tm ∗ Elasr,tm)

= ∑ μj,r ∗ Pj,t,tm,s

j

+ IMPr,t,tm,s − EXPr,t,tm,s + Staker,t,tm,s

− Sputr,t,tm,s
∀ r, t, tm, s  

The annual demand for resource r in time period tm in scenario s, adjusted according to 

the time slice t by parameter DemFract,r (see Table 7), and multiplied by a factor 

involving the subsidy (Subsr,tm) and elasticity (Elasr,tm) of that resource, is equal to the 

production of the resource (obtained by multiplying the production P with the 

parameter representing the input-output table 𝜇𝑗,𝑟), plus any imports IMP, minus any 

exports EXP, plus any resource brought from storage Stake, minus any resource sent to 

storage Sput, for all resources r in each time slice t in all time periods tm for scenarios s. 

The factor involving subsidy and elasticity captures the change in fixed demands for a 

resource given any change in the domestic subsidy. Since elasticity is defined as the 

ratio of percentage change in demand to the percentage change in price, and the subsidy 

is essentially the percentage change (difference) in the domestic vs. market price (or 

production cost), the product of the two gives us the percentage change in demand due 

to a change in the subsidy. Since price elasticity of demand is generally negative, 

increasing the subsidy (lowering the domestic price) increases demand. 

The effect of subsidy on demand is only captured for resources that have a fixed 

demand, such as electricity. Although changing the subsidy has an effect on the 

consumption of resources such as gasoline (for road transport) or electricity (for air 

conditioning), this formulation does not capture that increase in demand. 

Domestic subsidies are determined using the opportunity cost method. This is the 

difference between the domestic and international price for a resource, divided by the 

international price. If there is no international price, the cost of production is used 

instead. This is the approach used by the International Energy Agency in its calculation 

of global fossil fuel subsidies. Qatar reformed the pricing of its transport fuels in 2016 to 

reflect international prices, effectively ending the subsidy on gasoline and diesel 131. The 
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only major subsidy is on domestic electricity sales – a subsidy of 66%, calculated based 

on the average tariff (2 ¢/kWh 132) and the cost of production (6 ¢/kWh for gas 

generation 133). It is assumed that as electricity prices continue to become cheaper, due 

to solar energy, the government will eliminate all subsidies by 2040. 

The input-output table 𝜇𝑗,𝑟 quantifies how resources are produced, consumed or 

converted by each technology. For example, 1 ton of aluminium requires 0.0028 ktoe of 

natural gas and produces 7.56 tons of carbon dioxide (see appendix A1 for reference, 

based on Qatalum production capacity 4). The values for DemFrac, which apportion 

annual demand based on season and time of day, are listed previously in Table 7. 

Although the basic demand balance equation is derived from the RTN framework, the 

novel contributions here are: a) the capturing of domestic subsidies (and their effect on 

domestic demand through elasticities) which allows users to quantify the opportunity 

costs of domestic consumption, and b) the simplified representation of storage, which 

allows the transfer of resources across time slices, along with the constraints below. 

• Storage balance 

∑ 𝑆𝑡𝑎𝑘𝑒𝑟,𝑡,𝑡𝑚,𝑠𝑡 = ∑ 𝑆𝑝𝑢𝑡𝑟,𝑡,𝑡𝑚,𝑠𝑡  ∀ 𝑟, 𝑡𝑚, 𝑠  

The sum over all intra-year time slices t of the amount of resource r brought from 

storage Stake in time period tm in scenario s is equal to the sum over all time slices t of 

the amount of resource r sent to storage Sput in time period tm in scenario s, for all 

resources r, all time periods tm, and all scenarios s. 

∑ Staker,t,tm,s

t

= Max Storr ∀ r, tm, s 

The sum over all intra-year time slices t of the amount of resource r brought from 

storage Stake in time period tm in scenario s is equal to the maximum annual storage 

capacity for that resource r, for all resources r, all time periods tm, and all scenarios s. 

These equations provide a simplified way to describe resource storage, inspired by the 

TEMOA model. Storage technologies are not modelled in the same way as other 

technologies, as the former cannot transform resources but only carry them into 

another time slice. 



124 
 

∑ Sput′elec′,t,tm,s

t

= ∑ Stake′elec′,t,tm,s

t

 ∀ tm, s, t = summer or winter time slices 

The storage of electricity is additionally constrained to only balance over summer or 

winter time slices. This means that electricity storage is modelled as intra-day storage 

rather than seasonal storage, which reflects the real-world limitations on battery 

storage systems. 

QESMAT does not allow the creation of a detailed storage schedule, but rather allows 

users to explore the seasonal/diurnal opportunities for the storage of resources, which 

can be explored in a more detailed framework that allows consecutive time slices, but 

would significantly increase the size of the problem. 

3.2.1.2 Additional constraints 

• Production of oil and gas – constraining the production of crude oil and sour gas 

according to natural limits (around 40,000 ktoe a year for oil) or self-imposed 

moratoriums. For natural gas, this has been recently lifted, and further expansion 

of LNG production is planned. Generally, the model has a production limit of 

160,000 ktoe a year. 

• Public transport use – constraining the minimum production of the metro 

system to its full capacity, since it may not be optimally chosen due to the small 

revenues generated and large initial investment but serves a public good that is 

not captured by the economics of the model. 

• Sewage treatment capacity – constraining the maximum capacity of the sewage 

treatment process to 300 Mm3 based on the maximum domestic production of 

raw sewage. 

• Solar PV capacity – constraining the maximum deployment of solar PV to 90,000 

MW, representing 30% of Qatar’s land area (at around 3.2 hectares per MW). 

• Imports – constraining all energy and water imports to zero, as Qatar looks to be 

self-sufficient. 

• Exports – minimum and maximum export constraints based on long-term 

agreements (see below for natural gas) and realistic upper bounds (50 Mtons per 

year for steel, cement, urea, ammonia, ethylene, polyethylene; 10 Mtons for 

methanol, MTBE, aluminium; see below for electricity). 
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• Electricity export – constraining the export of electricity to 10,000 GWh/year in 

the absence of a high-capacity cross-border transmission grid. In some scenarios, 

this is increased to 40,000 GWh/year by 2050.  

• Natural gas / LNG export – constrained to meet the minimum set by long-term 

contracts and sales agreements (Table 12), which expire over time, thus freeing 

up more natural gas for optimal use as per the model. 

Table 16. Minimum Export of Natural Gas (in ktoe) 69 

 

3.2.1.3 Objective function 

The sum of domestic (metro, district cooling, end-use service demands and fixed 

demands) and export revenues, minus the technology (capital, fixed, operating and 

storage), import and emissions costs, discounted at a rate DR, over all scenarios s and 

time periods tm is the objective function. This is the expected net present value (NPV) 

over a thirty-year time horizon. All scenarios are weighted equally in the objective 

function due to a lack of quantitative estimates on the likelihood of each scenario. 

𝑂𝐵𝐽 =  ∑
𝐶𝑡𝑚,𝑠

(1+𝐷𝑅)5(𝑜𝑟𝑑(𝑡𝑚)−1)𝑡𝑚,𝑠                                  

Where 𝐶𝑡𝑚,𝑠 is the sum of the following revenues and costs: 

• Metro revenue = 5 ∗ ∑ 𝑃′𝑚𝑒𝑡𝑟𝑜′,𝑡,𝑡𝑚,𝑠 ∗ 𝑀𝑒𝑡𝑟𝑜𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑃𝑒𝑟𝑃𝑎𝑠𝑠. 𝑘𝑚𝑡  ($0.2 per 

pass-km) 

• District cooling revenue = 5 ∗ ∑ 𝑃′𝑑𝑖𝑠𝑡𝑐𝑜𝑜𝑙
′ ,𝑡,𝑡𝑚,𝑠 ∗ 𝐷𝑖𝑠𝑡𝐶𝑜𝑜𝑙𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑃𝑒𝑟𝐵𝑇𝑈𝑡  ($7e-

6 per BTU) 

• Domestic end-use revenue (for the resource consumed by an end-use service – 

for example, gasoline used by a road transport vehicle) = 5 ∗

∑ [∑ 𝜇𝑗,𝑟 ∗ −𝑃𝑗,𝑡,𝑡𝑚,𝑠]𝑓𝑜𝑟 𝑗=𝑒𝑛𝑑−𝑢𝑠𝑒𝑟 𝑡𝑒𝑐ℎ ∗ 𝐸𝑥𝑝𝑜𝑟𝑡𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑃𝑒𝑟𝑈𝑛𝑖𝑡𝑟,𝑡𝑚,𝑠 ∗ (1 −𝑟,𝑡

𝑆𝑢𝑏𝑠𝑟,𝑡𝑚) The first term back-calculates the primary resource consumed by the 

 Resource 2020 2025 2030 2035 2040 

LNG 75,000 75,000 60,000 30,000 15,000 

Pipeline 18,000 18,000 9,000 5,000 5,000 
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end-use service using the input-output table. This is then multiplied by the 

domestic (subsidised) price of the resource. 

• Domestic fixed demand revenue = 5 ∗ ∑ 𝐷𝑒𝑚𝐹𝑟𝑎𝑐𝑟,𝑡 ∗ 𝐷𝑟,𝑡𝑚,𝑠 ∗𝑟,𝑡

(1 − 𝑆𝑢𝑏𝑠𝑟,𝑡𝑚 ∗ 𝐸𝑙𝑎𝑠𝑟,𝑡𝑚) ∗ 𝐸𝑥𝑝𝑜𝑟𝑡𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑃𝑒𝑟𝑈𝑛𝑖𝑡𝑟,𝑡𝑚,𝑠 ∗ (1 − 𝑆𝑢𝑏𝑠𝑟,𝑡𝑚) The 

fixed demand is a function of the elasticity and subsidy of each resource, which is 

then multiplied by the domestic (subsidised) price of the resource. 

• Export revenue = 5 ∗ ∑ 𝐸𝑋𝑃𝑟,𝑡,𝑡𝑚,𝑠 ∗ 𝐸𝑥𝑝𝑜𝑟𝑡𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑃𝑒𝑟𝑈𝑛𝑖𝑡𝑟,𝑡𝑚,𝑠𝑟,𝑡  

• Import cost = −5 ∗ ∑ 𝐼𝑀𝑃𝑟,𝑡,𝑡𝑚,𝑠 ∗ 𝐼𝑚𝑝𝑜𝑟𝑡𝐶𝑜𝑠𝑡𝑃𝑒𝑟𝑈𝑛𝑖𝑡𝑟,𝑡𝑚,𝑠𝑟,𝑡  

• Emission cost = −5 ∗ ∑ 𝜇𝑗,′𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠′ ∗ 𝑃𝑗,𝑡,𝑡𝑚,𝑠 ∗ 𝐶𝑎𝑟𝑏𝑜𝑛𝑇𝑎𝑥𝑃𝑒𝑟𝑇𝑜𝑛𝑗,𝑡  

• Capital cost = − ∑ 𝐼𝑁𝑉𝑗,𝑡𝑚,𝑠 ∗ 𝐶𝑎𝑝𝑖𝑡𝑎𝑙𝐶𝑜𝑠𝑡𝑃𝑒𝑟𝑈𝑛𝑖𝑡𝑇𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦𝑗,𝑡𝑚,𝑠𝑗  

• Operating cost = −5 ∗ ∑ 𝑃𝑗,𝑡,𝑡𝑚,𝑠 ∗ 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔𝐶𝑜𝑠𝑡𝑃𝑒𝑟𝑈𝑛𝑖𝑡𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑𝑗,𝑡𝑚,𝑠𝑗,𝑡  

• Fixed cost = −5 ∗ ∑ 𝑁𝑗,𝑡𝑚,𝑠 ∗ 𝐹𝑖𝑥𝑒𝑑𝐶𝑜𝑠𝑡𝑃𝑒𝑟𝑈𝑛𝑖𝑡𝑇𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦𝑗,𝑡𝑚,𝑠𝑗  

• Storage cost = −5 ∗ ∑ 𝑆𝑝𝑢𝑡𝑟,𝑡,𝑡𝑚,𝑠
∗ 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝐶𝑜𝑠𝑡𝑃𝑒𝑟𝑈𝑛𝑖𝑡𝑆𝑡𝑜𝑟𝑒𝑑𝑟,𝑡𝑚,𝑠𝑟,𝑡  

The multiplier 5 indicates that the annual revenues and costs are added up for all five 

years of each major time period tm. The capital cost does not include this multiplier as 

technology investments are assumed to be made only at the beginning of each five-year 

period. 

Note the difference between the revenue from fixed and end-use demands: the former is 

calculated based on the consumption of a pre-determined demand (that of aviation fuel, 

for example), while the latter is calculated based on the sale of resource consumed to 

satisfy that service demand (purchasing electricity to run an air conditioner, for 

example). Also note that although the metro and district cooling systems provide an 

end-use service demand, their revenues are calculated separately because it is assumed 

that they are government-owned, which means that they do not ‘buy’ electricity from 

the government utility, but rather collect revenue for the end-use service provided 

directly from the customer. 

A low annual discount rate DR of 1% so that long-term decisions that affect the next 

generation of citizens are not discounted by policymakers who may be more concerned 
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about the near future. This is based on the work of economists working on climate 

change mitigation 134. The effect of discount rate on technological change is observed 

within QESMAT itself – increasing the discount rate reduces the adoption of low-carbon 

technologies that tend to have higher upfront costs and future savings. A small discount 

rate sets a balance between the time value of money and valuing future generations. 

This is one of the modelling ‘discourses’ described in the literature 90 and is a decision 

that reflects the values of the modeller and stakeholders: these should be transparently 

discussed in any policy-focussed analysis. 

The structure of the objective function used in QESMAT is slightly different from that 

used in other ESMs like TIMES. Instead of maximising surplus (as those models do), 

QESMAT maximises ‘profits’ for a central decisionmaker. This is because the domestic 

demands for resources are considered fixed and represent only a small slice of the 

overall energy flows – thus, consumer ‘surplus’ is not considered here. Note that this 

would be distorted anyway due to the presence of domestic subsidies. Meanwhile, since 

most of Qatar’s revenues come from international sales, where Qatar has limited control 

on commodity prices, we can assume that the prices are set independently of Qatar’s 

energy export strategy, and the optimiser must make profit-maximising decisions based 

on these prices. Future work may link QESMAT with global gas market models to study 

the links between Qatar’s industrial strategy and its effect on prices. Nevertheless, due 

to the number of assumptions in its calculation, a final caveat here is that the objective 

value is better used as a comparative metric between scenarios and case studies, rather 

than as a deterministic numerical output of the economics of the national energy 

system.  

3.2.2 Evolution of QESMAT 

Initial versions of QESMAT were developed in GAMS. These were small models, with a 

handful of technologies and resources, that were used to test the model formulation, 

and fix any errors in the constraint equations. However, as more detailed 

representations of the Qatari energy system were implemented, with more and more 

technologies and resources, along with a greater number of specialised constraints, 

alternative software was found that could more intuitively encode these larger data 

sets, and perhaps even perform some rudimentary analysis on the optimal solution. 
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AIMMS was chosen because it provided these options, along with the required solver 

(CPLEX), with a free academic license. 

Initial versions in AIMMS did not represent the industrial infrastructure in Qatar in 

great detail – the various kinds of refined products were aggregated, and the model did 

not represent all petrochemical production pathways (see Chapter 4). These were 

added in later iterations (Chapters 5 through 8), along with an expanded technology 

portfolio, the representation of storage technologies, and emissions accounting. The 

final version of QESMAT also includes stochastic uncertainty analysis (Chapter 8), as 

described in the next section. 

3.2.3 Uncertainty analysis  

The individual scenarios of an energy systems model provide an optimal configuration 

of an energy system for the exact set of parameters that are fed into the model. This 

includes key parameters such as technology costs, commodity prices, and domestic 

demands – all of which cannot be predicted with great certainty, particularly for the 

multiple decades that QESMAT models. Given the nature of optimisation models, 

particularly linear programs, small changes in key parameters can lead to drastically 

different realisations of the optimal solution, and hence, infrastructure investment and 

operation decisions. For a real-world application, a single run of an energy systems 

model is effectively useless if used as an infrastructure investment plan. As noted 

previously, QESMAT is better suited to provide insights – to understand the interactions 

between various parts of the Qatari energy system, and highlight the parameters of 

critical importance, as done in Chapters 6 and 7 (which use single runs of the model). 

An alternative approach is to build scenarios – storylines that make ‘sensible’ 

assumptions about how key parameters will evolve, for example, scenarios that have 

‘high’ or ‘low’ future commodity prices based on the user’s view about the long-term 

trends of decarbonisation, energy demand in emerging markets, etc. While each 

scenario provides an optimal solution that, once again, is optimal for the exact set of 

input parameters, the outputs of all of the scenarios taken together can be studied to 

find common patterns – investment in certain technologies is profitable across 

scenarios, while other technologies enter the energy system under specific scenarios 

and not others (thus requiring further investigation), or still other technologies are 

operated under specific circumstances. 
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Another approach to understanding uncertainty involves sensitivity analysis to see how 

‘sensitive’ the optimal configuration of the energy system is to small changes in key 

parameters. This is more useful in smaller models where there may be a handful of key 

parameters – a sensitivity analysis can provide interesting insights into how the energy 

system evolves. However, once an ESM grows to have thousands of parameters that 

cover several key aspects over long time horizons, a comprehensive sensitivity analysis 

is challenging – moreover, the results may still not provide a detailed understanding of 

the ‘sensitivity’ of an optimal energy system. 

Many of the studies cited in the previous chapter rely on one of the above methods of 

understanding uncertainty – creation of storylines as scenarios or some level of 

sensitivity analysis. However, these still do not provide a clear investment strategy for 

decisionmakers. 

As described in the last chapter (section 2.4), advanced methods of uncertainty analysis 

may provide a way forward. This may include Monte Carlo analysis (running the ESM 

for a large number of runs across a wide range of the parameter space, then analysing 

for common features), near-optimal solutions (to see which energy system 

configurations are close to the most ‘optimal’ one, since the latter isn’t usually 

implemented in reality anyway), robust optimisation (finding a single solution to the 

ESOM that is feasible across a range of ‘worst-case’ realisations of uncertain parameters, 

even if not ‘optimal’), or, as implemented here, stochastic optimisation. Each of these 

methods has its own benefits and limitations – the ‘right’ choice depends on the 

structure of the underlying problem, and the policy questions that need to be answered. 

Stochastic optimisation was useful in the current case because it provides a single set of 

investment decisions across a set of scenarios where key parameters vary. Thus, the 

optimiser provides a ‘hedging’ strategy, which is not the most optimal system 

configuration for each scenario if run separately, but provides a way for the energy 

system to take advantage of favourable opportunities, such as high commodity prices in 

one or more scenarios, while still providing a feasible solution for the remaining 

scenarios. As described in the previous chapter, stochastic optimisation has been used 

in energy systems modelling over the years. 
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The current work represents a novel contribution to the literature: a two-stage 

stochastic method implemented in an RTN energy systems model. Thus, QESMAT 

represents not only a new application for ESMs (a multi-sector model for a fossil-fuel 

exporting centralised economy), but also advances beyond the state-of-the-art by 

developing an existing modelling framework (RTN) with a quantitative approach to 

uncertainty. 

The results of early case studies showed a clear pattern – the biggest determinants of 

the optimal energy system were the commodity prices and domestic demands. 

Technology costs and efficiencies are also important – however, since most of the 

technologies in the model are mature, they have a narrower uncertainty range on cost 

and performance. Newer technologies such as solar PV showed significantly more 

deployment at lower prices, but this effect could also be studied across individual case 

studies. Moreover, one of the limitations of stochastic optimisation is a ballooning 

problem size with the addition of another uncertain parameter: if each parameter can 

take a ‘high’ and ‘low’ value, two parameters lead to four scenarios, three lead to eight, 

four to sixteen and so on. Remember that each scenario has the same number of 

parameters and variables as the ‘base’ case. The problem can quickly become 

intractable – when QESMAT was run with two uncertain parameters, it was solvable, 

but at three uncertain parameters it was not. This is also the case if the parameter range 

is too broad – the model cannot always reconcile all of the divergent scenarios into one 

‘compromise’ energy system configuration. 

Thus, for the current work, the two parameters whose uncertainty had the biggest effect 

on the optimal solution were chosen for the stochastic framework. Two sets of 

parameters (the global commodity prices and domestic demands) were represented as 

high and low forecasts, with four equally likely scenarios: 

1) High commodity prices, high domestic demand 

2) High commodity prices, low domestic demand 

3) Low commodity prices, high domestic demand 

4) Low commodity prices, low domestic demand 
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It is assumed that the four scenarios are equally likely in the absence of a better 

estimate of their probability – if this were available, the stochastic optimiser could 

weight each scenario differently to represent this information. 

The Qatari government has released a long-term planning document called the Qatar 

National Vision 2030. It envisages a comprehensive change in the country’s economy by 

that point. This can be assumed to be the current planning horizon for the state, and 

was thus used as the point until which a single set of investment decisions must be 

taken regardless of which of the above four scenarios is realised (see Figure 8). This 

represents the ‘hedging’ strategy for the government – the model suggests that these 

investments can take advantage of favourable outcomes, such as high commodity prices, 

while still meeting the minimum requirements, such as serving domestic demands for 

energy and other resources. 

The extension to a stochastic framework requires the creation of another set ‘s’ in 

QESMAT, which represents the above four scenarios. Thus, every parameter and 

variable is defined separately for each scenario ‘s’. In practice, every parameter except 

for the commodity price and domestic demand is identical across the four scenarios. 

However, every output variable, also defined for each scenario ‘s’, can be different, with 

the exception of the technology investment variables – these should be the same across 

all four scenarios until 2030. 

An additional set of constraints was imposed that allowed only one set of technology 

investment decisions INV until 2030 across all scenarios. These are known as ‘non-

anticipativity’ constraints. 

𝐼𝑁𝑉𝑗,𝑡𝑚,𝑠 = 𝐼𝑁𝑉𝑗,𝑡𝑚,′1′∀ 𝑗, 𝑠 ≠ 1, 1 < 𝑡𝑚 < 5 
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Thus, the optimal solution gives us a single set of investment decisions for the short-

term future, which represents the ‘best’ compromise solution that can accommodate all 

four scenarios. After 2030, the optimal solution (and technology investments) for each 

scenario can differ – which allows future policymakers to know which scenario has 

actually played out and pick the best solution for their future. The ‘jump’ between the 

hedging strategy until 2030 and the scenario-specific optimal solution from 2035 is a 

measure of how much the optimiser ‘compromised’ to enforce the non-anticipativity 

constraints above. This is explored in Chapter 8. 

All other variables except the investment variables can differ across scenarios even 

before 2030. Thus, even though the technology investments have to be the same across 

scenarios until 2030, the actual operation of the technologies can differ. This is crucial 

for the feasibility of the optimal solution – for example, QESMAT must invest in greater 

electricity/water generation capacity for the ‘high’ demand scenario, but these plants 

produce far below their total capacity in the ‘low’ demand scenario. This also means 

that the quantity of the exported commodities can also differ across the four scenarios, 

even up until 2030. This is also illustrated in Chapter 8. 

A limitation of the stochastic solution is that while it provides an ‘optimal’ hedging 

strategy for these four scenarios, this does not mean that the hedging strategy also 

works for the range of parameters in between these scenarios (for example, if oil prices 

Figure 8. Scenario-dependent optimisation incorporating uncertainty.  
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are high but gas prices are low) – there may or may not be an optimal energy system 

configuration for these ‘in-between’ scenarios. Alternative methods of uncertainty 

analysis such as Monte Carlo analysis may provide a more robust optimal energy 

system configuration in this case – this is noted in the section on future work. 

3.3 Analysis 

Once the optimisation model has run successfully, one can extract a large amount of 

qualitative and quantitative data on the values of the various variables, compare the 

objective function of each scenario, and see which constraints were enforced. From this, 

users can infer the technology choices within the optimal solution, the overall costs of 

the system, the production schedules of infrastructure, emissions footprint of the 

system, potential for resource storage and the opportunity for exports.  

The marginal value of a constraint is given by its shadow price. These are useful in 

studying the economic value of resources and technologies – how profitable is it if a 

production constraint is relaxed, for example. 

The system value SV of a given technology can be calculated as a function of the 

maximum allowable units of that technology.  

𝑆𝑉𝑗,𝑠 = 𝑂𝐵𝐽(𝑁𝑗,𝑡𝑚,𝑠 = 𝑎) − 𝑂𝐵𝐽(𝑁𝑗,𝑡𝑚,𝑠 = 0) 𝑤ℎ𝑒𝑟𝑒 0 ≤ 𝑎 ≤ 𝑢𝑠𝑒𝑟 𝑑𝑒𝑓𝑖𝑛𝑒𝑑 𝑚𝑎𝑥𝑖𝑚𝑢𝑚  

The system value is equal to the difference between the objective functions when a 

technology is constrained to not be deployed at all (Nj,tm,s = 0) and when a technology 

can be deployed at a certain user-defined amount. This represents the economic value 

of any given technology to the entire energy system. See section 6.2 for details. 

Finally, the impact of various energy policies such as mandated energy efficiency 

standards or changes in domestic subsidies on the evolution of the energy system can 

be studied using QESMAT. These are illustrated in detail in the following chapters. 

Several case studies were developed using the QESMAT framework described in this 

chapter. The results of these case studies are presented in the following five chapters. 

The next chapter presents the results of the first case study – a simplified analysis of the 

evolution of Qatar’s energy system over the next decade.  
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Ch. 4. Short-term transition – an early case study 

This chapter is based on a paper presented at the 12th Conference on Sustainable 

Development of Energy, Water and Environment Systems (SDEWES) in October 2017 

121.  

4.1 Inputs 

An early model of QESMAT was used to obtain these results. Hence, the technology 

portfolio is much smaller than in later versions. The reference energy system is shown 

in Figure 9. Technologies are illustrated as blue rectangles, resources as pink clouds, 

fixed demands as orange ovals, and exports as grey diamonds. Instead of a detailed 

industrial portfolio, the model used fixed demands for natural gas and light 

hydrocarbons. Thus, the focus of this case study was on the upstream hydrocarbons and 

electricity/water infrastructure in Qatar’s energy system. Scenario analysis was used to 

understand uncertainty and implemented via eight cases. Energy storage was not 

modelled in this study. The model was run over a short-term timescale, from 2020 to 

2030, i.e., the objective function adds up revenues and costs until 2035. 

Oil and gas production was constrained in accordance with Qatar’s natural oil output 

(declining over the last few decades, to around 40,000 ktoe per year) and production 

moratorium on natural gas, set in QESMAT at 160,000 ktoe per year. 

Figure 9. Reference Energy System for this study 
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Table 17 lists the annual demands for each resource until 2030. ‘Light hydrocarbons’ 

includes petrochemical feedstocks such as ethylene, ethane and butane. Natural gas 

demand was aggregated from industrial energy and feedstock demands. 

Table 17. Annual Fixed Demands 121 

 Resource 2020 2025 2030 

Electricity (Gigawatt hours - GWh) 35010 37280 40900 

Light hydrocarbons (kilotons of oil equivalent - ktoe) 4310 4330 4350 

Aviation fuel (ktoe) 3240 3780 3790 

Cooling services (British Thermal Units - BTU) 7.75E+13 7.87E+13 8.35E+13 

Road transport services (passenger – km) 2.23E+10 1.87E+10 1.78E+10 

Freight transport services (kg) 1.49E+11 1.25E+11 1.19E+11 

Liquefied natural gas long-term sales commitments 
(ktoe) 

73900 57570 30190 

Desalinated water (million cubic metres Mm3) 504 554 645 

Natural gas (ktoe) 11520 11520 11520 

Transportation hydrocarbons (ktoe) 0 0 0 

Crude oil (ktoe) 0 0 0 

 

Table 18 lists the initial technology set that is available to the model at the initial time 

period (2015). 
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Table 18. Initial Technology Set 121 

 

 

New technologies such as solar PV, electric and hybrid cars are not present within the 

initial technology set but are available for selection by the optimiser in future time 

periods. 

The model was run for eight cases, as listed here: 

• Base case - $50/bbl oil, $5/MMBTU gas. 66% electric and 25% transport fuel 

subsidy. No energy imports, zero carbon price. 

• No subsidies – same as base, but with 1% subsidy on electricity and transport 

fuel. 

• 20% solar – same as base, with additional constraint that 20% of 2030 

electricity demand to be met by solar energy. 

• Carbon price – same as base, but with a carbon price of $50/ton  

• Low gas, low oil prices – Same as base, but with $20/bbl oil and $2/MMBTU gas 

Technology (j) Annual Capacity (Capaj) Quantity (Nj,2015) 

Natural gas production wells 875 (ktoe) 166 

Natural gas combined cycle (NGCC) 8600 (GWh) 3 

Gasoline cars 50000 (pass.-km) 450000 

Gas-to-Liquids plants (total hydrocarbon output) 12740 (ktoe) 1 

Oil production wells 80 (ktoe) 500 

Oil refineries (total hydrocarbon output) 3700 (ktoe) 5 

Air conditioning units 1.03 x 108 (BTU) 750000 

Diesel freight units 43000 (kg) 3460000 

Natural gas liquefaction plants (LNG output) 9700 (ktoe) 8 

Integrated water and power plants (IWPP) 8600 (GWh) 10 

Reverse Osmosis desalination (water output) 57 (million m3) 1 
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• High gas, high oil prices – Same as base, but with $80/bbl oil and $10/MMBTU 

gas 

• High gas, low oil prices – Same as base, but with $20/bbl oil and $10/MMBTU 

gas 

• Low gas, high oil prices – Same as base, but with $80/bbl oil and $2/MMBTU gas 

These cases were chosen to understand the impact of specific policy choices of 

relevance to Qatar (subsidy reform, solar PV targets and carbon pricing) and 

uncertainty in hydrocarbon prices (based on historical variation in prices). 

The hydrocarbon prices used here were assumed to be the ‘net-back’ price – thus 

excluding the cost of transportation to the customer. All hydrocarbon prices were 

assumed to be constant from 2020 to 2030. The LNG price was assumed to be $3 per 

MMBTU more than the natural gas price, while the prices of light_HC 

(ethane/ethylene/LPG), avia_HC (aviation fuel), and trans_HC (gasoline/diesel) were 

set at 0.6, 1.26 and 1.34 times the crude oil price (per ktoe), based on historical price 

differentials of these products as compared to the crude oil and natural gas price 

benchmarks (see appendix A2 for references). The electricity price in all cases was 

$75/MWh in 2020, $70/MWh in 2025 and $65/MWh in 2030, representing a gradual 

reduction in electricity prices as renewables become cheaper than fossil-fuel power 

plants. 

Technology costs are detailed in appendix A1. The only difference in this case study was 

the cost of solar PV, which was assumed at $2 per Watt in 2020, falling to $1.6 per Watt 

in 2030. It is a testament to the rapid drop in PV prices that this estimate, made in 2016, 

was easily beaten by actual PV costs in 2020. Later case studies used $1 per Watt as the 

2020 cost of solar PV, leading to higher deployment in the optimal energy mix. Future 

revenues and costs are discounted at an annual rate of 1%.  

4.2 Outputs 

QESMAT was developed and solved using AIMMS on a Windows computer with 16 GB 

RAM and an Intel Core i7-5600U CPU, with a solution time of under five seconds for 

each case. The following sub-sections describe the key commodity/energy flows (using 

Sankey diagrams) and export revenues. Details of technology investments, costs, etc. are 

also described. 
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4.2.1 Energy flows, supply/demand balances, technology investments 

Sankey diagrams are useful visual representations of resource flows through an energy 

system. Nodes represent technologies, or aggregations of resources, while lines 

represent the flows of the resources. The width of the lines is proportional to the size of 

the resource flow. Production of resources is usually towards the left of the diagram, 

while consumptions/demands are shown on the right. The Sankey diagrams below 

represent resource flows, for each of the eight cases, in 2020 and 2030. Specific aspects 

of the energy system in each case are also described. 

Figure 10 shows the resource flows for the base case. At ‘moderate’ hydrocarbon prices 

($50/bbl oil and $5/MMBTU gas), it is optimal to directly export crude, thus saving the 

costs of refining), and use GTL technology to meet domestic fuel demands and export 

refined fuels. The model invests in a 36% increase in GTL capacity above the ‘initial’ 

level, which was set at the total hydrocarbon capacity of Shell’s Pearl GTL project. The 

differential between oil and gas prices is large enough for GTL to be profitably deployed. 

The reduction in LNG ‘demand’, which represents Qatar’s long-term sales agreements, 

over the decade leads to reduced LNG exports, as the $3 price differential between gas 

and LNG is not large enough to keep LNG as the most profitable export. Instead, the 

model simply decides to export more natural gas via pipeline by 2030. Since there are 

geopolitical limitations to pipeline expansion, this is not a practical solution over the 

Figure 10. Resource flows for ‘base’ case (in ktoe) 
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short term. Later iterations of QESMAT fix this issue with the inclusion of other avenues 

for export, such as petrochemicals, metals, fuels, etc. 

The model suggests natural gas – powered vehicles for passenger transport, as this fuel 

is considered unsubsidised by the model (as compared to gasoline or electricity), and 

hence the most profitable for the government. The model also chooses the electric 

option for freight transport due to its profitability – however, QESMAT does not include 

the costs of charging infrastructure, or the incentives needed for the private sector to 

switch to electric trucks, which are much costlier than their diesel counterparts. 

Integrated water and power plants, powered by natural gas, meet all of the country’s 

electricity and water needs in 2020, while also having extra capacity to export 

electricity and water. Solar PV is not deployed in the optimal generation mix due to its 

high capital cost (set at $2 per Watt in this study). Electricity exports were limited to 

10,000 GWh per year due to a lack of regional transmission capacity – the optimal 

export portfolio hits this limit in both 2020 and 2030. The model also allows for water 

to be exported (270 Mm3 in 2030) – this would never happen in practice, as water is a 

strategic resource, and its export is set to zero in later iterations of QESMAT. The 

optimal energy system sees a shift towards gas-fired electricity generation (decoupled 

from desalination) by 2030 – while integrated water/power plants continue to meet 

baseload demand for electricity (and water), NGCC plants meet peak demands in the 

summer. By 2030, the energy system contains almost 5 GW of NGCC plants and 7.5 GW 

of IWPP. This split is determined by the water demand – there is just enough IWPP 

capacity to meet domestic water demand, with NGCC plants meeting the electricity 

demand left unmet by IWPPs. By 2030, water is no longer exported. 

In the second case (Figure 11), when the domestic subsidies on electricity and transport 

fuels is removed, the dynamics of the oil and gas sectors remains the same – crude is 

exported, GTL technology meets domestic fuel demands, and LNG exports are replaced 

by gas exports via pipeline. However, due to a flaw in the model that allowed the export 

of ‘cooling services’ (which was later fixed), QESMAT invested heavily in IWPPs 

(approximately 29 GW) so that it could profitably ‘sell’ unsubsidised electricity for air 

conditioning, and then ‘export’ the cooling services. One could guess that in the absence 

of this error, the model would allocate excess gas production to pipeline export, as in 

the base case. Passenger and freight transport demands are powered by unsubsidised 
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electricity, as this is most profitable for the government (without considering 

infrastructure and policy costs). Although the reform of subsidies increases the 

government’s revenues, in the absence of an alternative rent sharing mechanism 

between the state and its citizens, this policy would be politically infeasible. Qatar’s 

recent reforms of transport fuel subsidies were only palatable because of low global oil 

prices. Subsidies on electricity and water remain untouched. Moreover, by itself, a 

policy of subsidy reform does not change the fundamentals of the energy system itself – 

it remains fairly similar to the base case. 

Figure 11. Resource flows for ‘no subsidies’ case (in ktoe) 

Figure 12. Resource flows for 'solar' case (in ktoe) 
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The introduction of a constraint on solar energy, set at a minimum of 20% of the 

electricity demand in 2030, leads to the deployment of just under 3 GW of solar energy, 

which helps meet increased cooling demand in the summer, and feeds into electricity 

exports in winter. There is only a small reduction in the objective function (under 1%) 

between the ‘solar’ and ‘base’ cases – indicating that although solar energy was not 

economically optimal at $2 per Watt, it was not far off. Further cost reductions towards 

$1 per Watt, as used in later case studies, illustrated how Qatar has great potential for 

solar deployment in an optimal energy system. As seen in Figure 12, the deployment of 

a minimum amount of solar only changes the energy system marginally – with the gas 

displaced from power generation being shifted to export as LNG and pipeline. This 

result also highlights the benefit of an energy system modelling approach, as our 

analysis can include the opportunity cost of subsidised gas-fired electricity when 

determining the economic feasibility of alternative solar energy. 

Figure 13 illustrates the effect of a carbon price of $50 per ton CO2e. The energy system 

looks mostly unchanged from the base case, because the revenues generated from 

hydrocarbons is high enough for the optimiser to simply ‘pay’ the extra emissions cost. 

The energy industry is by far the biggest emitter of CO2, due to its inherent energy 

consumption, and the residential/commercial sectors have only a small role to play in 

reducing Qatar’s overall carbon footprint. Due to a small technology portfolio in this 

Figure 13. Resource flows for 'carbon price' case (in ktoe) 



142 
 

early version of QESMAT, the optimiser also does not have many lower-carbon 

alternatives. This limitation is rectified in later studies. There is one key difference in 

the energy system at a higher carbon price – LNG exports are kept to a minimum, while 

pipeline exports grow. This is due to the large energy consumption, and hence, 

emissions of the gas liquefaction process – this consumes around 8% of the input 

natural gas. 

The first four cases looked at the impact of various policy measures on the Qatari 

energy system. We see that the effects of subsidy reform, solar targets and carbon 

pricing on the optimal technology mix are generally small, and do not change the 

fundamentals of the energy system itself – a continued reliance on natural gas exports 

(either as LNG or pipeline) and the limited role of ‘costly’ renewables in the system. 

Much of this is due to the lack of alternatives in the technology portfolio, which is 

improved in later versions of QESMAT. The next four cases highlight the effects of the 

biggest drivers of change in the Qatari energy sector – commodity prices. 

The parameters for oil and gas prices were varied in tandem, and independently, to 

obtain four cases of varied commodity prices. LNG was priced at $3 per MMBTU above 

the gas price. Refined fuel prices were set at a fixed percentage of the crude oil price. 

Electricity prices were fixed across cases.  

  
Figure 14. Resource flows for 'low gas, low oil' prices case (in ktoe) 
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Figure 14 shows the evolution of the energy system under a ‘low’ price scenario 

($20/bbl oil and $2/MMBTU gas). Due to the error that allowed the optimiser to ‘export’ 

cooling services, the optimal solution includes a large investment in power plants 

(almost 30 GW). The optimiser consequently ‘exports’ a lot of the excess desalinated 

water produced by the IWPPs – this is also not realistic and was fixed in later studies. In 

the absence of this error, it is expected that the model would export natural gas via 

pipeline, as seen in the base case. LNG exports are kept at a minimum due to a low profit 

margin. All crude is directly exported due to the low profit margin on refining, while 

domestic fuel demand is met by GTL, which is expanded by 36% from the initial level. 

This indicates that although commodity prices are low, there is still a price differential 

between oil and gas that allows GTL to remain profitable. Electric vehicles were chosen 

for domestic passenger and freight transport as the sale of electricity (with its fixed 

prices) was vital revenue for the optimiser in a scenario of low hydrocarbon fuel prices,  

 

In the scenario where gas prices are high, and oil prices are low (see Figure 15), the 

optimiser increases its investment in LNG production and exports. Existing GTL 

capacity is used to make refined fuels, most earmarked for export. Low oil prices 

incentivise the optimiser to add value to produced crude through refining (with an 

increased capacity of 31,000 ktoe output per year), with most of the output exported as 

well. In this scenario, there is also optimal deployment of a small amount of solar PV 

(almost 2 GW), which reduces the need for gas-fired power generation, freeing up some 

Figure 15. Resource flows for 'high gas, low oil' prices case (in ktoe) 
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gas for export. However, the high capital costs of PV used in this study limit its adoption 

to only a small amount. Existing integrated power and water plants meet most of the 

country’s electricity and water needs – this saves investment costs for new 

infrastructure. 

When prices are flipped, i.e., low gas prices and high oil prices (Figure 16), the 

configuration of the energy system also flips – LNG exports are now at their lower 

bound, while there is a large expansion in GTL capacity (from over twice the pre-

existing capacity in 2020 to over four times the pre-existing capacity by 2040). Most of 

the refined fuel output is exported, along with all of the country’s crude production. 

NGCC power plants meet some of the summer electricity demand in 2030 as they are a 

cheaper investment than integrated power-water plants, which still supply a bulk of the 

country’s electricity and water needs. 

In the final scenario (Figure 17), with high oil and gas prices, LNG remains the main 

export (with increased production capacity – over a 100,000 ktoe per year). Existing 

GTL capacity is used to produce refined fuels for domestic consumption and export, 

while all crude is directly exported, due to the high prices for crude and oil products. 

Existing integrated power and water plants meet the country’s electricity and water 

needs, but a small amount of solar PV (under 2 GW) is deployed so that new gas-fired 

generation is not needed to meet summer demand peaks. CNG (natural gas) powered 

vehicles are used for passenger transportation, as the model picks the unsubsidised fuel 

to increase domestic revenues. 

Figure 16. Resource flows for 'low gas, high oil' prices case (in ktoe) 
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The last four scenarios, with varying hydrocarbon prices, highlight how the optimal 

energy system is sensitive to changing commodity prices. Large, capital-intensive 

projects such as LNG and GTL plants are only profitable in certain scenarios but not 

others. Needless to say, there is only limited ability to forecast long-term prices. 

Moreover, although they provide important insights into the energy system, such 

scenarios are not very useful for taking investment decisions in the present, as they 

suggest different courses of action right from the start of the modelling horizon. Thus, 

this approach highlights the need for a better approach to uncertainty, and a method 

that provides a practical short-term investment strategy, regardless of future changes in 

uncertain parameters such as commodity prices. Such an approach is explored in 

chapter 8. 

In the next sub-section, the export portfolio and overall economics of each scenario are 

explored. 

4.2.2 Export revenues and objective value 

Qatar’s economy is fundamentally dependent on the revenues from its energy and 

industrial sector. QESMAT was used to study the impact of domestic energy policies, 

and commodity price changes, on the revenues generated by the export-oriented energy 

and industrial sector. Figure 18 illustrates the impact of domestic energy policies 

(previously seen in the ‘no subsidies’, ‘solar’ and ‘carbon price’ cases). 

Figure 17. Resource flows for 'high gas, high oil' prices case (in ktoe) 



146 
 

 

Figure 18. Annual export revenues - 'base', 'no subsidies', 'solar' and 'carbon price' cases 

The base case shows that in a ‘moderate’ medium-term hydrocarbon price scenario, 

LNG is no longer the most profitable export, with a shift to pipeline exports suggested. 

As previously indicated, this does not include the costs of pipeline infrastructure, not to 

mention the geopolitical and economic rivalries in the region. Other exports include 

crude and GTL fuels. In 2020, the annual export revenue in the ‘base’ case is just 

upwards of $50 billion, reflecting the enormous wealth derived by Qatar from its energy 

industry. The objective value in the ‘base’ case was $415 billion, reflecting the net 

profits (revenues minus costs) derived from the energy system over ten years.  

When domestic subsidies are lifted (see the ‘no subsidies’ case in Figure 18), export 

revenue falls – this is due to the optimiser now being indifferent towards exports, given 

that the domestic sales of resources bring the same revenues. The objective function 

jumps to $521 billion in this case, highlighting the massive loss in potential revenues 

due to domestic subsidies. Subsidy reform remains a politically difficult policy to 

enforce, and seems only possible to do when global commodity prices are low, as was 

the case with reforms of transport fuel subsidies in 2016 135. Alternatives to subsidy 
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reform, that still preserve the citizen-state contract while minimising lost revenues, are 

discussed in chapter 9. 

The adoption of a small amount of solar energy (under 3 GW) in the ‘solar’ case has a 

negligible impact on export revenues – the small amount of gas diverted from power 

generation is exported as LNG or pipeline. The small reduction in the objective function 

to $412 billion indicates that the deployment of solar PV is ‘near-optimal’ – even though 

it was not a profitable investment in this study, a small reduction in its costs would be 

enough to see further deployment. This is confirmed in later chapters, where lower 

capital costs for solar PV encourage its optimal deployment, especially when there are 

more profitable pathways to use the natural gas freed up from power generation.  

When a high carbon price is imposed on the energy system (‘carbon price’ case), the 

optimiser reduces the production of carbon-intensive LNG and increases pipeline 

exports instead. However, the model highlights that a ‘carbon price’ is not a useful 

policy by itself, as the largest emitters in Qatar are state-owned energy companies 

themselves – the optimiser simply pays the carbon price and retains most of the energy 

infrastructure in the absence of low-carbon alternatives. 

Qatar’s economic sensitivity to volatility in global commodity prices is reflected in 

Figure 19. There is almost a five-fold difference in export revenues between the high 

and low commodity price cases, reflective of the “boom and bust” cycles seen across 

commodity exporting states. When including the significant costs of infrastructure 

investment, the objective function can swing from under $2 billion (at low prices) to 

over $1 trillion (high prices). This once again highlights the difficulty of coming up with 

a single investment infrastructure plan that can hedge against commodity price 

volatility – such an approach is attempted in chapter 8. The optimiser suggests that one 

of the key decisions is to balance capital-intensive LNG and GTL investments – the 

former is profitable at high gas prices, while the latter exploits the price differential 

between high oil and low gas prices. Although oil and gas prices are set to vary 

independently in this model, in reality, LNG prices are often linked to the oil price, 

making cases where oil and gas prices diverge significantly less likely. Given global 

efforts to decarbonise energy systems, and abundant supplies of fossil fuels worldwide, 

there is a distinct possibility that commodity prices will continue to be low over the next 

decade – raising the grim prospects of constrained national budgets for many years. 
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This also highlights the opportunities for alternative exports (such as hydrogen, 

explored in chapter 7), or economic diversification away from the energy sector.  

4.2.3 Conclusions 

This chapter describes the results from an early version of QESMAT – the model 

consists of upstream oil and gas facilities, refining, liquefaction, GTL and electricity 

production. Domestic demands for industrial feedstock/energy use, transportation, 

electricity, and water are to be satisfied, with the rest of the hydrocarbon resources 

open for export through the most profitable pathways. Although the considered 

technology set was small, one could gather insights into the operation of the model, and 

how optimal investments are chosen based on the interplay of technology costs, 

commodity prices, alternative export pathways, or government policies. The results also 

highlight the limitations of an approach that uses deterministic forecasts with perfect 

Figure 19. Annual export revenues for varying commodity price cases (note the differences in y-axes values) 



149 
 

foresight – the model does not provide a unified investment plan that hedges against 

commodity price volatility. This is rectified in chapter 8.  

Although this model was a simplified representation of the energy system in Qatar, 

certain policy recommendations were still applicable, such as: 

• Reduction of fossil fuel and electricity subsidies leads to a 20% increase in 

profits for the government. In the absence of an alternative rent-sharing 

mechanism, this policy is only feasible when commodity prices are already low, 

as has been the case for Qatar in the last few years. An alternative to subsidies 

could be cash transfers to low income households, or a roll-out of a subsidised 

building retrofit program to increase the energy efficiency of homes and 

buildings. 

• Investing in solar PV to meet domestic electricity demand, as it helps avoid the 

under-utilisation of gas-fired power plants and matches the day-time peak in 

electricity demand. The model does not choose to deploy solar PV in an optimal 

case because of its capital cost being set at $2 per watt, as opposed to later 

iterations of QESMAT where it was set at $1 per watt. This reflects the 

accelerated drop in prices of solar PV over the last few years. Since further price 

reductions are expected, the capital cost forecasts are updated in later versions 

of the model – dropping to $0.6 per watt by 2050. The model also invests in 

natural-gas fired power generation (decoupled from water desalination) to meet 

increasing demands for electricity. A minimum amount of IWPP capacity is 

deployed to meet water desalination needs. IWPP is also chosen over NGCC as 

the former was modelled with higher energy efficiency than the latter – this was 

reversed in the latest iteration of QESMAT based on the latest available statistics 

of the state utility 124. There is excess capacity for electricity production in winter 

– the model chooses to maximise electricity exports up to its annual constraint of 

10,000 GWh. This assumes the presence of a regional transmission 

infrastructure, and demand for electricity in winter – once again, political 

challenges matter, but are beyond the scope of the model. 

• New investments in LNG are sub-optimal at low to medium natural gas prices. 

QESMAT prefers to invest in gas-to-liquids (GTL) plants when supported by 

higher oil prices, or simply export natural gas through a regional pipeline. 
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Political challenges are beyond the scope of this model, but would need to be 

considered if Qatar seeks to increase regional gas trade via pipelines. However, 

the limited profitability of LNG at low-to-moderate prices provides an 

opportunity for alternative exports, such as low-carbon hydrogen, which are 

explored in later iterations of QESMAT.  

• A carbon price does little to decarbonise the energy system and the optimiser 

simply pays the emissions tax and keeps the export-driven economy intact. Other 

policies such as mandatory energy efficiency measures are more useful in 

decarbonising the system, as explored in later iterations of QESMAT where 

scenarios with low domestic energy demand are modelled. A carbon price is 

useful when alternative exports are possible – we can observe a shift from LNG 

to pipeline gas for export. This is due to the lower energy requirement (and 

hence, carbon emissions) of transporting gas. Of course, in reality, pipeline gas 

exports are limited by regional demand and transportation infrastructure.  

• The domestic transportation sector has room to decarbonise – alternatives such 

as electric vehicles can meet transport demand at a lower fuel cost, thus allowing 

subsidies on transport fuels to be lifted. In return, the government can 

incentivise EV adoption by rolling out charging infrastructure and subsidising EV 

purchases – these costs are not currently included in the model. 

• There is a need for uncertainty analysis, as different hydrocarbon prices lead to 

different industrial export portfolios and significantly varying revenues. It is also 

unclear, using this scenario approach for the short-term, what the optimal 

infrastructure investment strategy of the government should be. For example, 

when gas prices are low and oil prices are high, large investments are made in 

GTL; when the opposite happens, LNG becomes more competitive. A later 

iteration of QESMAT solves a stochastic optimisation problem to determine a 

single short-term investment plan (chapter 8). 

The next chapter presents the results of a deterministic case study that included a more 

detailed technology set, particularly for the industrial sector, and a longer time-frame 

(until 2050). 
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Ch. 5. Long-term transition – a deterministic case study 

This chapter is based on results presented at the 41st International Conference of the 

International Association for Energy Economics in June 2018. 

5.1 Inputs 

This iteration of QESMAT extended the modelling period to 2050 and expanded the 

technology portfolio to include hydrocarbons refining and petrochemicals industries, 

including process technologies such as the production of low-carbon hydrogen through 

the steam reforming of natural gas followed by the capture and sequestration of the 

carbon dioxide by-product. Other industries include cement production, gas 

liquefaction, gas-to-liquids, and metals production (aluminium and steel). The 

electricity and water sectors include technologies for gas-fired Integrated Water and 

Power Plants (IWPPs), Natural Gas Combined Cycle generators (NGCCs), and Reverse 

Osmosis desalination (RO), along with renewables such as solar PV for electricity. 

Domestic transportation options include conventional passenger and freight transport 

(gasoline and diesel powered, respectively), Compressed Natural Gas (CNG) vehicles, 

hydrogen and electric vehicles (for passenger and freight), and a public transit system. 

Cooling demand can be met by individual air conditioners or a district cooling system.  

The Reference Energy System, i.e., the entire set of technologies and resource flows 

between them, are represented in Figure 20. Each box represents a technology – blue 

ones indicate technologies owned/operated by the state, while green ones represent 

privately-owned technologies. The set of technologies that exist in QESMAT at the start 

of the modelling period (2015) are listed in Table 19. 
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Figure 20. Reference Energy System for QESMAT 
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Table 19. Initial Technology Set 136 

Technology (j) Annual Capacity 

(Capaj) 

Quantity 

(Nj,2015) 

Natural gas production wells 875 (ktoe) 166 

Natural gas combined cycle power plants (NGCC) 8600 (GWh) 3 

Gasoline cars 50000 (pass.-km) 450000 

Gas-to-Liquids plants (total hydrocarbon output) 12740 (ktoe) 1 

Oil production wells 80 (ktoe) 500 

Oil refineries (total hydrocarbon output) 3700 (ktoe) 5 

Air conditioning units 103 (million BTU) 750000 

Diesel freight units 43000 (kg) 3460000 

Natural gas liquefaction plants (total LNG output) 9700 (ktoe) 8 

Integrated water and power plants (IWPP) 8600 (GWh) 10 

Reverse Osmosis desalination plants (water output) 57 (million m3) 1 

Natural gas condensate refineries (total output) 7400 (ktoe) 2 

Natural gas sweetening (total output) 18000 (ktoe) 8 

Steel production 3 (Mtons) 1 

Cement production 5 (Mtons) 1 

Aluminium production 640000 (tons) 1 

Polysilicon production 8000 (tons) 1 

Urea production 3.7 (Mtons) 1 

Polyethylene production 2 (Mtons) 1 

Methyl-tertbutyl ether production 640000 (tons) 1 

Ammonia production 3.4 (Mtons) 1 

Ethylene production 2.6 (Mtons) 1 

Methanol production 875000 (tons) 1 

Melamine production 60000 (tons) 1 

Alpha-olefins production 345000 (tons) 1 

Public transit system (metro) 3.5 (billion pass.-km) 1 

District cooling 20.3 (trillion BTU) 1 
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Table 20. Domestic Demands 136 

Domestic demands for electricity, water, cooking gas (LPG), aviation fuel, air 

conditioning, passenger and freight transport are calculated as described in the 

methodology section 3.1.2. These demands are aggregated in Table 20. The numbers for 

some of these demands differ from later iterations of QESMAT due to an update in the 

demographic model. The numbers in Table 20 are based on the old model, which 

divided households based on the number of occupants, as opposed to the new model, 

which divides households based on their physical size. Physical size is a better 

determinant of energy use than the number of occupants, especially for lighting and air 

conditioning demands. 

The maximum production of crude oil and natural gas is constrained to 30,000 ktoe and 

160,000 ktoe per year, based on the natural limits of oil production in Qatar (declining 

to 20,000 ktoe per year by 2050) and the self-imposed moratorium on gas production. 

All energy imports are constrained to zero, as self-reliance is a national security 

priority, and electricity exports are limited to 10,000 GWh/year due to the lack of a 

high-capacity regional transmission grid. 

The objective function includes 50% of the capital cost of the initial technology set, as an 

approximation of any leftover payments for those technologies, however, this does not 

 Resource 2020 2025 2030 2035 2040 2045 2050 

Electricity (GWh) 22982 25250 28864 33769 39366 45743 53001 

Aviation fuel 

(ktoe) 

3244 3778 3794 3794 3794 3794 3794 

Cooling (BTU) 7.749E13 7.871E13 8.35E13 9.1E13 9.88E13 1.07E14 1.15E+14 

Road transport 

(passenger – km) 

2.23E+10 1.87E+10 1.78E+10 1.87E+10 1.96E10 2.05E10 2.14E10 

Freight (kg) 1.488E+11 1.248E+11 1.19E+11 1.25E+11 1.308E+11 1.368E+11 1.428E+11 

LNG Sales (ktoe) 73899 57567 30193 6200 0 0 0 

Desalinated 

water (Mm3) 

504 554 645 780 815 850 885 

LPG (tons) 177396 194269 211142 228015 244889 261762 278635 
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affect the optimal solution due to this leftover capital cost being independent of the 

optimal solution. Later iterations of QESMAT do not include this cost, as the objective 

value is meant to be used in relative, rather than absolute, terms. This version of 

QESMAT does not contain storage technologies either. 

The analysis of uncertainty is limited to the creation of four cases that represent three 

policy options that are relevant to Qatari policymakers. These are described below. As 

with earlier iterations of QESMAT, these scenarios are executed independently, thus 

giving four different ‘optimal’ transition pathways. Commodity prices are constant 

across these cases. Although this approach is useful in understanding the impact of 

different policy levers on technology adoption, it does not provide a practical blueprint 

for implementing a single plan for the short-term future. This is rectified in the 

uncertainty approach used in the latest iteration of QESMAT (chapter 8). 

The four cases modelled here are: 

• Base – “Moderate” commodity prices, with crude oil at $60/bbl, gas at 

$5/MMBTU and hydrogen at $3000/ton. These are assumed to be net-back 

prices excluding transportation costs. Small carbon price of $10/ton to 

encourage carbon efficiency without being financially punitive. Domestic 

subsidies on electricity, transport fuels and LPG sales. 

• No subsidy – same as base case, but without domestic subsidies. 

• Carbon price – same as base case, but with a higher carbon price of $60/ton. 

• Solar – same as base case, with an added constraint on producing a minimum of 

40,000 GWh of electricity from solar PV annually, representing almost half of the 

forecasted electricity demand in 2050 (including demands for air conditioning 

and transportation sectors).  

QESMAT was developed and solved using AIMMS on a Windows computer with 16 GB 

RAM and an Intel Core i7-5600U CPU, with a solution time of under five seconds for 

each case. 

5.2 Outputs 

5.2.1 Energy flows, supply/demand balances, technology investments 
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Sankey diagrams represent the flows of resources across the energy system, and 

highlight the key nodes of supply, transformation and consumption. The following 

figures are Sankey diagrams of each of the above four cases, shown every ten years from 

2020 to 2050. 

As seen in Figure 22, the expansion in the technology set, particularly in the industrial 

sector, gives the optimiser more flexibility in deciding the layout of the optimal energy 

system (as opposed to the limited options in the previous chapter). However, since 

there are no constraints on how quickly new technologies can be ramped up, the 

Figure 21. Sankey diagrams for 2020 (in ktoe), for the base ‘B’, no subsidies ‘NS’, carbon price 'CP’ and solar 'S' cases. 
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optimiser suggests impractical amounts of exports such as hydrogen by 2020. This can 

be considered as indicating the scale of potential missed revenues due to the sub-

optimal nature of Qatar’s real energy system, and highlight where new investments, or 

R&D, must be prioritised. 

In 2020, the base case scenario suggests leaving LNG exports at their lower bound 

(based on long-term sales agreements) as they are not the most profitable export at $8 

per MMBTU ($3 above the gas price, not including transport costs). This already 

suggests that at current LNG prices (June 2020) of under $3 in Northeast Asia, Qatar’s 

LNG industry is struggling. Pipeline exports of natural gas are also at their lower bound, 

keeping to the minimum agreed sales to the UAE and Oman. QESMAT instead suggests 

an expansion of hydrogen exports, produced via steam reforming of natural gas, and 

considered to be exported in liquefied form – both steps have high energy 

requirements, leading to an overall energy efficiency of just around 40%, excluding 

transport and regasification losses. Nevertheless, cheap natural gas feedstock makes 

these losses viable at high hydrogen prices of $3 per kilo (net-back, not including the 

costs of liquefaction and transportation, which might each cost $1 per kilo or more). 

Chapter 7 takes a more detailed look at the feasibility of hydrogen as Qatar’s next major 

export. These results remain similar across the ‘no subsidies’ and ‘solar’ cases, with 

small differences in the amount of hydrogen exported – in the former, increased 

domestic consumption of electricity in the transport sector (government revenues 

increase when selling an unsubsidised fuel) reduce hydrogen exports, and in the latter, 

increased solar penetration displaces some natural gas from power generation to 

hydrogen export. The large carbon footprint of steam reforming limits its adoption in 

the ‘carbon price’ case, with excess natural gas diverted to export via pipeline 

(practically infeasible due to the lack of real-world infrastructure, or markets, to double 

exports). 

The liquid hydrocarbons sector is similar across all cases in 2020. Virtually all of the 

crude oil is exported at a profitable price of $60 per barrel, without conversion to 

refined fuels. Existing GTL technology is used to produce refined fuels for export and 

domestic demand. Condensate co-produced with natural gas is transformed into fuels in 

dedicated refineries (such as the real-world Laffan Refinery), which see a doubling of 

their initial capacity. 
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In the industrial sector, QESMAT suggests an expansion of ammonia and urea 

production (seen as natural gas inputs to ‘petchems’ in the Sankey diagrams), steel 

production (natural gas and electricity inputs to ‘industry’) along with ethylene 

production (ethane and fuels – naphtha – inputs to ‘petchems’), which is expanded in 

2025. 

Domestic demands for electricity and water are mostly met by integrated water and 

power plants. In the base case, almost 6 GW of solar energy is deployed by 2020, while 

in the ‘solar’ case, solar deployment in 2020 hits 23 GW – these are unrealistic levels of 

deployment and occur due to constraints specifying minimum solar deployments in 

each year. In the ‘carbon price’ and ‘no subsidies’ cases, existing NGCC (electricity only) 

generation meets summer peak demands, reducing the over-production of water from 

existing IWPPs. The optimiser profitably exports 10,000 GWh of electricity annually in 

each case – hitting the upper bound that was set due to the lack of real-world long-

distance transmission capacity. Cooling demands are met by a combination of air 

conditioners and district cooling systems, with the former preferred when there are no 

subsidies on electricity (thus increasing government revenues) or when there is excess 

solar generation (cumulatively, ACs consume more electricity than district cooling 

plants). Domestic transportation is powered by gas and electricity – CNG vehicles, 

electric cars and electric freight, across the four cases, as these are the least cost, and 

most profitable, fuel from the government’s point of view. QESMAT is limited in scope 

here, because the model does not take into account the effect of consumer choices. 

Moving towards 2030 (Figure 23), the optimiser continues to export the minimum 

amounts of LNG and gas via pipeline to satisfy its long-term agreements in all cases. 

Hydrogen exports, produced via steam reforming, also increase in all cases, including in 

the carbon price scenario (where emissions are offset by CCS), suggesting that a $3 

netback price for hydrogen (excluding liquefaction and transportation costs) is viable at 

$60/bbl oil and $5/MMBTU gas prices. Crude oil continues to be exported in all cases, 

along with refined fuels from condensates and expanded GTL production (a 30% 

capacity increase in the ‘no subsidies’ case, 40% in the ‘base’ case, 90% in ‘solar’ and 

300% in ‘carbon price’, the last due to lower hydrogen exports than the other three 

cases, as reforming has an enormous carbon footprint). 



159 
 

One of the outputs from the GTL process is ‘naphtha’, which due to a lack of modelling 

flexibility for refining, can only be used as feedstock for ethylene production. Thus, 

across all cases, the model recommends an expansion of ethylene production, all for 

export – the margin on conversion to polyethylene is set too low. The expansion of 

industrial gas consumption in all cases except ‘carbon price’ is primarily due to the 

production of around 2.5 million tons of aluminium, which has a large carbon footprint. 

Other industries such as urea, ammonia and ethylene production see an increase across 

all cases. 

In the domestic power and water sector, a majority of production continues to come 

from integrated water and power plants, complemented by solar energy in all cases 

Figure 22. Sankey diagrams for 2030 (in ktoe), for the base ‘B’, no subsidies ‘NS’, carbon price 'CP’ and solar 'S' cases. 
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(around 12 GW in ‘base’ and ‘carbon price’, 3 GW in ‘no subsidies’, and 29 GW in ‘solar’). 

Some of these deployments are at unrealistic levels considering the current deployment 

of solar energy and battery storage in Qatar. The integrated plants continue to supply 

most of Qatar’s desalinated water needs – this is due to the efficiency of these plants 

being set higher than NGCC plants based on older data from the state utility, and was 

rectified for chapter 7. Cooling demands are met with a combination of air conditioning 

and district cooling, with a preference for the former due to the higher revenues 

generated by electricity sales (instead of the low, fixed revenue from district cooling, 

which is also less energy consuming). Finally, transport demand across all cases is met 

by hydrogen vehicles, for both passenger and freight. Once again, costs for refuelling 

infrastructure, or the added costs on consumers for these vehicles, is not considered 

within the model, and might alter these results. 

Figure 23. Sankey diagrams for 2040 (in ktoe), for the base ‘B’, no subsidies ‘NS’, carbon price 'CP’ and solar 'S' cases. 
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In 2040, the energy systems across all four cases look strikingly similar. Hydrogen 

exports are the largest source of revenue, with LNG also playing a major role – both of 

these are supported by high profit margins. Hydrogen exports reach their user-set 

annual maximum of 10 million tons in all cases. New investments in LNG are also made 

during this period, as old investments reach retirement, taking total LNG capacity to 

almost 33,000 ktoe per year in the base case, and 41,000 ktoe per year in the ‘carbon 

price’ and ‘solar’ cases. This is because, as existing technologies retire in the 2030s, LNG 

becomes the most profitable investment at $8 netback prices. Considering today’s 

supply glut and low prices, it is improbable for future LNG prices to once again hit $8, 

much less match the high prices of the last decade. 

All crude oil continues to be directly exported across all cases, with condensates being 

refined for export as fuels. New investments in GTL, along with retirement of today’s 

GTL capacity, lead to a net doubling of 2020 capacity by 2040 across all cases, with most 

products exported, with a minority meeting domestic transport fuel demand. GTL 

investment is optimal due to the high margin between oil and gas prices, and the 

production of naphtha, which due to the lack of modelling refinery flexibility, is all 

diverted to ethylene production. The petrochemical sector is also similar across 

scenarios – focused on ammonia, urea (limited to 10 Mtons per year) and ethylene 

production. The conversion to polyethylene is limited by the low user-defined price 

difference (30%) between ethylene and polyethylene. Natural gas consumption by 

industry consists of steel (limited to 10 Mtons per year), cement (limited to 10 Mtons 

per year) and aluminium – except the ‘carbon price’ case, which only deploys the first 

two due to the high carbon footprint of the third. 

The domestic electricity/water sector continues its reliance on integrated water and 

power plants – around 10 GW of new capacity is deployed in each case as old plants 

retire. There is also an increase in RO desalination capacity, dependent on the scenario – 

250 Mm3 in the base case, 95 Mm3 in the ‘no subsidies’ case, 375 Mm3 in the ‘carbon 

price’ case, 585 Mm3 in the ‘solar’ case – this makes sense as RO is profitable when gas 

consumption has an opportunity cost, RO has a lower carbon footprint, and can be 

complemented by solar generation. Solar PV finds a place in the electricity system 

across all cases. However, as expected, its deployment is limited in the ‘no subsidies’ 

case as there is no longer an opportunity cost when natural gas is not subsidised for 



162 
 

domestic users. This is also the reason why domestic cooling demands are met by 

district cooling in all cases except the ‘no subsidies’ case – there is no longer an 

opportunity cost of domestic electricity consumption, so the optimiser chooses the most 

inefficient option (ACs) to maximise domestic sales of a profitable resource (electricity) 

whose exports are limited to 10,000 GWh in all cases. This is a limitation of the model 

not considering the effect of consumer choices. Meanwhile, the domestic transportation 

sector is dominated by hydrogen vehicles for passenger and freight, across all cases, due 

to its lowest production cost and unsubsidised price. 

Figure 24. Sankey diagrams for 2050 (in ktoe), for the base ‘B’, no subsidies ‘NS’, carbon price 'CP’ and solar 'S' cases. 
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Finally, Figure 25 illustrates the resource flows across all cases in 2050. By 2050, 

hydrogen has cemented itself as the key export for Qatar, across all cases, as it is the 

most profitable, even with its low conversion efficiency. Hydrogen exports hit their 

upper limit of 10 million tons per year in all cases. Of course, the model still excludes the 

costs of hydrogen transportation and regasification, which may require a further $1-2 

increase in costs. Pipeline gas exports take second place, but only because the model 

retires all LNG capacity by 2050, as it is the end of the modelling horizon – if the model 

were extended by another decade or two, LNG would remain as the number two export. 

This illustrates another limitation of an energy systems model – it thinks of the final 

time period as a hard stop and can take short-sighted decisions in the final time period.  

Crude production is set to decline to 20,000 ktoe per year by 2050 – the model exports 

all of it in all cases. Condensates are refined and exported as fuels, and not 

supplemented by any GTL production, for the same reason as LNG – the capital costs for 

new investments cannot be recovered by the end of the modelling horizon in 2050. Steel 

(limited to 10 Mtons per year), cement, (limited to 10 Mtons per year), urea, ammonia 

and ethylene production continues in 2050 across all cases. 

Domestic electricity and water needs are primarily met by integrated water and power 

plants, complemented by solar PV and RO. PV deployment is limited in the ‘no subsidies’ 

case to 3 GW due to the lack of an opportunity cost for domestic gas consumption, and is 

at 13 GW and 23 GW respectively in the ‘carbon price’ and ‘solar’ cases. Domestic 

electricity and water demands are forecasted to rise every decade, increasing by 130% 

and 75% respectively of 2020 levels by 2050. District cooling provides a majority of 

cooling services in a cost-efficient manner, except in the ‘no subsidies’ case where 

inefficient domestic electricity consumption is encouraged by the model, as it lacks the 

ability to model consumer behaviour. Hydrogen continues to power domestic passenger 

and freight transport. 

Overall, these results indicate the potential for renewable technologies and low-carbon 

exports in Qatar’s future energy system. There is an optimal uptake of solar PV, 

hydrogen vehicles, and RO desalination, which reduce the carbon footprint of the 

domestic sector and divert more hydrocarbons for export. Since these cases were all 

based on the same commodity price forecasts, we do not see any major differences in 

the export portfolios, beyond the effects of subsidy reforms and carbon prices. The 
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latter is unlikely to play any role in Qatari policymaking for the foreseeable future, and 

has limited effects on the overall energy system, which continues to produce oil and gas 

to the maximum production constraints. Some diversification is provided by exports 

such as steel, cement, urea and ethylene (in reality, more likely to be polyethylene) – as 

is the case in Qatar today. These products might also hedge against some commodity 

price volatility. If, as predicted, hydrogen becomes the low-carbon fuel of the future, 

Qatar is well placed to increase its hydrogen production and exports, but this needs to 

be supported by high long-term prices and technology development (particularly 

transportation). 

The next section describes the major sources of carbon emissions across the four cases. 

5.2.2 Emissions 

Qatar’s carbon emissions are dominated by its export-oriented hydrocarbons industry. 

As seen from Figure 26, most of the country’s point-source emissions today come from 

the energy sector (upstream oil and gas, refining, LNG and GTL). Hydrogen production 

from steam reforming can significantly drive up emissions, particularly in the absence 

Figure 25. Carbon emissions (by source) across the four cases 
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of carbon capture technologies. It is unlikely that importers looking for a low-carbon 

fuel will accept Qatari hydrogen production with such a large carbon footprint. ‘Non-

energy industry’ emissions include CO2 from steel, cement, aluminium, urea, ammonia 

and ethylene production and are expected to increase over the next two decades in line 

with increasing petrochemicals and metals exports. The electricity sector is responsible 

for up to 30 Mtons of CO2 per year in the base case, which can be reduced by a third in 

the ‘solar’ case. Note here too that the ‘carbon price’ case does not show a significant 

difference in the source of emissions compared to the other cases – Qatar remains 

locked into a carbon-heavy energy economy. Since CCS is only allowed to be deployed 

from 2030, the ‘carbon price’ case does not allow the production of any hydrogen until 

then. Carbon emissions show a small reduction across all cases from 2035 onwards 

because the optimiser does not invest in carbon-intensive, capital-intensive GTL and 

LNG projects as it nears the end of the modelling horizon – this is a limitation of the 

model itself, and thus not proof of a decarbonising economy. 

5.2.3 Export portfolio 

The production, transformation and export of hydrocarbons and related products has 

brought immense wealth to Qatar. The scale of this wealth can be imagined by studying 

the annual export revenues for the four cases, calculated by QESMAT, as seen in Figure 

27. Note that ‘moderate’ commodity prices were used across all four scenarios - $60/bbl 

oil (refined fuels are set at fixed percentages of oil price), $5/MMBTU gas ($8/MMBTU 

LNG net-back, while urea and ethylene are linked to gas price), $3000/ton hydrogen, 

$400/ton steel, $100/ton cement and electricity prices dropping from $75/MWh in 

2020 to $30/MWh in 2050.  

Figure 27 illustrates the annual export revenues for the key commodities across all four 

scenarios. Total export revenues are upwards of $80 billion annually in each scenario. 

Note how domestic policies such as subsidy reforms, carbon pricing and solar targets do 

little to change the overall export portfolio – exports of hydrogen, ethylene, urea, steel 

and cement increase, while LNG, refined fuels and crude exports decline – the former 

due to higher costs, the latter due to naturally declining production. Hydrogen, steel, 

cement and electricity exports are limited by user-set constraints – such constraints are 

based on estimates of regional demands and export infrastructure, but are also useful in 

limiting the optimiser’s natural instinct to only produce one ‘optimal’ product instead of 
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a diversified portfolio. The graphs sometimes show steep upward and downward 

swings across time periods – this is because the optimiser solves for a one-year period 

every five years, with intermediate years not being explicitly modelled. The graph for 

the ‘solar’ case also shows a slight increase in annual revenue compared to the ‘base’ 

case, which indicates the extra natural gas freed up from domestic electricity generation 

that can be diverted to export – this is one of the economic arguments applied for the 

increased deployment of solar energy in Qatar. A systems analysis as shown here can 

directly test this hypothesis. Note that in the ‘solar’ case, the level of solar PV 

deployment is much more than it would be in an unconstrained case. This is because of 

the limits on electricity exports, high storage and PV costs, and lack of solar generation 

in evening/night slices. As solar PV and battery costs continue to decline, the economics 

Figure 26. Annual export revenues across all cases (billion USD), undiscounted 
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would get more favourable. Note that solar deployment also depends strongly on the 

commodity prices used, as shown in the previous chapter. At higher commodity prices, 

more solar is deployed as the opportunity cost for natural gas used for domestic 

electricity is higher.  

Finally, as previously pointed out, Figure 27 also shows how the model does not invest 

in new LNG and GTL capacity closer to 2050, as it cannot recover their high capital costs 

from future exports after 2050. Thus, we see a switch towards gas exports via pipeline 

and a reduction in refined fuels exports to just those produced by refining condensates 

(since condensates are not allowed to be directly exported in the model, it has no choice 

but to invest in refining capacity). 

5.2.4 Total revenues, costs and objective values 

The overall economics of the study are shown in Figure 28 – they focus on the export 

revenues, domestic revenues, system costs (capital, operating, fixed and emissions), and 

net profits (revenues minus costs). 

 
Figure 27. Economics of the four cases (coloured) – A) export revenues, B) domestic revenues, C) costs (capital, 
operating, fixed) and D) net profits (revenues - costs), every five year period, undiscounted. 
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As noted previously, export revenues (sub-figure A) are similar across cases, reaching 

upwards of $400 billion for every five-year period. Domestic revenues (sub-figure B) 

are an order-of-magnitude lower, with the ‘no subsidy’ case having higher domestic 

revenues than the other cases, due to the removal of subsidies on domestic electricity, 

gas and fuel use. These revenues are offset by large annual costs (sub-figure C) – these 

increase dramatically after 2035 as today’s technologies reach retirement, forcing the 

deployment of capital-intensive technologies to replace them. Of course, the high export 

revenues incentivise the capital expenditures in most cases (except in the final decade 

of the modelling period, which does not account for the revenues beyond 2050, and 

hence limits expensive capital deployment). Sub-figure C shows the effect of a carbon 

price – the yellow bars include the costs of CCS deployment – which can add billions of 

dollars to the annual system costs. It also shows the effect of larger-than-optimal solar 

deployment – although export revenues are slightly higher in the solar case compared 

to base, the system costs are much higher – as modelled, solar PV is still expensive, 

when considering storage, and the limits on electricity exports. Sub-figure D illustrates 

the sum of A, B and C (costs are shown as negative) and represents the undiscounted 

net profits for each five year period. In general, across cases, net profits decline over 

time, as the system costs increase due to technology retirements and the capital costs of 

new investments. Domestic demands for subsidised resources also increase in the long-

term, reducing the amount of resources available for export. The ‘carbon price’ case has 

lower profits than the base case due to added costs of CCS, while the ‘no subsidies’ case 

shows much higher profits than the base case due to increased domestic revenues.  

The overall objective function value (time-discounted sum of net profits) is $1.28 

trillion for the base case, $1.4 trillion for the ‘no subsidies’ case, $890 billion for the 

‘carbon price’ case, and $1.26 trillion for the ‘solar’ case – highlighting the same points 

as above. Due to the limitations of the modelling approach, it is more useful to consider 

the objective value in relation to each other (and hence, to assess the effectiveness of 

various policies such as subsidy reforms), rather than as an absolute economic indicator 

for a particular case. 

5.2.5 Conclusions 

This case study illustrates the ability of QESMAT to model the interactions between 

different parts of the energy system in significant detail. In this study, a detailed 
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industrial portfolio allows users to explore the trade-offs and synergies between 

upstream oil and gas, refining, LNG, GTL, petrochemicals and metals processing 

technologies, while also indicating the potential for a low-carbon transition in domestic 

electricity-water production. The effects of policies such as solar targets and subsidy 

reform were also studied – the former results in a near-optimal deployment of large 

amounts of PV, while the latter increases domestic revenues but remains feasible only 

when commodity prices are already low. This study was limited to exploring the effects 

of various policies, and thus did not look at how changing commodity prices affects the 

optimal energy system. This is explored in chapter 8. Nevertheless, the results allow for 

certain policy recommendations, which build on the recommendations from earlier case 

studies. 

• There is a large potential for low carbon technologies to be introduced in Qatar. 

This includes utility-scale solar PV and reverse osmosis for desalination (which 

has a lower energy footprint than gas-fired Integrated Water and Power Plants). 

District cooling systems can provide air-conditioning needs more efficiently than 

individual air conditioners, and transportation can be decarbonised using 

hydrogen fuel cell vehicles (for both passenger and freight). Technological 

changes must also include mandatory energy and water efficiency measures 

across the residential, commercial, industrial, agricultural and transportation 

sectors – any reduction in energy consumption has a direct impact on reducing 

Qatar’s large carbon footprint. Solar energy was not deployed optimally due to 

its high capital cost – set at $2/W. The rapid drop in solar PV prices globally led 

to a revision of the capital cost to $1/W in later iterations – this resulted in solar 

deployment in all hydrocarbon price scenarios. Nevertheless, even at high capital 

costs of PV, having a large target for solar PV penetration still results in a near-

optimal solution, and there is a clear increase in exports of natural gas when 

solar PV is deployed domestically – at high enough gas prices, solar PV will 

automatically be deployed up to its maximum usable capacity or upper bound, as 

seen in the next two chapters. 

• The export of liquefied natural gas is not the most profitable export in the long-

term at gas prices around $8/MMBTU (net-back), if there is an alternate export 

route available such as hydrogen, or there is alternate infrastructure available 
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such as a regional gas pipeline network. New demands for low-carbon hydrogen 

in countries like Japan can incentivise the large-scale production and export of 

steam-reformed hydrogen (with CCS) in Qatar, but only if compensated by stable, 

high, long-term prices, and only if the key technological challenges of long-

distance hydrogen transport and CCS can be adequately solved. Other exports 

that are important for Qatar’s future revenues include crude oil (even though its 

production will naturally decline over the next three decades), refined fuels 

(from GTL and condensates), steel, ammonia, urea, ethylene (in practice, 

polyethylene) and electricity. Ethylene/polyethylene exports will be limited 

based on global plastic consumption, which, although expected to grow in 

emerging markets, might see a reduction in use in developed markets. Electricity 

exports are limited by the lack of regional transmission infrastructure but are 

very profitable given Qatar’s cheap production costs and idle generation 

capacity. 

• Policies such as removing subsidies or increasing the carbon price do not 

significantly alter the export portfolio of the country. There is a need for more 

radical policies, such as targets to reduce hydrocarbon exports, to force a true 

decarbonisation of the national economy. This is discussed in the following 

chapters. Of course, an energy systems model is limited to assessing the energy 

sector of the economy, and so cannot be used to study a broader economic 

diversification, which must also be pursued actively by the government. 

• The limitations of using case studies to forecast energy transition pathways is 

once again highlighted, as this approach does not provide a single infrastructure 

investment plan for the short-term future. This is rectified in the latest iteration 

of QESMAT, which includes a better treatment of uncertainty through stochastic 

optimisation. However, the similarity of several infrastructure investment 

decisions, across scenarios, indicates that certain technologies can be safely 

deployed in small quantities, knowing that they have positive impact on the 

energy system by offering flexibility and lowering emissions– these include solar 

energy, reverse osmosis desalination, electric and hydrogen vehicles and district 

cooling systems. In the next chapter, I have discussed the results of a case study 

where QESMAT was used to assess the long-term potential for solar energy in 

Qatar.  
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Ch. 6. Potential for solar energy in Qatar 

This section is based on results presented at the 6th International Conference on Power 

and Energy Systems Engineering in September 2019 123. The aim of this study was to 

determine the maximum amount of solar energy that could be viably deployed in Qatar 

under a moderate hydrocarbon price scenario, and determine how this solar energy 

would be used by the energy system. 

6.1 Inputs 

In this version of QESMAT, the modelling period extends to 2050, using a similar 

temporal discretisation as before (5-year time periods, with 6 non-consecutive time 

slices in each year). Resource storage was modelled as well, although through a 

simplified approach that balanced storage over a single year, to capture 

seasonal/diurnal opportunities for storage. The technology portfolio was expanded to 

include processes such as the treatment of sewage effluent, which could be used to meet 

irrigation demand for agriculture. Thus, water demand was disaggregated into 

desalinated water needs (consisting of residential, commercial and industrial demands 

that could only be met with higher-quality desalinated water) and agricultural water 

needs (which could be met by both desalinated water and lower-quality treated sewage 

effluent). The initial technology set, i.e., the portfolio of technologies at the start of the 

modelling period, thus, remained the same as in the previous section (Table 19), with 

the addition of 117 Mm3 of treated sewage effluent (TSE) production capacity. 

In the industrial sector, since some production processes (such as ammonia, Gas-to-

Liquids, hydrogen production and methanol) relied on the same initial step, the 

production of syngas from methane, a new resource called ‘syngas’ produced by a single 

technology called ‘steam methane reformer’ was created. Syngas was then supplied as 

feedstock for the other production processes. This allowed the model to better capture 

synergies within the industrial sector. The reference energy system for this study is 

presented in Figure 28. 
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Figure 28. Reference Energy System for the CPESE study 
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This version of QESMAT also consisted of new parameters for maximum and minimum 

export requirements for each resource. Thus, while long-term contracts for LNG exports 

were previously listed as a ‘domestic demand’, they could now be defined as a 

‘minimum export’. As existing long-term contracts expire over the next decades, this 

minimum export reduces to zero, and the optimiser decides whether to continue 

exporting LNG or sell an alternative commodity such as hydrogen. Table 21 shows the 

other domestic demands, modelled using the demographic projections and back-tested 

using historical energy use data from the IEA, as described in Chapter 3. Note how 

agricultural water demand has been separated from desalinated water demand. Some of 

these demand forecasts differ from those in later chapters due to a change in the 

underlying demographic model (which increased the numbers for total population in 

the country in the future), and a change in residential energy use estimates based on the 

type of a household (villa or apartment) instead of number of residents per household. 

Domestic demand for electricity also includes an annual demand of 1300 GWh by the 

agricultural sector, as estimated by Al-Ansari 126.  

Table 21. Domestic Demands 

 Resource 2020 2025 2030 2035 2040 2045 2050 

Electricity (GWh) 24280 26550 30160 35070 40670 47040 54300 

Aviation fuel 

(ktoe) 

3240 3780 3790 3794 3794 3794 3794 

Cooling (BTU) 7.83E13 7.95E13 8.44E13 9.19E13 9.98E13 1.08E14 1.16E+14 

Road transport 

(passenger – km) 

2.23E+10 1.87E+10 1.78E+10 1.87E+10 1.96E10 2.05E10 2.14E10 

Freight (kg) 1.49E+11 1.25E+11 1.19E+11 1.25E+11 1.31E+11 1.37E+11 1.43E+11 

Desalinated 

water (Mm3) 

504 504 525 560 595 630 665 

LPG (tons) 177400 194000 211000 228000 244900 261800 278600 

 

Agricultural 

water (Mm3) 

161 161 161 161 161 161 161 
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One of the major constraints in this model was the gradual reduction of oil and gas 

production from current levels – reaching zero for oil and 40,000 ktoe annually for gas 

by 2050. This represents a gradual decarbonisation of the economy as the world 

transitions away from fossil fuels and Qatar reduces its own carbon emissions, based on 

a voluntary ramp-down in gas production, and a natural decline in oil production. The 

natural gas produced in 2050 is mostly used to meet domestic demand, while leftover 

gas is used to produce small amounts of steel, hydrogen and GTL fuels for export. 

Although this seems like an unrealistic projection at present, the aim of this constraint 

was to illustrate the scale of hydrocarbon rents that could be derived cumulatively until 

2050 even with declining exports, which, with the right investment strategy, could 

provide the country with a sustainable revenue stream in a post-carbon world. The 

results are described in the next sub-section. 

Electricity exports are constrained to 10,000 GWh/year in 2020, due to a lack of 

international transmission capacity. If regional tensions resolve, this could be built in 

the future, thus raising the feasible exports to 40,000 GWh/year by 2050. Electricity 

storage in batteries is limited to 10,000 GWh/year, i.e., a battery capacity of 6.9 GW. 

Although this capacity seems very large given the present state of storage technologies, 

it is not deployed at its maximum until 2050, thus allowing time for technological 

maturity and large-scale deployment. While other resources can be stored over the 

whole year (capturing seasonal storage opportunities), electricity storage is limited to 

intra-day storage in the model, which is a more realistic use of batteries (rather than 

seasonal storage of electricity).  

This version of QESMAT is deterministic with a single scenario where oil prices go from 

$60/barrel in 2020 to $52/barrel in 2050, representing a gradual decline in oil prices 

due to a demand shift. Gas prices go from $5/MMBTU at present to $6/MMBTU in 2050 

(net-back prices), a small increase, due to increasing supplies able to meet increasing 

medium-term demands, which must then fall as the world decarbonises. Electricity 

prices are expected to drop from $80/MWh today to $30/MWh in 2050 as the 

renewable energy revolution continues. Solar PV is expected to show further capital 

cost reductions, thus modelled at $0.6/W in 2050, down from $1/W at present 128. 

Domestic subsidies are set for electricity and LPG, both of which are phased out by 

2035. A carbon price of $50/ton, along with a CCS cost of $50/ton, was set to capture 
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the social costs of carbon emissions. Japan has set a hydrogen price of around 25 

yen/m3, or $3.7/kg 107, which was set to increase to $4/kg in 2050, as demand for the 

cleaner fuel increases. This is assumed to be the net-back price, thus excluding the costs 

of conversion and transportation, which may add a further $2 to the price. 

6.2 Outputs 

QESMAT was developed and solved using the optimisation suite AIMMS on a Windows 

computer with 16 GB RAM and an Intel Core i7-5600U CPU, with a solution time of 

under five seconds. The model consists of ~8600 variables and ~6300 constraints. 

6.2.1 Electricity/water mix 

As seen in Figure 30 123, solar PV plays an immediate role in the optimal electricity mix, 

matching the domestic demand for air conditioning during the day-time, while excess 

electricity is exported or stored in batteries (starting in 2035). Note that the sudden 

introduction of solar PV is due to the absence of ramp-up constraints for new 

technologies in this study – however, the high deployed capacity illustrates its economic 

viability in the system, particularly at the low capital costs of solar today. An impractical 

14 GW of solar PV is deployed by the optimiser in 2020, which is used to meet all 

electricity needs in the morning time slices (leaving enough spare electricity for export 

in winters). As domestic demands rise over the decades, solar deployment also 

increases – peaking at just under 38 GW in 2045. Using the land footprint data from 

Qatar’s first grid-scale solar plant (Al Kharsaah), which will occupy 10 sq. km for 800 

MW, 38 GW will occupy about 475 sq. km, representing around 4% of Qatar’s land area 

– a feasible amount given the amount of undeveloped land in the country that can be 

obtained at low, or no, cost from the government. At a suitable hydrogen price, excess 

solar generation may also be diverted to green hydrogen production, as explored in the 

next chapter. By 2050, solar PV can meet not only the day-time demand for electricity, 

but in combination with battery storage can also meet night-time needs, particularly in 

the summer, where there is a large cooling demand. This also opens the possibility of 

thermal storage (in cooling systems) of excess solar generation – this may be explored 

in future work. Integrated water and power plants (IWPPs) meet the remaining 

electricity demands, flexibly generating power during evenings and nights. The 

optimiser does not switch to gas-fired power (NGCC) as the model was using inaccurate 

efficiency numbers for IWPPs which meant that they were more efficient than NGCCs. 
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The latest data from Kahramaa was used to correct the model inputs in the next chapter, 

as an attached thermal desalination plant exerts a large heat requirement on its power 

plant, which reduces the gas-to-electricity conversion efficiency.  

Desalinated water is mostly produced by the integrated water and power plants, with 

the rest coming from reverse osmosis (see Figure 30). Desalinated water is used for 

agricultural water demand in almost all time periods, except 2050 – this is due to the 

model avoiding the capital expenses of building new desalination facilities, instead 

using sewage treatment, which is modelled as only having an operating cost. Water 

storage plays a key diurnal/seasonal role – by storing water produced during evenings 

and nights, so that it can be used during the mornings, to augment solar desalination 

(PV powering RO). This is an interesting result, as the alternative pathway is to oversize 

PV and RO to produce more water during the day, then store it for evening use – this 

would be a higher cost option for now. The optimal solution, recognising that RO can 

also be powered by gas-fired electricity, does not oversize any one technology – the PV 

and RO plants reduce the need for spare gas-fired generation that only meets peak 

power/water demands, while the storage option allows for peak demands to be met 

without excess capacity being deployed. Note that the model allows for 100 Mm3 of 

storage for water, which is an unrealistically high number, given the need for expensive 

underground storage that can reduce losses through evaporation. The modelled storage 

capacity was revised downwards in later studies (to 20 Mm3) to reflect Kahramaa’s 

water storage infrastructure plans 137. 

6.2.2 Domestic end-use services 

There is an immediate electrification of passenger transport in 2020. However, beyond 

this time period, passenger transport is almost exclusively hydrogen-powered, as this is 

the fuel with the lowest cost and no subsidy on domestic sales. Freight transport is 

optimally powered by hydrogen for all time periods for the same reasons. A minimum-

use constraint on the public transit system keeps it running at its full capacity, however, 

the model does not invest in any expansion of this technology.  

The optimiser selects district cooling as the only technology that provides air 

conditioning services, as it is more efficient (economically and energetically) than 

individual air conditioning units. 
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Figure 30. Evolution of Qatari water system to 2050. All values in Mm3. Positive values indicate supplies, negative values 
indicate demands/exports. 

Figure 29. Evolution of the Qatari electricity system to 2050. All values in GWh. Positive values indicate supplies, negative 
values indicate demands/exports. 
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6.2.3 Energy flows 

Sankey diagrams can be used to represent the main resource flows within the energy 

system. These are aggregated into overarching categories such as ‘industry demand’ 

(representing gas used for energy in steel, cement and aluminium production) and 

‘petrochemicals’ (representing feedstock needs for urea, ammonia, ethylene, etc.), as 

seen in Figure 32. 

Figure 31. Sankey diagrams for resource flows every ten years from 2020 (in ktoe) 
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Without limits on the ramp-up of new export pathways, the optimiser suggests 

hydrogen exports of nearly 5 million tons per year in 2020, which is an unrealistic 

target given the lack of long-distance transportation and market demand, but can be 

taken as an indication of the profitability of the gas-to-hydrogen production route if 

high hydrogen prices (around $6 per kilo, including conversion and transportation) can 

be guaranteed. Steel is also a highly profitable export at $400/ton for the finished 

product, and the optimiser immediately ramps up production to the maximum 

allowable 50 Mtons per year, representing the entire annual steel demand of the Middle 

East – this is far higher than the current Qatari steelmaking capacity of 3 Mtons per 

year. Of course, such an increase in production would in reality be feasible, and QESMAT 

can be modified by placing gradual production ramping constraints until the user-set 

maximum for each commodity is reached at some future time period. Other exports 

include LNG and pipeline gas, both at the minimum bound set by long-term sales 

agreements, crude (none of it is domestically refined), and refined fuels (produced via 

condensate – which is restricted from being directly exported by the model). Existing 

production capacity for urea and ethylene is used to its maximum, with some excess 

ethane being directly exported. Condensate refining is used to meet some domestic 

transport demand (particularly for aviation fuel), while 14 GW of solar PV is deployed to 

meet domestic electricity demand, as described previously. 

In 2030, gas production is voluntarily reduced to 140,000 ktoe – as said previously, this 

is now unlikely to be so low, particularly given the expansion of production in the North 

Field, which would take gas production to above 200,000 ktoe per year. LNG and 

pipeline gas exports remain at their lower bounds, while hydrogen production is at 3.7 

million tons per year. Steel production remains at its maximum of 50 Mtons per year, 

while cement production also hits its maximum at 20 Mtons per year. Ethylene 

production climbs to over 8 Mtons per year (the conversion to polyethylene is not 

optimal at a low price differential of 30%), while urea production is just under 15 Mtons 

annually. All crude oil is directly exported, while refined condensates are exported, used 

to meet domestic transportation demands (particularly aviation) and sent to ethylene 

production (refined naphtha, whose exports drop around 90% from 2020 levels). The 

diversification of the export portfolio is supported by the low cost of gas feedstock, high 

profit margins, and the freeing up of natural gas from contractual LNG/pipeline exports. 
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By 2040, LNG and pipeline exports shrink further, freeing up more gas for export as 

hydrogen – over 7 million tons per year. Although profitable, hydrogen production from 

gas has a very low efficiency (modelled to be around 40%) when considering losses in 

steam reforming and liquefaction. Crude oil is directly exported, while condensates are 

refined and consumed domestically (particularly aviation fuel), exported, or sent for 

ethylene production (refined naphtha). Note that total gas production is now just 60% 

of the 2020 production. Steelmaking remains a highly profitable export, thus, it uses its 

production capacity of 50 Mtons per year. Electricity exports hit their user-set peak of 

35,000 GWh. New investments are not made in lower-profit urea and ethylene 

production, since the model considers 2050 as a ‘hard stop’ for future revenues, thus 

blocking the deployment of capital-intensive technologies. 

The exception to this strategy of avoiding capital-intensive investments at the end of the 

modelling horizon is the investment in new GTL capacity, which is required to meet the 

aviation fuel demand in 2050, when used alongside the downscaled condensate 

refinery. This situation, where fixed demands are to be met by the model no matter 

what the cost, would not necessarily reflect reality, where gas production will probably 

continue at high enough levels to meet all domestic demands – nevertheless, this 

analysis helps users pinpoint which resource conversion pathways are critical to Qatar’s 

domestic energy needs. 

As natural gas production is artificially lowered in 2050 to 40,000 ktoe, the optimiser 

exports some hydrogen (just under a million tons per year) and maintains the most 

profitable steel exports at 50 Mtons per year. 2 million tons of ethylene are also 

exported, but urea and ammonia production drops to zero, given the artificial scarcity of 

gas. Refined fuels from GTL and condensate refining are also exported. 6500 GWh of 

excess electricity from solar PV is exported in winter. 

The next sub-section highlights the export revenues generated until 2050. 

6.2.4 Export revenues, costs and objective value 

As seen below in Figure 33, the optimal solution diverges significantly from the present-

day export strategy adopted by the government. Most crude oil is directly exported. As 

oil production in Qatar gradually declines, the exports of crude reduce as well. The 

exports of liquefied natural gas and pipeline gas are also on a continuously declining 
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trajectory, sticking to the minimum sales based on long-term agreements. The refining 

of natural gas condensate produces naphtha, aviation fuel, diesel and LPG, much of 

which is exported. Steel remains a constant commodity for export until 2050 due to its 

profit margin – its high revenues are the result of exports of 50 Mtons per year 

(representing the entire Middle East annual steel demand), which is unrealistically high. 

Urea, ethylene and cement are other major petrochemicals exports, but reduce over 

time, as investments in capital-intensive processes reduce towards the end of the 

modelling horizon. 

Hydrogen replaces LNG as the most profitable export, if supported by high prices 

countries can be expected to pay for a low-carbon fuel. Qatar can produce hydrogen 

from the steam reforming of natural gas (methane), although this hydrogen will only be 

low-carbon if the carbon dioxide by-product is captured and sequestered underground. 

Alternatively, as explored in the next chapter, a slightly higher net-back price for 

hydrogen (starting at $4/kg in 2020 and rising to $4.3/kg in 2050), causes the optimiser 

to invest in solar-powered electrolysis to produce zero-carbon hydrogen. Japan may be 

a major customer for low-carbon hydrogen as it looks to reduce its dependence on 

natural gas and nuclear energy. Note that significant technological challenges, including 

large-scale hydrogen liquefaction and transportation, need to be solved at commercial 

scale before Qatari hydrogen can be exported. 

Figure 32. Annual export revenues from industrial products, in billion $. 
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The objective value of almost $1 trillion indicates that, at moderate commodity prices 

($60/bbl oil, $5/MMBTU gas and $3/kg hydrogen), even with a reduction in 

hydrocarbon production over the next few decades, Qatar can accumulate significant 

amounts of wealth from its exports, which can provide the foundations for a sustainable 

income stream in a post-carbon future. However, it is also likely that the effects of the 

coronavirus pandemic on hydrocarbon consumption could be amplified by stronger 

mitigation efforts, keeping prices low ($40/bbl oil and under $3/MMBTU for LNG), 

forcing Qatar to increase production further (as it seems to be currently planning), and 

thus entrenching its hydrocarbon dependence for longer. A scenario of sustained low 

commodity prices is explored in Chapter 8, as a part of the stochastic uncertainty 

analysis. 

 

Figure 33. Economics for each five-year period. A) Export revenues. B) Domestic revenues. C) Sum of all costs. D) Net 
profits (revenues - costs). All numbers are undiscounted. 

Figure 33 illustrates the overall economics for this study. Sub-figure A highlights the 

high export revenues generated even at moderate commodity prices – these decline 

over time as oil and gas production ramps down. Domestic revenues slowly increase 

due to increasing electricity, water, cooling, and transport demands, but remain an 

order of magnitude lower than export revenues, showcasing the importance of 

hydrocarbon exports for Qatar’s economy. Sub-figure C includes the capital, operating, 

fixed, emissions and storage costs. Of these, emissions/CCS costs represent around $12 
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billion annually (at $50/ton of CO2e) – these are not a real cost at present, in the absence 

of an international carbon price. Capital costs increase over time (from $30 billion in 

2020-’25 to $200 billion in 2050-’55) as existing technologies retire and must be 

replaced. Operating costs, between $80 - $190 billion for five-year periods, are the next 

biggest driver of costs. The overall profits (revenues minus costs), as shown in sub-

figure D, climb to almost $300 billion for 2030-’35, before slowly declining over the next 

two decades, as hydrocarbon production is voluntarily reduced. As mentioned before, 

this strategy will not work if hydrocarbon prices stay at their current lows for a long 

term – requiring Qatar to keep up high levels of hydrocarbon production to maintain its 

revenues. 

6.2.5 Emissions 

Carbon emissions remain high until the forced reduction in oil and gas production. 

However, starting in 2030, the deployment of carbon capture and storage technology 

(CCS) reduces the net emissions to almost zero (see Figure 35). This only works when a 

high carbon price ($50/ton) is set. More generally, the results illustrate that most 

emissions in Qatar occur from point sources – industry, power plants, etc., with the 

opportunity to capture and reuse/store the carbon dioxide. This is especially true 

following the decarbonisation of the transport sector. The carbon price is not advocated 

as an actual policy (note how the economy does not really decarbonise due to the 

carbon price – the model simply pays the ‘tax’ and continues to export hydrocarbons), 

Figure 34. Point emissions of CO2 by source   
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but as a means to quantify the climate change and pollution costs to the country, which 

must be countered by clean energy investments. 

As seen in the previous figure, most emissions are directly generated by the energy 

industry (upstream, refining, LNG and GTL), with emissions from reforming for 

hydrogen exports also growing until 2040. Other industry emissions (urea, ammonia, 

ethylene, steel and cement) play a smaller role in total emissions, while domestic 

electricity production is the smallest point source of carbon (a maximum of 22 million 

tons of CO2, reached in 2050). 

6.2.6 System value 

The economic value of each technology in the energy system can be quantified using a 

metric called ‘system value’. This is defined as the change in objective function due to a 

change in the allowable deployment of that technology. I performed this analysis for five 

key technologies: natural gas production wells, solar PV, integrated water and power 

plants (IWPPs), steam methane reformers (SMRs) and battery storage. The maximum 

allowable number of units of each of these technologies in 2050 was modified from 0% 

to 200% of optimal deployment, and the change in the objective value was plotted, also 

as a percentage of the original objective value ($976 Billion). Since battery storage was 

modelled differently to the other technologies, battery capacity, and not the number of 

units, was modified from 0% to 200% of its original value (10,000 GWh per year of 

electricity storage). In the case of natural gas wells, I had to additionally increase the gas 

moratorium constraint from 40,000 to 160,000 ktoe of gas production in 2050 – since 

Figure 35. System value of key technologies. Y-axis is the percentage change in the objective value, x-axis is the percentage 
change in allowable technological deployment in 2050. 
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this would otherwise cancel out the effect of increasing the allowable number of natural 

gas wells.  

Figure 36 shows how the objective value changes (y-axis), as a percentage of the 

original objective value, when the deployment of key technologies is changed as a 

percentage of their optimal deployment (x-axis). Technologies such as integrated water 

and power plants and battery storage are not strictly essential to the energy system – 

reducing their allowable deployment results in a very small reduction in the objective 

function, while an optimal solution can still be reached even with their complete 

absence from the system. 

Other technologies such as SMRs, solar PV and natural gas production wells are 

essential to the optimal energy system in 2050, thus they cannot be completely 

removed from the grid. SMRs are used to produce hydrogen for domestic 

transportation, solar PV is essential for electricity production when natural gas 

production is reduced to 40,000 ktoe in 2050, while some natural gas production is 

necessary to meet domestic demands. 

When the model allows these technologies to be deployed in greater amounts than 

currently deployed (above 100%), solar PV, IWPPs and SMRs do not show an increase 

in deployment, as they are already at optimal deployment in the energy system. Other 

technologies such as natural gas wells and battery storage, however, are constrained to 

sub-optimal values at the optimal solution, the former due to the gas moratorium 

constraint, while the latter due to the maximum storage of electricity constraint. These 

technologies lead to an increase in objective value when deployed at higher capacities – 

particularly natural gas production wells. This shows the magnitude of the economic 

value created by natural gas production in Qatar. 

Note that the additional deployment only takes place in the year 2050. Thus, the change 

in objective value is limited, compared to a case where technology deployments can 

increase in all time periods. 

6.2.7 Conclusions 

Domestic decarbonisation can be achieved by using cleaner technologies such as solar 

PV for electricity generation, reverse osmosis for desalination, district cooling systems 

for air conditioning and hydrogen vehicles for passenger and freight transport. Several 
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gigawatts of solar power can be feasibly deployed in the domestic grid – used to meet 

peak cooling demands (particularly if stored to meet evening cooling demands in the 

summers), desalination demands (via RO), other domestic demands, and even leaving 

some for international export (via an expanded transmission system). Water storage 

can be used to reduce IWPP/RO/PV over-capacity, by providing a viable amount of 

seasonal storage as well – this can be explored in detail in future work. The low cost of 

hydrogen, along with its unsubsidised price in the domestic market, can enable a 

transition to hydrogen vehicles for passenger and freight, if supported by government 

investment in refuelling infrastructure (not currently considered in the model). 

Industrial strategy can shift towards the production and export of low-carbon hydrogen, 

if sold at high enough prices (above $3 per kilo), once the technological challenges of 

liquefaction and transportation are resolved. The optimiser suggests that LNG 

production capacity must not be expanded, and not even rebuilt when existing plants 

reach retirement – this is dependent on the viability of alternative exports such as 

hydrogen. In the absence of alternatives, LNG would continue to remain Qatar’s top 

export for the foreseeable future. Petrochemicals exports, particularly steel (if high 

prices persist), will continue to play an important role in the export portfolio. 

Ethylene/polyethylene exports may be limited by stronger global action on reducing 

virgin plastic consumption. 

While a carbon price does force the system to adopt CCS, it does not modify the nature 

of the energy system at a more fundamental level as the production of oil and gas 

remains the same. The only way to achieve true decarbonisation is a voluntary 

reduction of hydrocarbon production, along with the necessary political and economic 

changes to enable greater sustainability. This is elaborated in chapter 9. Note that this 

may not be possible if hydrocarbon prices remain depressed for a longer time – Qatar’s 

economy would then be locked into selling oil and gas at smaller and smaller margins. 

While the results of this study provide insights into the trade-offs and synergies within 

the energy system, these cannot be used by policymakers as a detailed infrastructure 

investment plan, as the current results are no longer optimal if oil and gas prices follow 

a different trajectory. Thus, there is a need for incorporating uncertainty within the 

modelling framework, such as the newer iteration of QESMAT, described in chapter 8, 
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which adopts a stochastic uncertainty framework to provide a single technology 

investment plan for the medium-term for a range of uncertain scenarios. 

Chapter 7, the next chapter, presents the results of a case study that used QESMAT to 

assess the techno-economic viability of hydrogen as a new export for Qatar’s energy 

industry.    
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Ch. 7. Exploring a hydrogen future for Qatar 

This chapter is based on a presentation at the 1st International Conference on 

Sustainable Energy-Water-Environment Nexus (SEWEN) held in Doha, Qatar. 

Conversations with researchers at the Qatar Environment and Energy Research 

Institute (QEERI) led to an interest in exploring the possibility of low-carbon hydrogen 

replacing LNG as the country’s primary export. This work was inspired by the IEA’s 

report on hydrogen, released in early 2019, that explored the techno-economic 

challenges of building a new global hydrogen market, anchored by rising demand for 

low-carbon fuels in Japan 138. 

The report indicated that hydrogen produced from Middle Eastern natural gas would 

have the lowest cost, and that the key challenges were in carbon sequestration and 

long-distance transportation. These challenges are currently being overcome by a 

collaborative effort between Australia and Japan 139. Over the next two years, Australian 

brown coal will be gasified, converted to hydrogen through reforming, then liquefied 

and shipped to Japan. The carbon dioxide generated in the reforming process is 

ultimately expected to be injected underground in Australia. 

This study analyses the viability of a similar supply chain in Qatar. Hydrogen can be 

produced by two possible pathways – the reforming of natural gas or the solar-powered 

electrolysis of water. QESMAT was modified to study the optimal hydrogen export 

strategy for Qatar, as indicated in the next sub-section, following which the results are 

elaborated. 

7.1 Inputs 

The overall structure of the model used in this study is the same as in the previous 

section, as illustrated again in Figure 37. The model was run as a deterministic problem, 

with only one case study. A carbon price of $60 per ton was included in the model to 

quantify the environmental impact of pollution, rather than as an actual policy measure. 

Minimum exports of natural gas (LNG and pipeline) were set according to the long-term 

agreements signed by Qatar. Domestic subsidies on LPG and electricity were set in a 

similar manner as in previous iterations of QESMAT. Production limits on oil and gas 

were also set – a natural decline in oil production to zero by 2050, and a voluntary 

reduction in natural gas production to 60,000 ktoe by 2050. 
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Figure 36. Reference Energy System for the SEWEN study 
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Domestic demands were based on an updated demographic model, as described in 

section 3.1.2. Since the total household population figure was revised upwards from 

previous estimates, the domestic demands for electricity, transport, water, etc. were 

higher than in previous studies. The demands shown in Table 22 are the ‘upper’ bound 

or higher forecast when adopting a stochastic uncertainty approach. Since only one 

scenario was run for this study, the upper forecast was used as a deterministic demand 

profile. 

Table 22. Domestic Demands 

 Resource 2020 2025 2030 2035 2040 2045 2050 

Electricity (GWh) 26715 31541 36757 44473 53377 63627 75404 

Aviation fuel 

(ktoe) 

3240 3780 3790 3794 3794 3794 3794 

Cooling (BTU) 9.1E13 1.0E14 1.1E14 1.2E14 1.4E14 1.5E14 1.7E14 

Road transport 

(passenger – km) 

2.5E+10 2.3E+10 2.1E+10 2.2E+10 2.4E10 2.5E10 2.7E10 

Freight (kg) 1.6E+11 1.4E+11 1.3E+11 1.4E+11 1.5E+11 1.5E+11 1.6E+11 

Desalinated 

water (Mm3) 

538 575 605 671 736 801 866 

LPG (tons) 140663 165954 191246 216537 241829 267120 292411 

Agricultural 

water (Mm3) 

161 161 161 161 161 161 161 

 

As indicated previously, this study included two pathways to produce hydrogen – from 

the steam reforming of natural gas, and from the electrolysis of water, powered by solar 

energy. Steam reforming was costed at $0.15 per kg of hydrogen (inclusive of capital 

and operating cost), solar PV at $1/W (capital cost) and electrolysis at $0.5 per kg of 

hydrogen – see appendix A1 for references. Other technologies remained the same from 

the previous iteration of the model (see Table 19). Some values of the input-output table 

were updated based on the latest data, such as the natural gas consumption per GWh of 

power generated by the state utility, and the associated desalination output, averaged 

across the entire power/water generating fleet (from its 2017 report, released in 2019) 

124, and the fuel consumption of freight transport based on the IEA’s latest statistics 12.  
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Commodity prices were based on a single, deterministic, scenario: an oil price of $60 

per barrel, a gas price of $5 per MMBTU, a steel price of $400 per kg and a hydrogen 

price of $4 per kg for 2020, with small 5-yearly increases in the gas and hydrogen price, 

and a small decrease in oil prices to 2050. All prices are assumed to be net-back prices, 

not including the costs of transportation. In the case of hydrogen, the price also does not 

include liquefaction or conversion to ammonia for transport – these can be expected to 

add $1-2/kilo to the cost. The commodity prices listed above are linked to the price of 

other commodities based on the details listed in appendix A2.  

As in previous studies, all energy imports are set to zero, as Qatar values self-sufficiency. 

The model incorporates a simple depiction of storage potential as described in section 

3.2. The maximum annual storage was set at 10,000 GWh of electricity (as in the 

previous study) and at 20 Mm3 for desalinated water, based on the state utility’s current 

and projected storage capacity 137. Treated sewage effluent and agricultural water 

storage were each set at 10 Mm3 per year as a proxy for the aquifer recharge activities 

taking place in the country. Solar capacity was capped to 90 GW, which if deployed at 

utility-scale would cover 30% of Qatar’s land area – this might be an infeasibly large 

number, despite Qatar’s seemingly large proportion of ‘unused’ land, due to land 

marked off for government, security, agriculture, oil and gas infrastructure, etc. 

The following section describes the results of the study. 

7.2 Outputs  

QESMAT was developed on the optimisation suite AIMMS, on a Windows computer with 

16 GB RAM and an Intel Core i7-5600U CPU, with a solution time of under five seconds 

using the commercial solver CPLEX. The model consists of ~8600 variables and ~6300 

constraints. 

QESMAT recommends a large transformation of the country’s energy sector – from 

power generation to export-oriented industry. The sector-wise results are reported in 

the following sub-sections. 

7.2.1 Electricity 

The electricity sector in Qatar sees a large expansion in capacity, almost entirely driven 

by utility-scale solar energy, as seen in Figure 38. The model pushes for the maximum 
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possible deployment of solar PV by 2030, 90 GW, representing a constraint of 30% of 

Qatar’s land area being used for solar generation. 90 GW of solar is approximately 20% 

of global capacity installed in 2018, as a means of comparison – this is an unrealistic 

level of deployment, but indicates the economic potential of Qatar’s solar resource given 

a means of transporting the energy, for example, via green hydrogen. Most of this solar 

power is fed into electrolyser units, producing 2 million tons of hydrogen annually, with 

a water demand of 18 Mm3 per year, which may be in the form of treated sewage 

effluent to avoid using desalinated water. Note that the model does not include the costs 

of the transportation and shipping infrastructure for hydrogen, which are expected to 

be significant, but still uncertain 138. 

Solar capacity is deployed in 2020 (11 GW), but quickly ramped up in the 2020s as 

conventional water-power plants (IWPPs) reach retirement. These are not rebuilt, but 

instead replaced by natural gas power plants that do not have integrated thermal 

desalination. This is because thermal desalination is so energy intensive, with a large 

heat requirement, that it reduces the overall efficiency of the gas-to-power chain. This is 

discussed further in the next sub-section. 

Figure 37. Evolution of the electricity system to 2050. Positive values indicate production or storage discharge, negative 
values indicate consumption or storage charge. All values in GWh. 
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Elsewhere in the domestic sector, QESMAT encourages the shift from individual air 

conditioning units to centralised district cooling plants, as the latter are more efficient 

per unit of cooling service delivered, and as cooling demands increase over the next 

three decades. This is more feasible for new-build homes and buildings instead of 

retrofitting existing building stock, due to the cost of shared infrastructure that must be 

built. It must be noted that QESMAT assumes that buildings are occupied at capacity – 

district cooling may not be the most energy efficient option for under-occupied, 

centrally-cooled buildings. 

QESMAT also shows the potential for some electricity storage to meet cooling demand 

by storing solar-generated electricity for night-time by 2050. This may be optimised by 

using thermal storage technologies instead of batteries, and can be explored in future 

work. 

7.2.2 Water 

The current dependence on thermal desalination is projected to end in the next decade, 

according to QESMAT’s optimal solution. As integrated water and power plants retire, 

QESMAT replaces them with gas-fired power plants. This leaves the task of desalination 

to more energy efficient reverse osmosis plants, as observed in Figure 38. 

 

Figure 38. Evolution of the water system to 2050. All values in Mm3. 
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The demand for agricultural irrigation is included here. This can be met by desalinated 

water, but also by treated sewage effluent. Desalination, as modelled, has lower overall 

costs per unit of produced water. The model suggests an expansion in sewage treatment 

by 2050, which can be used for irrigation needs without expanding the desalination 

system – this is because the optimiser avoids deploying new capital-intensive 

technologies at the end of the modelling horizon. This also explains the resurgence of a 

small amount of IWPP in 2050 – it is cheaper than deploying new PV + RO for the final 

five-year period. In reality, decisions will not be made for a fixed cut-off date, but rather, 

for the ongoing operation of the energy system in an optimal state. 

Due to their use of membrane technology, reverse osmosis plants are also more 

sensitive to disturbances in feedwater quality, and hence need more pre-treatment. 

These technologies have been successfully implemented at commercial scale in the 

region, including in Qatar. Reverse osmosis plants are not only more energy-efficient 

than thermal desalination systems, but also require only electricity – allowing them to 

be powered by solar energy during the day, with the possibility of water storage for 

later use. Water storage is limited by the technological challenges of building enclosed 

infrastructure, at very large scales, that avoids losses from evaporation in the arid 

environment. The water storage shown in Figure 38 aggregates storage for desalinated 

water, irrigation water and treated sewage effluent (which explains why certain time 

periods show water being sent to and retrieved from storage).  

7.2.3 Transportation 

The transportation system sees a shift in line with the solar-powered hydrogen 

production capacity deployed in the electricity system. QESMAT projects a complete 

transition from gasoline to hydrogen vehicles for passenger transportation. This is 

supplemented by the increase in steam reforming capacity to produce hydrogen from 

natural gas. The shift away from gasoline vehicles is also incentivised by the declining 

domestic production of crude oil, along with the associated output of refined fuels. 

Although condensate refineries and the GTL plant can also produce gasoline blends in 

reality, the inability of QESMAT to model flexibility in fuel refining does not allow some 

naphtha outputs from those plants to be blended into gasoline fuel. The deployment of 

hydrogen vehicles on a large scale will also require government investment in new 
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recharging infrastructure and policy incentives to encourage hydrogen vehicle 

ownership such as subsidies or priority parking at shopping malls. 

While QESMAT includes a public transit system as a technology to meet passenger 

transport demand, the revenues currently generated from this system are too low for 

profitable operation. Thus, the model does not predict an expansion in the public transit 

system. However, because a public transit system enables decongestion of the roads, 

improves connectivity between distant parts of the city, and improves public health by 

encouraging more physical movement and lowering urban air pollution, its benefits 

cannot be captured on a purely financial basis. 

Finally, freight transport remains a challenging sector for decarbonisation, according to 

QESMAT. The continued availability of cheap diesel fuel (from condensate refining), the 

high demand for freight transport and the lack of commercial alternatives for low-

carbon freight transport reduce the transition from a diesel-powered domestic freight 

network. Government policies that invest in alternative refuelling infrastructure, 

subsidise cleaner vehicles, or even improve city planning to minimise transport demand 

may be needed to enable the decarbonisation of the freight transport sector. 

Note that consumer behaviour, in response to technology costs, fuel prices, subsidies, 

etc., is not included in the model, but would determine the final state of the energy 

transition in the transport sector – this behaviour would have to be addressed in future 

modelling work. 

7.2.4 Energy flows 

Figure 40 illustrates the major energy flows in the Qatari energy system, as predicted by 

the optimiser, every ten years from 2020. 

In 2020, the minimum amounts of LNG and pipeline gas, as per long-term contracts, are 

exported, with the remaining natural gas production going into hydrogen (3.6 Mtons 

annually), steelmaking (ramped up to the maximum 50 Mtons per year – representing 

the entire Middle East steel demand), cement (ramped up to 35 Mtons per year) and 

urea (at its initial 3.7 Mtons per year capacity), ethylene (at its initial 2.6 Mtons per year 

capacity, but not converted to polyethylene due to a low profit margin), feedstock for 

ammonia (all converted to urea) and electricity/water (a combination of IWPPs and 

NGCCs, as discussed previously). All crude oil is exported, as this is profitable at $60/bbl 
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(especially under a carbon price, with refining being a carbon intensive process), while 

condensate is refined into fuels, with most of them exported. Aviation and diesel fuels 

(for freight transport) are aggregated into ‘transport demand’. Solar power produces 

20,000 GWh of power – due to an infeasibly high deployment of almost 12 GW of solar 

in 2020, with 10,000 GWh of this being exported (mostly in winter, when domestic 

demand is low). 

By 2030, as LNG and pipeline exports decline further (sticking to the minimum 

constraint of 60,000 ktoe and 9,000 ktoe respectively), hydrogen exports increase to 5.3 

million tons (of which 2 million tons is green). Solar deployment ramps up to the 

maximum possible 90 GW to produce these 2 million tons – while unrealistically high, 

Figure 39. Sankey diagrams for energy flows in SEWEN study (in ktoe) 
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this indicates the low cost of producing green hydrogen in Qatar. Of course, in reality, 

the case for green hydrogen depends on the stability of high hydrogen prices (set at $4 

per kilo, not including the costs of liquefaction and transportation, which could add 

another $2 per kilo to the cost), and the technological challenges of scaling up 

liquefaction and transport. All crude is exported (30,000 ktoe), while condensate is 

refined (since it is constrained from being directly exported). Steel exports continue at 

their maximum 50 Mtons per year, joined by cement (at its maximum 50 Mtons per 

year), urea (15 Mtons per year) and ethylene (7 Mtons per year, produced from ethane, 

co-produced with natural gas, and naphtha, refined from condensates). 

In 2040, LNG and pipeline exports shrink further to 15,000 ktoe and 5,000 ktoe 

respectively, at their minimum bounds. Note that total gas production is constrained to 

100,000 ktoe per year, which is around 60% of 2020 production.  Hydrogen exports rise 

even more, to just over 8 million tons per year, with 6 million coming from steam 

reforming. 20,000 ktoe of crude oil, representing total production, is exported, while 

refined fuels from condensates meet local demands for aviation fuel and gasoline, with 

the rest being exported. Other exports include steel (still at 50 Mtons per year), cement 

(40 Mtons per year), ethylene (5 Mtons per year) and urea (7 Mtons per year). 

By 2050, natural gas production is reduced to 40,000 ktoe, forcing the end of LNG and 

pipeline exports. 1.8 million tons of hydrogen is exported, of which 1.6 million tons is 

green (from electrolysis), using the almost 80 GW capacity of solar PV still in the grid. 

The most profitable steel exports continue at 50 Mtons per year, along with 2 million 

tons of ethylene. Due to the low production of condensate as gas production is ramped 

down, the optimiser must augment refined fuels production with expensive GTL 

technology (at 90% of today’s capacity) – this is needed to meet fixed aviation fuel 

demands, along with diesel for freight transport. Leftover freight demand is met by 

hydrogen. Of course, the reduction in hydrocarbon production was a deliberate choice 

to study the effect of voluntary divestment from fossil fuels – in reality, any reductions 

would ensure that all domestic demands can be comfortably met at a reasonable cost. 

7.2.5 Industry 

The industrial sector sees a large-scale transformation due to the voluntary reduction in 

gas production, a decline in oil production and the forces of global commodity markets 
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in a moderate hydrocarbon pricing scenario, as seen in Figure 41, where the annual 

revenue of key exports is illustrated. 

The export of crude oil and associated products declines as oil reserves are drawn 

down, while hydrogen production is quickly ramped up through steam methane 

reforming, and eventually by solar-powered electrolysis. QESMAT predicts a total 

electrolysis output of around 2 million kilograms of hydrogen annually by 2030, and a 

reforming output of around 6 million kilograms annually after 2030. Electrolytic (green) 

hydrogen represents 70% of Qatari hydrogen exports by 2050, as natural gas 

production is voluntarily reduced. Of course, this depends on stable long-term hydrogen 

prices above $4 per kilo. 

Declining gas production and the end of existing long-term agreements leads to a slow 

decline in LNG production at prices of $8 per MMBTU ($3 above the gas price), which is 

a ‘moderate’ forecast for long-term prices in the presence of plentiful global supply. 

Although still profitable at that price, LNG is not the economically optimal export for 

Qatar according to QESMAT. This result directly contradicts the country’s plans to end 

the moratorium on new production and significantly expand LNG export capacity 6, 

which is being justified by the prediction of future tightening of the gas market and 

maintaining Qatar’s market share, but increases the country’s economic dependence on 

hydrocarbons and exacerbates climate change. In a future where LNG prices remain 

Figure 40. Annual revenues from major industrial exports, in USD. 
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around $3/MMBTU (as they are due to the economic effects of the coronavirus 

pandemic), perhaps in line with low commodity prices across the board, Qatar’s 

economic diversification plans will be difficult to implement, as the country will remain 

locked into a low-profit export to maintain its market share. 

QESMAT also deploys the maximum possible amount of steel production, reaching 50 

million tons per year – roughly the entire steel demand of the Middle East 140. This is 

perhaps an infeasible degree of expansion, but nevertheless suggests a large potential 

for growth, particularly if the process is decarbonised by using solar power and low-

carbon hydrogen in the manufacturing process (from 2025 to 2045, around 70% of 

steel is optimally produced in the ‘morning’ time slices, when solar electricity is 

plentiful). 

7.2.6 Emissions 

QESMAT can be used to create a first-order emissions inventory for Qatar, as the model 

allows users to indicate the ‘export’ of stationary or mobile carbon emissions. Figure 41 

shows that Qatar produces roughly 250 million tons of carbon dioxide every year. The 

model contains a CCS technology (deployed in and after 2025) that can capture CO2 

from stationary sources when guided by a carbon price. Qatar’s carbon emissions are 

mostly from stationary sources, especially once the transport sector is decarbonised, 

with most of them attributed to the export sector rather than for domestic consumption. 

Figure 41. Sectoral emissions from point sources (in millions of tons of CO2) 
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Although CCS is yet to be deployed at scale, Qatar may have the underground storage 

potential for millions of tons of CO2. It could also find ways to utilise it commercially 

such as in enhanced oil recovery – dovetailing with declining conventional oil 

production. Currently, the energy industry (upstream oil and gas, refining and LNG) are 

the biggest emitters, but as blue hydrogen exports increase, emissions from the 

reforming process become the biggest source of CO2 in the country – these will have to 

be adequately dealt with, if Qatar is to market its hydrogen as a low-carbon product. 

The domestic electricity sector produces an annual maximum of 27 million tons of CO2 

(in 2050). 

As seen in the figure, as hydrocarbon production is ramped down over the long-term, 

total emissions decline proportionally. This shows that real decarbonisation of the 

economy will only be possible through a long-term divestment from hydrocarbons. 

7.2.7 Economics 

 

Figure 42. Economics for each five-year period. A) Export revenues. B) Domestic revenues. C) Sum of all costs. D) Net 
profits (revenues - costs). All numbers are undiscounted. 

Figure 42 highlights the overall economics of this study. Sub-figure A indicates the high 

export revenues generated from existing and new commodity exports, potentially 

crossing $500 billion over a five-year period. As production of oil and gas declines, these 

revenues fall. Meanwhile, domestic revenues (sub-figure B) increase over time as 
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demands for resources (electricity, cooling, water, LPG, etc.) grow with a rising 

population. The ending of subsidies on electricity further increases domestic revenues. 

Note that they remain an order of magnitude lower than export revenues. Sub-figure C 

aggregates the capital, operating, fixed, emissions and storage costs. The main driver of 

costs is the capital expenditure on new infrastructure, which is at $130 billion in 2025 

as the optimiser invests in 2 million tons per year of electrolyzer capacity and 80 GW of 

solar PV. Capital costs are also higher in the last decade of the modelling period, as old 

technologies retire and must be replaced to meet fixed domestic demands. As the 

overall oil and gas flows in the energy system reduce, operating costs fall from $220 

billion in 2025-’30 to $90 billion in 2045-’50. Despite these high costs, the optimiser 

generates significant net profits, which gradually decline by 2050 as exports reduce. 

Nevertheless, the overall objective value (discounted at 1%) of just under $1 trillion 

indicates the scale of hydrocarbon rents derived over the next three decades, even 

under a moderate hydrocarbon price scenario.  

7.2.8 Conclusions 

The aim of this study was to assess the viability of hydrogen as a new low-carbon export 

for Qatar, under the conditions of a long-term divestment from oil and gas production, 

in a moderate commodity price scenario. The optimal evolution of the energy system 

indicated the potential for a large increase in solar PV production, with most of the 

electricity generated used to produce green hydrogen (via electrolysis), if supported by 

high hydrogen prices ($4 per kilo net-back). Other major industrial exports include blue 

hydrogen (from reforming of natural gas), steel, cement, urea and ethylene (conversion 

to polyethylene is limited by a low profit margin on the last step). CCS in Qatar might 

play a role if importing countries place tariffs that incentivise low-carbon hydrogen. 

LNG and pipeline gas exports decline over time, sticking to the minimum bounds 

imposed by long-term sales agreements – at ‘moderate’ gas prices, these exports are not 

the most profitable. A lot depends on how global gas markets play out over the next 

decade – new low-cost supplies and lower-than-expected demand growth might force 

Qatar into accepting low profits on LNG sales for years to come. 

In the domestic sector, hydrogen has the potential to replace fossil fuels in the transport 

sector, for both passenger and freight transport, as it has the lowest production cost and 

is unsubsidised for domestic sales. However, since the model does not account for 
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consumer behaviour, this will have to be studied in future work that compares the costs 

of hydrogen vehicles, refuelling infrastructure and policy incentives.  

The domestic power-water sector sees a shift from integrated water and power plants, 

which have low overall efficiencies, to a combination of solar PV, RO desalination and 

NGCCs (advanced gas-fired power plants). Cooling demand is met by more efficient 

district cooling systems – these are increasingly being adopted in newer residential and 

commercial districts in Qatar but are harder to integrate into existing buildings. There is 

some room for electricity storage, particularly in batteries, as excess solar generation is 

saved for evening/night cooling use in summers – this also opens up the possibility of 

thermal storage as chilled water in cooling systems (not currently modelled).  

Although the economically optimal path according to QESMAT is to produce the 

maximum possible amount of hydrocarbons, policymakers need to balance the need for 

economic diversification and mitigate the worst impacts of climate change. In this study, 

in spite of the moderate hydrocarbon price forecast, the objective function reaches a 

value of almost $1 trillion – this represents the net revenue accrued to the government 

from the energy industry. If invested for the long-term, this sum could create the 

foundations of a sustainable revenue source for the country in a post-carbon world. The 

socio-economic impact of such a path is beyond the scope of the current work and is 

highlighted as a priority area for future work. 

The chapters so far are based on deterministic studies – they may include various 

cases/scenarios, but provide diverging investment strategies for each case, which are 

not useful for policymakers who need to make key strategic decisions for the short-

term. To overcome this challenge, a different approach to uncertainty must be utilised. 

In chapter 8, the next and final results chapter, the results of the latest iteration of 

QESMAT are presented. Here, the model includes stochastic optimisation to evaluate the 

impact of uncertain long-term trends in commodity prices and domestic demands on 

the Qatari energy system. 
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Ch. 8. Long-term transition under uncertainty 

This chapter describes the work that led to the first journal publication of the Qatar 

Energy System Model and Analysis Tool 69. The paper was published in an open-source 

journal called Energy Transitions which focusses on energy-related research connected 

to the Middle East region. The goals of this study were to showcase the utility of an 

energy systems modelling framework for policymaking, aggregate publicly available 

data and build an open-source model that can be widely disseminated, make a case for 

an energy system transformation in Qatar based on its techno-economic feasibility, test 

the economic effect of a long-term divestment from hydrocarbons, and quantify the 

effects of uncertainty in commodity prices and domestic demands on the evolution of 

the energy system – particularly with regards to a hedging strategy for short-term 

infrastructure investment decisions. 

This chapter follows the methodology detailed in chapter 3 – from the forecasting of 

domestic demands based on bottom-up aggregation of energy service needs to the 

building of the optimisation model based on the Resource-Technology Network 

framework. An uncertainty analysis based on stochastic decision-making was 

implemented: given the possibility of several likely scenarios, the model makes a single 

set of investment decisions that satisfy all scenarios until a given future time, after 

which it can make different investment decisions for each scenario. This is because 

investment decisions are usually necessary in advance, given the time needed for 

planning and construction of infrastructure. Note that the model is still free to make 

production, export and storage decisions based on individual scenarios from the first 

time period. However, because this approach only optimises investment decisions for 

just the listed scenarios, the model does not provide an optimal investment plan for the 

entire range of parameters in between the scenarios, as will be explored towards the 

end of this section. 

Nevertheless, in combination with the previous chapters, the results of this section lead 

to several suggestions for the transformation of Qatari energy infrastructure – from the 

domestic electricity, water and transportation systems to the industrial export portfolio. 

These are detailed in chapter 9. The next sub-section describes the inputs to QESMAT 

for this study, and the one after describes the results of the model.   
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8.1 Inputs 

QESMAT was developed from scratch using the optimisation suite AIMMS and solved 

using the commercial solver CPLEX. Both are available for free through an academic 

license. The code for this chapter is available online: 

https://github.com/MoizBohra/QESMAT/blob/master/QESMAT_v6.ams  

The model is solved for 5-yearly time periods from 2020 to 2050, with six intra-year 

time slices representing three times of day (morning, evening and night) and two 

seasons (summer and winter). Annual demands for resources are split into these time 

slices using the demfrac parameter described in the methods section.  

Since this version of QESMAT incorporated stochastic uncertainty, two sets of 

parameters were varied: domestic demands and global commodity prices. The high and 

low forecasts for domestic demands were developed using bottom-up calculations for 

energy service needs, as described in the methods section. These are listed in Table 23 

and Table 24. Commodity prices were the second set of uncertain parameters. Since 

Qatar has limited control over these, a broad range of prices for oil and gas was selected, 

as seen in Table 25. 

Table 23. Annual demand - high forecast 69 

 Resource 2020 2025 2030 2035 2040 2045 2050 

Electricity (GWh) 26,715 31,541 36,757 44,473 53,377 63,627 75,404 

Aviation fuel 

(ktoe) 

3,244 3,778 3,794 3,794 3,794 3,794 3,794 

Cooling (BTU) 9.1E13 1.0E14 1.1E14 1.2E14 1.4E14 1.5E14 1.7E14 

Road transport 

(passenger – km) 

2.6E10 2.3E10 2.1E10 2.2E10 2.4E10 2.5E10 2.7E10 

Freight (kg) 1.6E11 1.4E11 1.3E11 1.4E11 1.5E11 1.6E11 1.6E11 

Desalinated 

water (Mm3) 

538 575 605 671 736 801 866 

LPG (tons) 1.4E5 1.7E5 1.9E5 2.2E5 2.4E5 2.7E5 2.9E5 

Agricultural 

water (Mm3) 

161 161 161 161 161 161 161 

https://github.com/MoizBohra/QESMAT/blob/master/QESMAT_v6.ams
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Table 24. Annual demand - low forecast 69 

 

Table 25. Commodity prices 69 

 

The prices of most other commodities were pegged to either the oil or the gas price, 

while the remaining few had independently determined prices. Appendix A2 lists the 

calculations and references for all resource pricing. The revenue of the metro system 

was set at 0.2 USD/pass-km and that of the district cooling plant at 7e-6 USD/BTU. The 

model assumes that these technologies are government-owned, hence, electricity is 

supplied to them for ‘free’, and they raise revenue from the end-use service they 

provide. 

 Resource 2020 2025 2030 2035 2040 2045 2050 

Electricity (GWh)  17,967   21,389   25,169   30,384   36,401   43,330   51,292  

Aviation fuel 

(ktoe) 

3,244 3,778 3,794 3,794 3,794 3,794 3,794 

Cooling (BTU) 5.8E13 6.5E13 7.1E13 8.1E13 9.1E13 1.0E14 1.1E14 

Road transport 

(passenger – km) 

1.7E10 1.6E10 1.4E10 1.5E10 1.6E10 1.7E10 1.8E10 

Freight (kg) 1.4E11 1.3E11 1.1E11 1.2E11 1.3E11 1.4E11 1.5E11 

Desalinated 

water (Mm3) 

340 366 388 431 473 515 558 

LPG (tons) 1.4E5 1.7E5 1.9E5 2.2E5 2.4E5 2.7E5 2.9E5 

Agricultural 

water (Mm3) 

161 161 161 161 161 161 161 

Resource High Price Low Price 5-Year Price Factor 

Crude oil ($/bbl) 100 30 0.98 

Natural gas ($/MMBTU) 10 3 1.02 

Hydrogen ($/ton) 3700 1600 1.01 

Electricity ($/MWh) From 80 in 2020 to 30 in 2050 - 

Steel ($/ton) 400 250 - 
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The four scenarios solved in the model are: 

1) High domestic demand, high commodity prices 

2) Low domestic demand, high commodity prices 

3) High domestic demand, low commodity prices 

4) Low domestic demand, low commodity prices 

The stochastic model solves for a single set of technology investments across all 

scenarios until 2030 (a hedging strategy across all scenarios, equally likely), before the 

optimiser is allowed to diverge in its investment strategy for each scenario until 2050. 

The carbon price was set at two different levels, but outside the scope of the uncertainty 

analysis, as this would be a domestic policy tool to quantify environmental damage 

rather than a globally determined tax. The tax is either $0.00001 per ton of carbon 

dioxide, set at a minimal non-zero number to encourage the adoption of a more efficient 

technology between two that provide the same service, or $57 per ton, set at the level 

adopted by Norway 141, a fossil-fuel exporter like Qatar. The results of both scenarios 

are reported, specifically for the export portfolio, in Figure 58. 

Another parameter that must be set subjectively is the discount rate. As noted 

previously, this parameter affects the rate of adoption of cleaner technologies, which 

tend to have higher upfront costs. An annual discount rate of 1% is used across all 

versions of QESMAT, which is considered a low discount rate suitable for long-term 

sustainability planning, as advocated by Stern 134. 

QESMAT allows the user to constrain the imports and exports of resources. Since Qatar 

has prided its self-sufficiency in energy and water resources, I have constrained all 

energy imports to zero. Of course, since the model does not account for the import of 

food products, hardware, metal ores, equipment or labour, we must be cognisant of the 

limited definition of ‘import’ in this context. Similarly, the model also allows the users to 

set limits on exported products. Minimum export limits are set for LNG and pipeline gas 

based on the long-term agreements signed by Qatar over the last twenty years. 

Serendipitously, since the duration of these contracts is usually twenty years, we are 

going to see the end of the first long-term agreements, signed at the turn of the century, 

over the next decade. The model simulates this by reducing the minimum export of LNG 

and pipeline gas over the next two decades, freeing up more gas to be used in the most 
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optimal way possible. As seen in the next subsection, LNG and pipeline gas are not the 

most profitable monetisation route of natural gas, and these constraints are usually 

active in the optimal solution. Maximum export limits are also set for all resources, 

notably water, which is constrained to zero exports (due to its national shortage) and 

electricity (due to the present lack of regional transmission infrastructure), which goes 

from 10,000 GWh in 2020 to 40,000 GWh in 2050. Petrochemicals and hydrocarbon 

products are also constrained by arbitrary export limits that are set reasonably high and 

are usually not active. The notable exception is steel, which is allowed to be exported up 

to 50 million tons per year and achieves that level in the optimal solution. 

Of course, the overarching constraints that determine maximum exports are the 

production constraints on oil and gas. As mentioned previously, Qatar has depleting oil 

reserves and stagnating production over the last decade. Thus, I have modelled a 

natural decline to zero for oil production over the next two decades. Although the 

country has enough proven gas reserves to sustain existing production for several 

decades, a voluntary reduction of 75% of today’s gas production by 2050 is modelled to 

study the effect of a committed divestment from hydrocarbon exports on the national 

wealth. The results are discussed in the next sub-section. 

In the absence of local data on elasticity of demand, electricity and water elasticities 

were set at -0.4, and hydrocarbon elasticities at -0.1, reflecting inelastic demands, as 

there may not always be alternatives to these resources. The references for these 

elasticity numbers are in appendix A2. QESMAT also includes a parameter for domestic 

subsidies – where resources are sold for a lower price in Qatar than they are abroad. 

These are defined according to the opportunity cost metric, and in the absence of an 

international market, the difference between the cost of production and the price. For 

LPG, an opportunity cost metric was used, while for electricity, the cost of production 

metric, to determine their domestic subsidies. Transportation fuels are considered to be 

no longer subsidised after pricing reforms 135, but a small, non-zero subsidy (1%) was 

set in the model to encourage the efficient sales of resources (prioritising international 

sales over domestic consumption). 

The model includes a simplified representation of resource storage – by balancing the 

amounts sent to and brought from storage over a year, to quantify the diurnal and 

seasonal potential for storage. Electricity storage in batteries is further constrained to 
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balance either in summer or winter – essentially being modelled as diurnal storage. 

Each resource has its own storage limits. Energy services such as passenger and freight 

transport cannot be ‘stored’, desalinated water can be stored up to 20 Mm3 over six 

months based on the under-construction mega-reservoir project 137, while electricity 

storage is capped at 10,000 GWh over six months, i.e., in a battery capacity of 55 GWh. 

The electricity and water storage constraints are usually active, especially when a large 

quantity of solar energy is deployed. Storage costs are generally set to a small non-zero 

value for solids and liquids, and $30 per ton for most gases. Hydrogen is more expensive 

to store (total cost of $400 per kilo); so is electricity (total cost of $100,000 per GWh). 

All data sources are listed in appendix A2. 

The capacity factor of most technologies is set at 1 in all time slices – they are equally 

available throughout the year, with a maximum production of one-sixth of the annual 

capacity in each time slice, assuming six equal time slices in the year. The exceptions to 

this are solar CSP (assumed to have a capacity factor of 0.5 in all time slices) and solar 

PV (assumed to have a capacity factor of 0.6 for the morning time slices in summer and 

winter). 

Most technologies are assumed to have already been invented, while a handful such as 

CCS and hydrogen vehicles are assumed to be available at scale within the next decade. 

Industrial-scale technologies are assumed to have a lifetime of 30 years, while consumer 

technologies last 10 years. The initial technology set is determined from the industrial 

makeup of Qatar’s energy sector and some bottom-up calculations for consumer 

demands – this remains the same as in the previous chapter (see Table 19). Their 

leftover lifetimes are averaged across the fleet. For example, all current IWPP capacity is 

expected to retire in 20 years (2040), even if some retire sooner and others later. This is 

because QESMAT does not currently model individual power plants, but rather, the 

entire generation fleet. This also explains why the fleet average is used for power plant 

efficiency. The initial technology set is the same as that used in previous studies (Table 

11). 

Table 12 lists the latest version of the input-output table that links technologies to 

resources. The numbers used in this study are mostly the same, except for the power 

plants and freight transit vehicles, which were based on estimates from older data. The 

most important implication of this is that the results in this chapter do not recommend 
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a shift from integrated water and power plants to gas-fired generation (plus reverse 

osmosis for desalination), while the latest results (chapter 7) advocate for this change. 

Finally, the technology costs (capital, fixed and operating) were determined from public 

data on Qatari projects, regional projects or simply the best international estimate. The 

references for these numbers are listed in appendix A1. The reference energy system for 

the current study is illustrated in Figure 44. 
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Figure 43. Reference Energy System for stochastic QESMAT 
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8.2 Outputs 

QESMAT was solved on a Windows computer with 16 GB RAM and an Intel Core i7-

5600U CPU in under 30 seconds. It had approximately 30,000 variables and 24,000 

constraints. When trialled with more than four scenarios (by adding a third parameter 

for the uncertainty analysis), the model was intractable. This shows one of the 

limitations of the stochastic uncertainty approach. With every uncertain parameter, the 

problem size doubles, and the non-anticipativity constraints become too rigid for a 

feasible solution. Another problem with this approach is that the solution is only valid 

for the specific scenarios modelled in the uncertainty analysis. Thus, the optimal 

investment strategy may be quite different in a scenario where gas prices are high and 

oil prices are low, even though both are covered under the model’s scenarios (as part of 

‘high’ or ‘low’ commodity prices across the board). Given the quick solution time of an 

individual case, it may be worth pursuing a Monte Carlo simulation approach across a 

broader parameter space to determine an ‘optimal’ investment portfolio – this is 

recommended for future work. 

In spite of these limitations, QESMAT makes several useful recommendations that, 

taken together with the results of previous studies, suggest a broad transformation of 

the Qatari energy system. By 2050, solar photovoltaic plants generate a significant 

amount of electricity for domestic use and international export. Water desalination is 

split between existing thermal plants and newer reverse osmosis technologies that only 

run on electricity – allowing them to be powered by solar energy. Battery storage helps 

manage evening demands with daytime generation from solar. A combination of 

hydrogen and electric vehicles can meet domestic transportation demand for 

passengers, while individual air conditioning units are slowly replaced by district 

cooling systems that are more efficient. Treated effluent from sewage treatment plants 

can be used to meet water demands for agriculture. Energy efficiency measures that cut 

domestic demand lead to significant infrastructure savings, especially for thermal 

power plants. Qatar can potentially generate a large amount of revenue, that can be 

saved and invested abroad, in spite of divesting from domestic hydrocarbon production. 

This wealth can lay the foundations of a post-carbon economic system in the country, as 

described at the end of this section. 



212 
 

The following sub-sections describe the details of the electricity and water system, 

domestic transportation, major energy flows and investments, hedging strategy until 

2030, export portfolio, sectoral emissions and overall economics from this study. 

8.2.1 Electricity system 

Figure 44. Electricity system for scenarios 1-4 in 2020. Columns represent time slices (aggregated over a year). 
Positive values represent production, negative ones are consumption.  

Figure 45. Electricity system for scenarios 1-4 in 2030. Columns represent time slices (aggregated over a year). 
Positive values represent production, negative ones are consumption.  
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Figure 46, Figure 45, Figure 48, and Figure 47 show the electricity system across all four 

scenarios every decade from 2020 to 2050.  

Note that the four scenarios solved in the model (as numbered in the figures) are: 

Figure 47. Electricity system for scenarios 1-4 in 2050. Columns represent time slices (aggregated over a year). 
Positive values represent production, negative ones are consumption.  

Figure 46. Electricity system for scenarios 1-4 in 2040. Columns represent time slices (aggregated over a year). 
Positive values represent production, negative ones are consumption.  
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1) High domestic demand, high commodity prices 

2) Low domestic demand, high commodity prices 

3) High domestic demand, low commodity prices 

4) Low domestic demand, low commodity prices 

There is a slow ramping up of solar PV capacity across all scenarios, from 10 GW in 

2020 to 25 GW in 2030, before diverging, to a maximum in 2040 of 52 GW (high 

demand, high prices), 43 GW (low demand, high prices), 33 GW (high demand, low 

prices) and 29 GW (low demand, low prices). Solar PV supplies electricity during the 

‘morning’ hours (representing 8 AM to 4 PM). Solar generation not only shaves off the 

peak demand, but can potentially supply 100% of the daytime demand, showing how 

falling costs of solar can even undercut the operating costs of a gas-fired power plant, 

which is now only needed during the evening and night. Solar PV has also shown to be 

very effective in Qatari climates, as the duration of sunlight in a day, and the number of 

sunny days in a year, balance out the negative effect of dust and humidity 30. Within 

user-defined constraints, the maximum possible amount of electricity is exported in all 

scenarios across all time periods – the exceptions being scenarios where gas/hydrogen 

prices are high enough to displace electricity exports as the most profitable, or towards 

2050, when constraints on gas production limit electricity exports. 

Although in certain scenarios we see a small deployment of gas-fired power-only 

(NGCC) plants, in this study, we observe that most electricity is still generated by 

integrated water and power plants (IWPPs). The main reason for this is the gas-to-

electricity efficiency numbers used in this version of QESMAT made IWPPs more 

efficient than NGCC plants. It was assumed that only waste heat from the IWPPs drives 

desalination, thus there was no reduction in efficiency due to the desalination system. 

However, as shown in the latest data from the state utility 124, which lists the quantity of 

gas needed to generate a given amount of electricity and water, there is an additional 

fuel demand for desalination. When compared at a system level, it is more efficient to 

produce electricity with an NGCC, then feed some power to an RO desalination plant, 

than using an IWPP. This effect can be seen in the previous chapter, which uses the 

latest data. These results also indicate the importance of good quality data in 

determining the optimal ‘real-world’ solution, and how uncertainty analysis should be 

used towards this end. The stochastic uncertainty approach used in this chapter could 
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be used to create scenarios with differing technology efficiencies, but if implemented in 

addition to the existing uncertainties, the model would be intractable. 

As modelled, the optimal IWPP deployment stays at 10 GW across all scenarios until 

2030 (as part of the cross-scenario hedging strategy), before peaking at around 13 GW 

in high demand scenarios, and dropping to a peak of under 8 GW (low demand, high gas 

prices) and 9.5 GW (low demand, low prices). This is because at high gas prices, solar PV 

and battery deployment is higher, allowing gas to be freed up for export. In the case of 

high demands, however, PV + battery is not enough – leading to greater IWPP 

deployment. Once subsidies on electricity are reduced to almost zero by 2040, there is 

no opportunity cost in using the gas domestically, as electricity is a profitable resource. 

Cooling demands are met by a combination of district cooling and individual air 

conditioning units. Even though district cooling is a more efficient technology, it is not 

always implemented due to the way domestic revenues are calculated in the model. The 

government can sometimes earn more money by selling electricity directly to 

consumers, to power their air conditioners, than by installing expensive district cooling 

systems and generating revenue per BTU of cooling. Additionally, when there is excess 

solar generation during the day, the government earns money by selling this electricity 

to meet air conditioning demand. This is a limitation of the economics of the model, 

which is only trying to maximise revenues for the government in the absence of a viable 

export. As seen in the previous chapter, though, when there is a more profitable option 

for the government, such as using excess electricity to make hydrogen for export, it then 

chooses the most efficient technologies to minimise subsidised domestic consumption.  

Also note that although QESMAT deploys upwards of 50 GW of solar by 2045, this is still 

not hitting the upper-bound constraint of 90 GW, as the model cannot find an 

economically viable use of excess electricity, especially when regional electricity exports 

are limited. The model does not invest in electrolytic hydrogen because the prices are 

just below breakeven, at $3.7 per kilo. When the hydrogen price is slightly higher, at $4 

per kilo, as seen in the previous chapter, there is a huge investment in electrolytic 

hydrogen production, and a corresponding maximum deployment of solar PV. 

The effect of domestic subsidies on electricity consumption is also visible – as domestic 

subsidies are slowly removed (to almost zero by 2040), there is a shift to inefficient 

technologies deployed domestically, as this allows the government to increase its 
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revenue. Of course, in practice, consumers would move to more efficient technologies 

when subsidies are removed. Once again, this effect is better simulated in the presence 

of export pathways for solar energy, which once again prioritises domestic efficiency to 

enable more exports. As can be seen above, the cap on regional electricity exports 

constrains the maximum solar deployment, while also encouraging inefficient 

consumption domestically. The role of domestic energy efficiency improvements can 

also be studied when comparing scenarios 1 and 2, or 3 and 4. Reducing the fixed 

demand for electricity and cooling results in a reduction in power generation capacity 

needed by around 3 GW of gas-fired generation and 3 – 10 GW of solar in different 

scenarios and time periods. This saves billions of dollars in capital expenses and 

reduces the government’s losses in selling electricity below cost. 

The above figures do not show the demands for electricity from other sectors such as 

industry, transportation and agriculture, as these are an order of magnitude smaller. 

The increasing electrification of passenger transport is an important trend, however, as 

electric vehicles can be used to store excess solar generation for later use. The use of 

storage technologies, specifically grid-scale batteries, is predicted to increase in the 

2040s. The falling cost of batteries and solar PV, along with the opportunity to reduce 

investment in power generation infrastructure that only meets peak demands, points to 

the growing role of energy storage in the grid. On a shorter timescale, which QESMAT 

does not currently model, energy storage can also balance renewable intermittency. The 

role of electricity storage generally seems to be to use excess solar generation to meet 

evening/night air conditioning demand – this may also be achieved by cheaper thermal 

storage in district cooling systems. The techno-economic feasibility of this technology 

can be explored in future modelling work. All of the results discussed above are in the 

case of a low, almost zero, carbon price. When this is increased to $57 per ton, the 

system remains almost entirely the same, with the exceptions of solar PV, which sees an 

additional 1 GW of capacity deployed overall, and RO desalination (addition of around 

45 Mm3 per year capacity). This shows the limited effect of carbon pricing as a policy 

tool on the domestic electricity-water sector of the Qatari energy system. 
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8.2.2 Water system 

  

Figure 49. Water system across scenarios 1-4 in 2020. 

Figure 48. Water system across scenarios 1-4 in 2030. 
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Figure 50. Water system across scenarios 1-4 in 2040. 

Figure 51. Water system across scenarios 1-4 in 2050. 

Figure 49 through Figure 51 illustrate the evolution of Qatari water infrastructure for 

all four scenarios from 2020 to 2050. Note that the four scenarios solved in the model 

(as numbered in the previous figures) are: 

1) High domestic demand, high commodity prices 

2) Low domestic demand, high commodity prices 
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3) High domestic demand, low commodity prices 

4) Low domestic demand, low commodity prices 

The role of reverse osmosis desalination, a technology that only uses electricity, 

complements solar energy. In later decades, RO is increasingly switched on during 

daytime hours that match solar generation. RO deployment increases to above 420 Mm3 

annual capacity across scenarios by 2030, increasing further in the high prices scenario 

(as it frees up gas from thermal desalination) to 960 Mm3 per year (high demand) and 

680 Mm3 per year (low demand). Note that not all of this capacity is deployed over the 

year, as IWPPs continue to play an important role in the system as they meet 

evening/night water demand at higher efficiency than PV-RO (according to the older 

efficiency parameters used in the model). Although the model deploys the maximum 

possible storage of 20 Mm3 over half a year (based on the state utility company’s current 

and expected storage infrastructure – see appendix A2.7), we can see that this can only 

be used to balance out intra-day demand and supply and is only enough to store a 

week’s worth of domestic water demand 137. This highlights how critical the successful 

operation of the water infrastructure is to the survival of the country – a multi-day 

outage of the water desalination system would lead to an immediate state of emergency. 

Of course, this is also the case across the cities of the Arabian Gulf, as their populations 

far outweigh their sustainable water resources. Water storage infrastructure is 

expensive because it must be located underground to avoid losses through evaporation. 

We can compare the capacity of water production needed between high and low 

domestic demand scenarios. Around 3 GW of IWPP capacity is unnecessary if domestic 

demands for electricity and water are at the lower-bound. There is significant scope for 

water demand to be reduced as Qatar has a high rate of per capita water consumption 

(200 m3 per year 124, higher than the UK) in spite of its lack of sustainable freshwater 

reserves. 

Note that the split between IWPP and RO shown here is based on the old efficiency 

figures of IWPP vs. NGCC. As seen in the previous chapter, when considering the higher 

energy consumption of IWPPs in Qatar 124, QESMAT deploys RO as the primary 

technology for desalination. In practice, this will also require more rigorous pre-

treatment as RO is a membrane-based process, which is more prone to fouling than a 

thermal desalination system. 
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The water production figures above do not include treated sewage effluent production. 

QESMAT allows the use of treated sewage effluent to meet some irrigation demand, and 

the model produces around 40 - 80 Mm3 per year of TSE to meet some of this demand. 

TSE production coincides with solar energy generation – this is another way to use 

excess solar energy. The model does not choose to produce the maximum possible 

amount of TSE (161 Mm3, which is the agricultural water demand) until 2050 due to its 

high operating cost ($0.8 per m3) making it more expensive than RO or IWPP per m3 of 

water. The economics of TSE vs. desalination needs to be investigated further, while 

including water conservation and environmental sustainability considerations, as it is 

clear that the large desalination facilities across the region are causing immense 

ecological damage to the Arabian Gulf 101, including among other effects, the disposal of 

millions of cubic metres of brine into the sea every day. 

8.2.3 Transportation 

The road transportation sector consists of passenger and freight transport. The aviation 

sector is assumed to have fixed demands independent of the local population, and all of 

its fuel needs are supplied by the domestic refining system fed by a combination of 

crude oil and gas condensate. The fuel requirements of the marine sector are not 

currently included in QESMAT. 

Since the optimiser does not assign the cost of individual vehicles, passenger or freight, 

to the government, and since the government gains revenues from fuel sales, the 

‘optimal’ solution sometimes includes the use of different vehicle types in different time 

slices within the same year, or selects a more inefficient vehicle so that it can maximise 

the revenue generated from selling fuel. These tendencies can be reduced by assigning 

small non-zero costs to the government for every vehicle (representing the effect of 

road congestion, for example), and putting non-zero subsidies on road fuels (gasoline, 

diesel, natural gas, electricity and hydrogen) so that the model selects the more efficient 

vehicle. These problems are also controlled if there is a strong incentive for exporting a 

certain product, which automatically forces down subsidised domestic consumption. 

In spite of these caveats, the model makes some useful recommendations for the 

decarbonisation of domestic transport. This includes a switch to electric and hydrogen 

vehicles for passenger transportation. The charging of electric vehicles corresponds to 
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generation from solar PV – showing how electric vehicles may be used as energy 

storage devices. Since QESMAT does not allow the flexibility of shifting demands across 

time slices, we cannot currently model how daytime charging can meet evening/night 

transport demand. This could be changed by making the demfrac parameter a variable – 

to be explored in future work. For now, QESMAT recommends a shift to hydrogen 

vehicles for evening/night demands. Of course, people will not actually have two 

different vehicles for day/night use. Thus, the modelling of flexible matching of fuel 

supply and transport demand will prove useful in the future modelling of the transport 

sector. There is also a general trend for more fossil-fuel powered vehicle usage in high 

commodity price scenarios, and more electric/hydrogen vehicle usage in low price 

scenarios. This is due to price differential between these commodities – electricity and 

hydrogen prices are fixed independent of oil prices, and the model simply sells the 

resource which generates the most revenue for the government. Since this ignores the 

effect of consumer behaviour, it may be an unrealistic result, and must be explored in 

future work. 

The shift to low-emission vehicles will require substantial government investment in 

building new refuelling infrastructure: from EV charging points to hydrogen refuelling 

stations. These costs are not currently included in QESMAT. Neither are the quantifiable 

benefits in urban decongestion and air pollution reduction that come from a greater use 

of public transport. Thus, even though the model includes a public transit system, it is 

only used at capacity if constrained to do so and is never expanded to meet more 

passenger demand. This is because of the high capital costs of building the system, as 

seen through the building of the Doha Metro, and the low revenues generated by the 

government from the network, as it sells subsidised tickets to the public. We would 

make the argument that in spite of its economic ‘losses’, a well-used public transit 

network leads to several tangible and intangible benefits, and that the government 

should continue to promote its use even if it is not the economically ‘optimal’ choice. 

The easy availability of hydrocarbon fuels, especially domestically produced diesel, 

makes the switch to cleaner vehicles difficult. This is seen in the road freight sector, 

which continues to be dominated by diesel-fuelled trucks. In certain scenarios there is a 

switch to electric trucks for freight, but I would caveat this by mentioning that since 

QESMAT does not include the capital cost of freight vehicles within its economics, this 
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transition may still be infeasible. Freight trucks running on electricity or hydrogen are 

still quite expensive, and not yet economically competitive with diesel vehicles – this 

may change in a few years. Note that the government may still have to step in by 

subsidising cleaner freight vehicles, and this will have to be costed in the model. As 

explored in the previous chapter, there is an opportunity for heavy vehicles to be 

switched to hydrogen if Qatar can invest in solar-powered electrolysis. The use of 

hydrogen as a road fuel can provide a demand anchor that can be used to scale up 

production. 

8.2.4 Energy flows 

Sankey diagrams representing the main flows of resources, across all scenarios, every 

ten years starting from 2020, can be used to obtain an overall picture of the Qatari 

energy system, as seen in the following figures. Note that the four scenarios solved in 

the model (as numbered in the Sankey diagrams) are: 

1) High domestic demand, high commodity prices 

2) Low domestic demand, high commodity prices 

3) High domestic demand, low commodity prices 

4) Low domestic demand, low commodity prices 

In 2020 (Figure 52), it can be observed that across all scenarios, the model uses existing 

infrastructure to export the minimum amount of LNG and pipeline gas (75,000 ktoe and 

18,000 ktoe respectively) as they are not the most profitable exports. The optimiser 

invests in hydrogen production (via reforming), exporting around 3 million tons per 

year in the high price cases, and around 5 million tons in the low cases – since hydrogen 

prices are set independent of oil/gas prices, it becomes more profitable when oil/gas 

prices are low. The difference in hydrogen exports between high and low demand 

scenarios is less significant – around 400,000 tons per year (exports are higher in low 

demand scenarios as there is more spare natural gas for export). Most of the crude oil is 

directly exported in both high and low price scenarios (around 30,000 ktoe), with 

around 5,000 ktoe refined for domestic gasoline demand from passenger transport (the 

model allows only oil refineries to produce gasoline, as refining flexibility is not 

modelled). The optimiser nearly doubles the condensate refining capacity (as 

condensate cannot be directly exported), with the refined fuels meeting domestic 
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transport demand (aviation fuel and diesel), ethylene production (naphtha) and export 

(1300 ktoe aviation fuel, 200,000 tons LPG and 1000 ktoe diesel). Refined fuels 

production is augmented by existing GTL capacity in the high price scenarios (exploiting 

the differential between oil and gas prices) – in the low price scenario, excess natural 

gas is diverted to hydrogen export. 

Figure 52. Sankey diagrams for scenarios 1-4 for 2020 (in ktoe). 

Ethylene production capacity is tripled in 2020 – even if not all of this capacity is used in 

the low price scenarios. The optimiser also ramps up steel production to 50 Mtons per 

year (the maximum allowed amount) across all scenarios – since the price of steel is set 

independently of oil/gas, and its profit margins are always high. This level of 

deployment is infeasible in practice but warrants future work to assess the profitability 

of steel production across a range of prices. Cement and methanol are also produced 
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using existing capacity in high price scenarios, while urea is produced in high price 

scenarios with a 60% greater capacity (unused in low scenario). 

As discussed previously, the domestic electricity-water sector is dominated by IWPPs, 

but sees a large deployment of solar PV (almost 10 GW, used at capacity in all scenarios) 

and RO desalination (almost 150 Mm3 per year in all scenarios). Since electricity prices 

are set independent of oil and gas prices (and are constant across all scenarios), 

electricity exports are always profitable, and especially so in low commodity price 

scenarios – reaching their maximum allowed 10,000 GWh per year, produced from solar 

energy, particularly in winter, when domestic demands for cooling are lower. 

Figure 53. Sankey diagrams for scenarios 1-4 for 2030 (in ktoe). 
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By 2030 (Figure 54), LNG and pipeline exports fall further, at their lower bounds of 

60,000 and 9,000 ktoe respectively, as they are not the most profitable exports in all 

scenarios. Total oil and gas production drops to 30,000 and 140,000 ktoe due to natural 

and artificial production constraints. Hydrogen exports fall to around 1 million tons per 

year in the high price scenario (as it is not the most profitable export when oil and gas 

prices are high) but climb to 6 million tons for the low-price scenario. Note that the 

model only costs steam methane reforming with an overall operating cost (capital cost 

is zero), thus, the model freely invests in as much reforming capacity as needed – there 

isn’t a cost penalty for hedging. This explains the massive difference in hydrogen 

production between high and low scenarios – future work on better technology cost 

estimates can fix this issue. Most crude oil is exported directly, with a small amount 

(5,000 ktoe) refined domestically in the high price scenarios to cater to domestic 

gasoline demand. Other domestic fuel demands are met by condensate refining and GTL 

(the latter in high price scenarios), with leftover fuels available for export. 

In general, new capital investments are avoided in 2030 as this is the last year for which 

the stochastic optimiser must make the same investment decisions across scenarios – 

from the next time period onwards, the optimiser can make investments based on each 

scenario. Nevertheless, over the 2025 and 2030 investment periods, the model 

increases its cement (20 Mtons per year), urea (50 Mtons per year) and methanol (3 

Mtons per year) exports in the high price scenario – all of this production capacity goes 

unused in the low scenario, but the model invests in it anyway as part of the hedging 

strategy. Ethylene (7 Mtons per year) and steel (50 Mtons per year) exports remain 

constant across both scenarios due to their high profit margin – the model does not 

invest in any polyethylene production as the user-set margin for conversion is too low 

(30%) given the costs. 

The domestic power-water sector relies on IWPPs (10 GW installed capacity from the 

start of the modelling period), solar PV (increases to 25 GW, producing around 40,000 

GWh every year across scenarios) and RO desalination (over 400 Mm3 per year capacity 

to maximise production during morning hours, with actual production between 200 - 

260 Mm3 depending on the demand scenario). 
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By 2040 (Figure 55), oil and gas production fall further to 20,000 ktoe (naturally) and 

100,000 ktoe (voluntarily) respectively. LNG exports decline to 15,000 ktoe and 

pipeline exports end, representing the drop in minimum exports based on long-term 

contracts. Hydrogen exports increase to around 4 Mtons (high price scenario) and 8 

Mtons (low price scenario), in spite of the low conversion efficiency (only 40%, 

including reforming and liquefaction). Most crude is directly exported, except for a 

small amount (around 2000 ktoe) refined for domestic gasoline demand in the high 

price scenario. In the low price scenario, this is not needed as all passenger transport 

has been shifted to electricity/hydrogen as this brings in more revenue for the 

Figure 54. Sankey diagrams for scenarios 1-4 for 2040 (in ktoe). 
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government. 20,000 ktoe of condensate, co-produced with gas, is refined to produce 

fuels for domestic transport demand (aviation fuel and diesel), ethylene production 

(naphtha) and export, across all scenarios.  

Steel (50 Mtons per year) and ethylene (5 Mtons per year) exports remain the same 

across all scenarios due to their high profit margins, while in the high price scenario, 

exports of urea (maximum allowable 50 Mtons per year), methanol (increases to 

maximum allowable 10 Mtons per year) and cement (10 Mtons per year), and smaller 

amounts of ammonia, MTBE and melamine (based on new technology investments) 

exports contribute to Qatar’s coffers. Electricity exports increase to 30,000 GWh (upper 

bound), supplied by excess solar PV generation, mostly during winters. IWPPs dominate 

the domestic power-water sector (with new investments based on domestic demand 

and commodity prices). In high price scenarios, solar deployment increases to free up 

more natural gas. Simultaneously, RO desalination capacity increases, reaching a 

maximum of just under 1000 Mm3 per year – actual production is less than half this 

capacity, but it is sized to maximise water production during morning hours that align 

with solar PV generation. Note that this study uses older IWPP efficiency estimates that 

were revised in chapter 7, which shows a nearly complete transition to an NGCC/PV/RO 

based power-water system. 

Finally, Figure 56 illustrates the optimal energy system for the final modelling period – 

2050. Crude production has declined to zero, while gas production is only 60,000 ktoe 

per year. Hydrogen exports are around 1 million tons per year in the high price 

scenario, and 4 – 5 Mtons in the low price scenario (higher exports in the low demand 

scenario and vice versa). 12,000 ktoe of produced condensate is refined across all 

scenarios to meet domestic demand (aviation fuel and diesel), ethylene feedstock 

demand (naphtha), with the rest exported. 3 Mtons of ethylene and 50 Mtons of steel 

continue to be exported across all scenarios due to their high profit margins. In the high 

price scenario, 44 Mtons of urea and 10 Mtons of methanol are also exported – they 

have a higher profit margin than hydrogen.  

The power-water sector relies on new IWPP investments (increasing to 10-12 GW in 

high demand scenarios) and up to 40 GW of solar (in the high price, high demand 

scenario), along with 200 – 750 Mm3 of RO capacity (between low and high demand 

scenarios respectively), with RO production aligned with solar generation. These are 
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used to meet increasing demands over the decades – even in the ‘low’ demand scenario, 

demands for electricity/water/cooling in 2050 are around twice that in 2020. Due to 

increasing domestic electricity demands, and greater use of battery storage to allow 

solar PV output to be used for evening/night cooling needs, electricity exports fall to 

under 20,000 GWh across all scenarios. The next sub-section discusses further the 

‘hedging’ strategy suggested by the stochastic optimiser. 

8.2.5 Hedging strategy 

The benefit of using a stochastic optimisation approach is that the optimiser can 

provide a single set of investment decisions for the short-term, that provide the best 

Figure 55. Sankey diagrams for scenarios 1-4 for 2050 (in ktoe). 
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‘hedge’ against future uncertainties. In this study, the four scenarios are weighted 

equally – i.e., they are considered equally likely to happen. Although the demand and 

commodity price forecasts vary across the scenarios from 2020 to 2050, the optimiser 

is forced to make the same technology investment decisions for all four scenarios until 

2030 – this simulates the real-world challenge for a decision-maker, who has to take 

short-term decisions knowing that the future is uncertain. After 2030, it is hoped that 

there is more clarity on future uncertainty, and new investment decisions can be taken 

based on which scenario ends up being closer to reality – or by using new modelling 

techniques with better data.  

Note that the hedging strategy, by definition, does not guarantee the highest profits 

possible in each scenario – there could be certain technology investments that are very 

profitable in one scenario but not the other, but the optimiser might not choose this 

technology, based on its costs in the unprofitable scenario. Thus, the overall objective 

function (sum of the total profits in each scenario) would be higher if technologies could 

be deployed independently in each scenario (as done in previous chapters involving 

multiple cases), but this would not be of practical use to a decision-maker who needs a 

single investment strategy for the short-term. Also note that the hedging strategy may 

force the deployment of a technology, but it cannot force that technology to be actually 

used – as happens often in this study, the optimiser deploys certain technologies 

because it is forced to, but does not actually produce anything from them if there is a 

more profitable option. The objective value in this case would be low, as idle 

technologies have capital and fixed costs even if they do not produce resources that 

generate revenue. 

In this study, this effect is seen through investments in the industrial sector – 

investments in cement, methanol, MTBE, ammonia, urea, and melamine are only utilised 

in the ‘high price’ cases, but remain idle in the ‘low price’ cases – all of the freed up 

natural gas is sent to hydrogen production instead. One of the reasons for this, apart 

from the price differential between hydrogen and natural gas, is that the model does not 

use a ‘capital cost’ for steam methane reforming – a fixed operating cost of $150 per ton 

is applied. Thus, there is no economic penalty in over-deploying SMRs, even if they sit 

idly. This can be rectified in future work, to understand what drives the switch from a 

diversified industrial portfolio to a single product. The diversification of the industrial 
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portfolio is also aided by user-defined export constraints – the model hits these often in 

the case of cement, steel, urea and methanol. Meanwhile, investments in steel and 

ethylene production are utilised consistently across all scenarios, indicating their 

profitability even in the ‘low price’ cases.  

Many of the exports – hydrogen, methanol, GTL fuels, and ammonia/urea, rely on the 

intermediate step of steam methane reforming. This opens up the possibility of having a 

common SMR facility that can supply syngas flexibly to downstream plants, to 

manufacture the most profitable portfolio of exports, as suggested by the optimiser. 

This could be explored in future work through a more accurate analysis of costs. 

In the domestic sector, the hedging strategy is based on differences between high and 

low demand cases, with some electricity/water production capacity kept idle in the 

latter. The model deploys up to 25 GW of solar PV, and this is used at capacity across all 

cases, while IWPPs (no new investments above their initial capacity of 10 GW) provide 

flexible production based on actual demand. The optimiser also deploys over 400 Mm3 

per year of RO desalination capacity by 2030 across all cases, but its usage varies across 

all scenarios based on the water demand, electricity demand (which determines IWPP 

usage, and thus, production from thermal desalination) and solar generation (which 

coincides with greater RO usage). The deployment of modular technologies such as 

solar PV and RO is advantageous if there is uncertainty on how quickly future demands 

will grow, as these technologies can be deployed in increments without affecting 

economies of scale. 

8.2.6 Export revenues 

The industrial sector, especially the energy industry, has been the biggest contributor to 

Qatar’s economic growth, and QESMAT predicts that this will continue. In the absence of 

limits on hydrocarbon production, the model is infeasible. This is obvious, because the 

objective function simply goes to infinity when it can produce an infinite amount of oil 

and gas for export. Thus, we need to constrain oil and gas production to a defined 

amount for there to be an optimal solution. As discussed previously, Qatar has declining 

oil reserves, and these may be depleted before 2050, as modelled in QESMAT. Natural 

gas is a lot more abundant, and even at current rates of extraction, Qatar will not run 

out for over a century. Qatari gas can be produced and exported at some of the lowest 



231 
 

costs compared to anywhere else in the world. QESMAT demonstrates the economic 

value of hydrocarbon resources by always producing the maximum allowable amounts 

of each resource. Thus, it seems almost counter-intuitive to implement a voluntary 

reduction in hydrocarbon production, reaching almost zero hydrocarbon exports in 

2050, when the economics of the industry indicate the opposite trend. And yet, 

considering the local impacts of climate change, and the necessary shift in global 

infrastructure beyond hydrocarbons, Qatar must prepare for exactly this future. 

Figure 57 illustrates the slow decline in industrial exports under this voluntary 

divestment from hydrocarbons. The export portfolio is very similar between high and 

low domestic demand cases, since domestic demands form a very small part of national 

energy flows. Thus, the figure above illustrates the difference between export portfolios 

when a higher carbon price ($57 per ton) is set, as compared to exports where the 

carbon price is near-zero (as in the four scenarios described thus far). The main impact 

of a higher carbon price is that hydrogen produced from steam reforming is not a viable 

export – this highlights the high carbon footprint of steam reforming, and the need for a 

sustainable carbon storage strategy if the world looks for a truly low-carbon fuel that is 

Figure 56. Export revenues for major products (undiscounted). Scenarios depicted here are for (high and low) 
commodity and carbon prices 
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derived from hydrocarbons. The rest of the export portfolio looks similar across high 

and low carbon prices, which also reflects the limited utility of carbon pricing as a tool 

to decarbonise Qatar’s export sector, which in the absence of alternative exports, 

prefers to pay the higher carbon price and stick to business as usual (exports of LNG, 

crude, refined fuels, urea, steel, etc.). 

Another key result is the decline of LNG as an export. Whether in high or low 

commodity price scenarios, LNG does not seem to be the best way to monetise Qatar’s 

natural gas resources. The model produces enough LNG to meet the minimum export 

limit set by the long-term agreements but does not invest in new LNG capacity as it 

retires. This is because of the ‘low’ expected future price of LNG (from $6 in the low 

scenario to $13 in the high one, per MMBTU), as more countries enter the LNG supply 

market, and long-term demand declines as countries decarbonise their infrastructure, 

when compared to profit margins on other products such as steel, ethylene, urea, and 

hydrogen. 

This narrative, of course, directly contradicts Qatar’s export strategy. Qatar Petroleum 

recently announced a massive increase in LNG capacity that is expected to come online 

in the 2020s – the country expects this period of low prices to end as the market 

tightens into the next decade due to growing gas demand in Asia. Recent trends that 

point to Asian countries leapfrogging polluting technologies by jumping straight to 

renewables may be a worrying sign for Qatar’s LNG sector. Nevertheless, given Qatar’s 

cost advantage, the country can remain in the LNG market for decades, gaining 

diminishing returns as revenues decline 142. Qatar’s declining crude oil production also 

results in a decline in crude and refined fuels exports. High global prices for urea and 

ammonia support the exports of these products, but they are not profitable at low prices 

(linked to the gas price in QESMAT). 

Steel production remains the most stable industry – producing the maximum allowable 

amount (50 Mtons per year) irrespective of scenario or price. This is due to the 

generous steel prices in the model – a reflection of the current high price of steel. There 

is, however, enough regional demand for Qatari steel, made profitable because of the 

low cost of natural gas needed to fuel the furnaces. There are also opportunities to 

produce ‘greener’ steel by incorporating renewables and hydrogen into the steelmaking 

process – the optimiser produces more steel during periods of solar PV generation as 
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excess low-cost electricity is available. The techno-economic viability of explicit 

renewables integration in steelmaking can be explored in future work. 

Finally, hydrogen can quickly become Qatar’s next big export. Growing global demand 

for a clean fuel makes the case for a global market that Qatar is well placed to supply. 

Hydrogen from the reforming of Qatari gas would be one of the cheapest in the world. 

For it to be truly low-carbon, however, the refining process would have to be combined 

with CCS (perhaps underground injection). Alternatively, as shown in the previous 

chapter, hydrogen could be produced using solar-powered electrolysis – taking 

advantage of Qatar’s other abundant natural resource – sunshine. As can be seen from 

Figure 58, hydrogen production via reforming is not profitable at $3.7 per kilogram 

(netback – excluding costs of conversion and transportation) if the cost of carbon 

capture is included. If global prices for low-carbon hydrogen are consistently higher, it 

could open up the opportunity for Qatari hydrogen. 

Although not explicitly modelled in this study, a hedging strategy of industrial 

diversification may also prove suitable for commodity prices that lie within the bounds 

modelled in the high and low price cases – the optimiser can tailor the production of 

export commodities based on the most profitable route in any given time period. Future 

work can also look at energy systems models to optimise industrial production from 

existing capacity over a shorter time scale (a year or two), with greater detail on 

industrial processes and costs.  

Note how similar the export strategy is between high and low commodity prices – the 

optimiser still relies on hydrogen, steel, LNG, refined fuels, etc. even at lower prices, 

reflecting the lack of alternatives in a system reliant on the export of hydrocarbon 

commodities. This illustrates how Qatar remains dependent on hydrocarbon exports 

irrespective of global prices, making it vulnerable to price shocks, as happened in 2014, 

and more recently, due to the ongoing Covid-19 pandemic in 2020. This is another 

argument for a much-needed diversification of the domestic economy from 

hydrocarbons in the long-term. 

8.2.7 Emissions  

Figure 59 69 illustrates the total annual carbon dioxide emissions, from both stationary 

and mobile sources, as calculated by QESMAT across the four scenarios at a near-zero 
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carbon price. Most of the emissions come from the energy industry (upstream, LNG, GTL 

and refining) and tend to be somewhat constant across scenarios. Scenarios 1 and 2 

have significant emissions from non-energy industry, which includes ammonia, urea, 

steel, methanol, ethylene etc. – these are all key exports at high commodity prices. 

Scenarios 3 and 4, where commodity prices are lower, show higher overall emissions 

than scenarios 1 and 2, due to the greater production of hydrogen through steam 

methane reforming. The small difference in emissions between scenarios 1 and 2, or 3 

and 4 (high and low domestic demands), shows the small effect of domestic efficiency 

improvements on overall emissions – and by extension, the small role played by the 

domestic sector on Qatar’s carbon footprint. Also note that when domestic demands are 

lower (as seen in the difference in emissions from electricity between scenarios 1 and 

2), displaced natural gas is exported as hydrogen produced from steam reforming, 

which ends up producing its own carbon emissions.  

Carbon emissions generated by domestic consumption are approximately 10% of the 

total emissions – for 2020, the emissions from domestic power generation, 

transportation, hydrocarbon production and refining are around 23 million tons per 

year, or 8 tons per capita. This is in the same range as the carbon footprint of residents 

of developed countries. An independent emissions inventory for Qatar, that also 

Figure 58. Total annual carbon dioxide emissions for scenarios 1 to 4 at ~zero carbon tax. 
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included other sectors such as agriculture, came to a similar conclusion – approximately 

35 million tons per year of emissions were produced by the domestic sector 143. Thus, 

Qatar is right to challenge its position at the top of global per capita emissions tables, as 

most of its emissions come from its export-oriented industry. The responsibility for 

these emissions would not lie on the producer, but rather, the consumer (in their Scope 

2 emissions), according to the Greenhouse Gas Protocol 144. 

Nevertheless, considering that Qatar needs to take suitable mitigation steps to combat 

climate change and diversify its economy, we can also see from Figure 59 that total 

emissions can reduce from 2035 onwards, as a result of decreased oil and gas 

production. Thus, economic diversification away from hydrocarbons can come with the 

complementary benefit of reduced carbon emissions, as long as the customers for Qatari 

products replace these with low or zero-carbon alternatives. 

When the carbon price is set higher, at $57 per ton (in line with Norway, another energy 

exporter), Qatar’s energy sector remains similar even at a higher carbon price – the 

model chooses to continue the production of oil, gas and other products, and simply pay 

the carbon ‘tax’. The only product whose production is significantly reduced is hydrogen 

produced from the reforming of natural gas, as this process generates a large amount of 

carbon dioxide. Global customers would have to pay a higher price (perhaps up to $5 

per kilo, not including transportation) for low-carbon hydrogen produced by 

augmenting steam reforming with CCS. 

In a high carbon price scenario, QESMAT deploys carbon capture and storage (CCS), set 

at a cost of $50 per ton, to capture all point sources of CO2 after 2030. This scale of CCS 

is currently infeasible. However, it shows the potential for Qatar to capture a large 

proportion of its emissions, as most of them are produced by point sources. This is 

especially true after the decarbonisation of the domestic transport sector is complete, as 

suggested by the optimiser. Once again, a long-term decline in hydrocarbon production 

will result in a reduction of carbon emissions, thus reducing the need for CCS as well. 

8.2.8 Economics 

Figure 61 69 illustrates the economic forecast for Qatar’s energy economy. The top-left 

sub-figure illustrates the difference in export revenue between high (1,2) and low (3,4) 

price scenarios, indicating Qatar’s vulnerability to volatility in the commodity markets. 
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A long-term decline in export revenues due to voluntary reduction in hydrocarbon 

production can also be seen. The top-right sub-figure indicates the revenues from the 

domestic consumption of energy and services – these are an order of magnitude lower 

than the export revenues, and dependent on the level of energy subsidies. Domestic 

revenues also differ between high (1,3) and low (2,4) demand scenarios but rise over 

time as Qatar’s population and energy demands increase. The bottom-left sub-figure 

shows the sum of the capital, fixed and operating costs of all technologies, plus the 

storage costs for all resources. The costs mostly consist of the capital and operating 

costs. These costs are somewhat similar across scenarios, as technology costs are 

modelled to be the same across scenarios, while key technology deployments remain 

similar across scenarios. Capital expenditures are lower in 2030 due to the design of 

QESMAT’s uncertainty analysis – 2030 is the year when the stochastic uncertainty is 

‘resolved’, and the optimiser can make decisions based on each scenario. Thus, 

investment decisions are pushed to the next time period - 2035. Capital expenses 

continue to remain high as technology retirements in the 2030s and 2040s force new 

investments in the energy system. The bottom-right sub-figure shows the net profits for 

Figure 59. Economics for each scenario 1 to 4. All costs and revenues are aggregated over a forward 5-year period (undiscounted). 
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each scenario in each five-year period. These are sensitive to the global commodity 

prices – for example, in 2030, they can go from as high as $600 billion to as low as $150 

billion, depending on oil and gas prices. Of course, the bounds on the commodity price 

forecast are quite wide, but this is done to highlight Qatar’s economic dependence on its 

energy industry. As hydrocarbon production is reduced over the long-term, the net 

profits reduce, and average out to around zero (across all four cases) by 2050. 

The objective value, i.e., the time-discounted sum of net profits from 2020 to 2050, can 

vary from around $2.5 trillion in scenarios 1 and 2 to around $330 billion in scenarios 3 

and 4. This variation is the result of the wide range in commodity prices across these 

scenarios and highlights Qatar’s economic vulnerability to volatile commodity prices. 

The real value of accumulated hydrocarbon profits will probably lie somewhere in 

between these numbers. How Qatar uses these profits is a matter of strategic 

importance. A sustainable investment strategy can allow Qatar to reap the dividends of 

its hydrocarbon wealth in perpetuity, even in a post-carbon world where Qatar no 

longer exports oil and gas products. This transformation of its economy has to be 

supported by a transition in Qatar’s domestic energy system, as indicated by QESMAT.  

8.2.9 Conclusions 

The aim of this study was to incorporate a stochastic approach to uncertainty analysis 

in QESMAT, thus providing a practical short-term investment plan given the 

uncertainties in future commodity prices and domestic demands. Domestic 

electricity/water and the export-oriented industrial sector were modelled in detail, with 

a view to finding the technologies and resource conversion pathways most suited to a 

‘hedging’ strategy – these might not be the most profitable pathway for every scenario 

individually, but provide a diversified portfolio of technologies that meet domestic 

demands, and produce profitable exports, no matter which scenario is realised. 

The results show that a cross-sectoral transformation of the energy system is possible 

across all scenarios. Almost 25 GW of solar PV is optimally deployed by 2030, with 

further investments if commodity prices are high, thus freeing up more gas for export. 

RO desalination, in coordination with solar generation, lowers the carbon footprint of 

water production by displacing some thermal desalination from IWPPs. The passenger 

transport sector can be decarbonised with a switch to lower-cost, and more efficient, 
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electricity and hydrogen vehicles, but will have to be accompanied by government 

investments in refuelling/charging infrastructure, which has not been costed in the 

model. The model also illustrates how domestic electricity/water capacity can be 

reduced when domestic demands are lower, which also leads to higher net profits of 

around $30 billion over the next three decades. This can be used as a techno-economic 

rationale for a domestic energy/water efficiency program. 

At depressed gas prices, LNG is no longer the most profitable route to monetising Qatari 

gas – the model suggests an expansion of steel, urea, methanol, ethylene and hydrogen 

production, with some of these products (steel, ethylene and hydrogen) being profitable 

even in the low commodity price cases. Nevertheless, the objective values of the 

individual cases are an order of magnitude lower in the ‘low price’ cases, as compared 

to the ‘high price’ ones, indicating Qatar’s vulnerability to commodity price volatility. A 

voluntary divestment from hydrocarbon exports lowers Qatar’s carbon footprint in the 

long-term, as most domestic emissions are produced by export-focussed industry, 

especially hydrogen production via steam reforming. This divestment leads to a drop in 

future revenues, but this can be balanced with a suitable investment strategy for 

previously accumulated hydrocarbon wealth, which can provide a long-term, 

sustainable, source of revenue for the country as the world decarbonises.  

The introduction of renewable energy, low-carbon transportation, sustainable 

desalination and new energy products will all play a role in this transition. It will be 

essential to bring citizens onboard with these changes – from behavioural interventions 

to encourage resource efficiency to targeted payments instead of blanket subsidies, 

people will need to be convinced of their role in Qatar’s future. Moreover, a major policy 

shift such as voluntary reduction in hydrocarbon production will require greater 

economic transparency and public input into policy, so that citizens are aware of how 

they will be looked after by the state in a post-carbon future. These policies are 

elaborated in the next chapter. 
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Ch. 9. Discussion 

In the previous chapters, the outputs of the QESMAT model for various studies are 

described. Depending on the parameters of each study, the model recommends the 

deployment of certain technologies and quantifies the techno-economic impact of 

policies. This chapter brings together the common themes that emerge from the 

modelling and analysis. This can be used as a policy blueprint for a cross-sectoral 

transformation of Qatar’s energy system. The social and political effects of 

decarbonisation and diversification are discussed in the next and final chapter, along 

with the challenges that must be overcome to implement these recommendations. It is 

hoped that this work inspires conversations around the future of Qatar’s economy, and 

that various stakeholders across government, industry and the wider public co-create 

ideas and policies that can bring forward a transition. 

9.1 Role of systems planning in policymaking 

The use of energy systems models for long-term planning has a long history. Like all 

models, QESMAT is imperfect, and its results must be analysed through a broader 

framework – environmental, social and political, rather than be implemented directly 

into practice. The model can be used as a tool to test the impact of introducing a new 

technology or policy into the energy system. Because it captures the complex 

interactions between various technologies and resources, QESMAT can quantify the 

effects that changing a parameter in one sector (say, agricultural water demand), has on 

another (investment in electricity generation). 

To the best of the author’s knowledge, it does not seem like the Qatari government uses 

quantitative planning tools to study the entire economy or the overall energy system. 

QESMAT is a demonstration of the power of systems planning for Qatari policymaking. 

These results, based on public data, can be the starting point for a deeper collaboration. 

With access to better data directly from stakeholders, an energy systems modelling 

framework can provide government and industry a way to quantify future profitability 

of their products, strategise expansion plans, or test the techno-economic impacts of 

introducing new policies such as renewables targets. 

Of course, one must not rely entirely on models. QESMAT also illustrates the subjective 

nature of planning. From decisions regarding the scope of the technology and resource 
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sets, to setting the discount rate (which can alter the deployment of clean energy 

technologies), the value judgments of the modeller and all stakeholders are at the centre 

of the model.  

This is why computational planning tools such as energy systems models must be co-

created with the inputs from all stakeholders. We must engage the wider population by 

communicating the science, describing the scale of challenges ahead, and proposing 

solutions, which must be discussed and debated freely. These value judgments – how 

much we value future generations, how quickly we must act to mitigate climate change, 

or even how we quantify the health impacts of air pollution, must then feed into any 

policy planning. 

The model is also limited in its capturing of uncertainty. Even a newer iteration of 

QESMAT, with its inclusion of a stochastic uncertainty analysis, cannot handle more 

than four scenarios (two parameters each set to high and low values) before becoming 

intractable. The uncertainty analysis focused on the two biggest uncertainties affecting 

Qatar – the market prices for hydrocarbon products, and the domestic demands for 

energy resources. QESMAT provided a single technology investment plan until 2030, 

that balanced the needs of all four scenarios, while hedging against the extremes of 

each. Other approaches to deal with uncertainty, perhaps Monte Carlo simulations, may 

prove more useful in handling the uncertainty of more than two parameters. This is also 

discussed in the ‘future work’ sub-section of the final chapter.  

In spite of these limitations, we can distil the results of the previous chapters, to 

highlight technologies and policies that recur across case studies, as described below. 

9.2 Technology policy 

This sub-section lists the rationale for the adoption of new technologies within Qatar’s 

energy system. It also mentions some of the challenges associated with this transition, 

and the government policies that may help speed up technological adoption. 

9.2.1 Electricity system 

Qatar’s current electricity system is gas-powered. Large ‘integrated’ water and power 

plants combine electricity generation and water desalination to meet the country’s 

power and water needs. Given the large difference in electricity demand between 
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summer and winter, the electricity system has several gigawatts of spare capacity that is 

only used during the summer, and some of that capacity only meets the peak daytime 

demand (determined by air conditioning needs). Every few years, a large new power 

plant is built to stay ahead of the growing demand. QESMAT illustrates the inefficiency 

of this strategy and suggests the optimal deployment of several technologies that reduce 

the peak power demand, reduce infrastructure lock-in, create new exports and 

decarbonise the electricity system. 

9.2.1.1 Solar energy (photovoltaics) 

Qatar has abundant sunshine for much of the year, especially in the summer months. 

Although the performance of solar energy technologies is somewhat hampered by the 

accumulation of dust on the panels, performance loss can be mitigated with effective 

maintenance and cleaning. Qatar’s Solar Test Facility has concluded in its 5-year report 

that Qatar’s abundant sunshine makes up for the dust and heat and produces as much 

electricity as similar installations in California, but with less seasonal variation 30. There 

is also no evidence yet of long-term degradation that is worse than in other parts of the 

world. The fall in solar PV prices has made the case for large-scale adoption of solar 

energy in Qatar even stronger – it is now cost-competitive to build a new solar PV plant 

than run an existing gas-fired power station that only operates during peak demand 

periods. This is illustrated over the various case studies – in Chapter 4, solar PV (costed 

at $2 per Watt based on solar prices in 2016) was only deployed in scenarios with high 

gas prices, which meant a higher opportunity cost to use valuable natural gas to make 

subsidised electricity for domestic consumption. As later case studies used updated PV 

cost estimates ($1 per Watt in 2020, dropping to $0.6 per Watt in 2050), the optimal 

adoption of solar PV also increased. Across the case studies, solar generation meets 

morning demands for electricity and cooling (in Chapters 6, 7 and 8), shifts some 

production from RO desalination to morning time periods (in Chapters 6, 7 and 8), and 

even over-sizes steel production capacity to increase production during morning time 

periods when gas prices are high (Chapter 8). Enough solar PV is immediately deployed 

(in the 2020 time period) to meet all morning electricity demands (in Chapters 6, 7 and 

8) – gas-fired capacity is only needed for evening and night demands, indicating that at 

moderate to high gas prices, solar PV is cheaper than the operating plus opportunity 

cost of gas-fired generation. In later time periods (2040 onwards), solar PV is used 
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alongside battery storage – whose costs are modelled to fall to $70 per MWh by 2040 

(in chapter 8), to meet evening cooling demands. This also opens up the possibility of 

using thermal storage in district cooling systems to store excess solar generation, which 

might be cheaper than electricity storage in batteries – this is highlighted as a priority 

area for future work, as it can increase solar penetration and decrease the carbon 

footprint of Qatar’s large air conditioning demand. 

The demand for air conditioning in the summer aligns well with the generation of solar 

electricity. The results also show how solar energy works well in conjunction with some 

of the other technology pathways listed below, such as hydrogen electrolysis (Chapter 

7) and electricity export infrastructure (all cases). In Chapter 7, due to high hydrogen 

prices that make solar-powered electrolysis viable, QESMAT deploys the maximum 

allowable capacity of solar PV – arbitrarily set as 90 GW, with a majority of solar 

generation going towards green hydrogen production. Real-world deployment will be 

constrained by the long-term future of hydrogen as a low-carbon fuel, solving the 

technological challenges of hydrogen conversion and transport, and the availability of 

suitable land for solar PV deployment. 

The government has set a small target for renewable energy production in Qatar – 2% 

of electricity generated in 2020. This will be surpassed by the 800 MW grid-scale Al 

Kharsaah project, equivalent to 10% of the peak demand, coming online in 2022 145. A 

more ambitious target is set for 2030 – 20% of all electricity generated in 2030 must 

come from renewable sources. QESMAT shows that this target can be easily met and is 

often exceeded (Chapters 5 through 8). In some scenarios (Chapter 6 and 7), solar 

energy can produce half of Qatar’s electricity by 2030 – of course, this might not always 

be utilised within the country, with a large portion earmarked for export through a 

regional transmission network. Solar PV, due to its cheaper overall costs when 

compared to new-build gas-fired generation, also reduces the need for spare gas-fired 

capacity that is only operated to meet peak demands in the summer (across all 

chapters). The case for adopting grid-scale solar energy is strong, and the government 

does not need to build any new gas-fired capacity, until it first scales up the 

implementation of solar PV.  

QESMAT does not currently include rooftop, household or building-integrated PV. This 

is because of the single decision-maker structure of the model. Since we assume that all 
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key infrastructure decisions are taken by the government, and utility-scale solar is the 

most economically efficient way to deploy solar energy, residential-scale solar is not 

currently included in the model. However, there is a case to be made for residential 

adoption of solar energy – it can be used to balance the elimination of electricity 

subsidies for rich households, lower the peak power demand, and even provide an 

option for homeowners to sell excess power to the grid. 

A different modelling framework that considers the interests of multiple stakeholders 

will be required to study the optimal split between residential and grid-scale PV. 

QESMAT can still be used to study the system effects of adding a fixed amount of 

residential PV and home batteries – this is a task for future analysis. 

QESMAT provides us with an estimate of how much solar PV can be deployed in Qatar. 

Currently, the model imposes an arbitrary limit on the maximum solar deployment at 

30% of Qatar’s land area. This gives a maximum deployment of 90 GW – which 

represents around 20% of the total global solar PV capacity at the end of 2018. This 

constraint is usually not enforced in the model – optimal solar deployment is based on 

domestic demands (peak power demand is less than 10 GW at present), export 

constraints (the lack of significant transmission capacity limits exports), and the prices 

of other products that can be produced from electricity, such as steel and hydrogen. In 

some scenarios, where the price of hydrogen and the carbon price are high enough to 

justify hydrogen production through electrolysis (Chapter 7), we see the deployment of 

the maximum allowable solar PV – all excess generation is used to produce hydrogen for 

export. In this case, ‘renewable’ hydrogen can form 70% of all of Qatar’s hydrogen 

exports by 2050. Note that this result is sensitive to the long-term hydrogen price. This 

is discussed further in the industrial policy sub-section.  

Nevertheless, the key takeaway across the case studies is that as solar PV costs fall, it 

can increasingly provide cheaper electricity than natural gas, free up more gas for 

export as LNG or hydrogen, reduce the need for peaking gas-fired power plants, meet 

evening/night cooling demands through storage, and even power a low-carbon export 

industry, perhaps green hydrogen. 

9.2.1.2 Gas-fired power 



244 
 

When the first thermal power and desalination plants were built in the Middle East, 

membrane-based processes such as reverse osmosis were not advanced enough to 

desalinate seawater. The building of these large integrated plants is a clear example of 

infrastructure lock-in – a large new plant runs under its capacity for several years, 

waiting for demand to catch up, locks out other technologies from being implemented, 

and by the time a new investment is needed, another large plant seems to be the best 

solution. 

As seen across the case studies (Chapters 4 through 8), integrated plants will still be 

necessary to reliably produce power and desalinate water – using the waste heat from 

the turbines to desalinate seawater by evaporation. However, these plants do not 

merely use the waste heat – the direct thermal energy and electricity requirements of 

the desalination units are very large. Given the dependence of Qatar on desalination for 

all of its primary water demand, and the technological challenges of large water storage 

capacity, the energy system currently needs to keep the integrated plants switched on 

so that the country always has enough water. This also provides a necessary back-up on 

days when solar generation is low – this is not explicitly modelled in QESMAT, but we 

can see that there is enough existing gas-fired capacity to meet morning demands, 

especially when augmented by energy storage. 

QESMAT’s technology set contains an alternative technology for desalination that only 

has an electricity requirement – reverse osmosis. This is covered in the sub-section on 

water infrastructure. The deployment of reverse osmosis for desalination allows the 

optimiser to choose the most efficient thermal generation technology – gas-fired power 

(as seen in Chapter 7). It has a higher efficiency than integrated plants and is the least 

polluting fossil-fuel power generator. In the latest case study that used updated 

numbers on Qatar’s power generation fleet (Chapter 7), the optimiser recommended a 

complete switch from integrated water and power plants to closed-cycle gas generation 

and reverse osmosis. Note that due to its reliance on membranes, RO desalination is 

more sensitive to the quality of the feedwater than thermal desalination, and hence 

requires greater pre-treatment – this might affect real-world deployment of the 

technology. 

The model does not currently include a broader technology portfolio of various types of 

gas turbines – this limits the current scope of the analysis. Moreover, the individual 
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power plants are not modelled as separate ‘technologies’ with their specific technology 

type, costs and retirement dates. This may be included in a future modelling effort to 

give a more detailed picture of the transition of the electricity sector. 

It would be ideal to not have any fossil-fuel based generation in the electricity system, 

but this is not immediately achievable due to the lack of scalable battery storage that 

can not only have intra-day storage to support solar energy production, but also have 

additional capacity to handle a few days without sunlight. Other technology pathways 

such as hydrogen production through electrolysis, combined with fuel cells to convert 

hydrogen back to electricity, are currently too expensive to compete with gas-fired 

power – even when supported by a $60/ton carbon price (Chapters 6 and 7). 

9.2.1.3 Battery storage 

The next breakthrough in the global energy transition seems to be in the large-scale 

deployment of batteries to store electricity. If we witness the same price drop in 

batteries that we did with solar PV over the last decade, we might see an even quicker 

transition to a fully renewable future – as we can finally overcome the intermittency of 

renewable generation. Other storage technologies such as pumped storage hydro-

electricity, hydrogen electrolysis and reconversion, compressed air storage, etc., are 

also in various stages of development and implementation, and these can provide 

longer-term storage of renewable electricity. 

The later iterations of QESMAT (Chapters 6, 7 and 8) contain a simplistic representation 

of energy storage – these are not modelled as separate technologies, but rather as a way 

to transfer resources across time slices. One can thus model the scope of seasonal and 

intra-day storage, without simulating a detailed production plan. QESMAT was 

constrained to only allow intra-day storage, as it seems unrealistic at present for battery 

storage to enable electricity produced in the winter to be used the following summer. 

The results across Chapters 6, 7 and 8 show that there is a role for intra-day storage in 

the Qatari electricity system. 

Battery storage is coupled with solar energy production. Excess solar production is sent 

to batteries, to be stored until the evening, when this electricity can be used to meet air 

conditioning demand. QESMAT allows the deployment of a maximum 54 GWh of battery 

storage capacity after 2020 – which is approximately twice the total battery storage 
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capacity installed worldwide at the end of 2018. This is not immediately deployed in the 

model – instead, it is used only once solar deployment reaches a maximum, after the 

2030s. 

The results also indicate that the introduction of battery storage reduces spare gas-fired 

capacity that would only meet summer cooling demands, and lowers the energy 

system’s carbon emissions. Like with solar PV, QESMAT does not consider the role of 

home battery storage, or the storage potential of electric vehicles – these can be studied 

further to understand how smart homes may manage their electricity demand, and even 

use batteries to sell back power to the grid, or how electric vehicles may act as home 

batteries. 

It must be noted that electric batteries may not be the most environmentally friendly 

storage option. Batteries rely heavily on lithium, cobalt, nickel and rare earth metals. 

The production of these elements has a large environmental footprint – causing soil, 

water and air pollution, and a high human cost when sourced from countries where 

human rights violations are rampant. As always, there is no silver bullet, and we must 

consider the life-cycle impacts of every technology solution that we decide to 

implement. 

9.2.1.4 Electrolysis (green hydrogen production) 

In a scenario where the price of hydrogen is sufficiently high ($4 per kilo net-back – 

without conversion and transportation costs), capital costs low (for solar PV and 

electrolysers), and a high carbon price ($57 per ton) locking out higher carbon exports, 

the solar-powered electrolysis of water to produce hydrogen becomes profitable. A 

detailed analysis of the sensitivity of hydrogen production to these parameters is left for 

future work.  

The process of electrolysis uses electricity to split water into oxygen and hydrogen. 

Several processes are under development, and Proton Exchange Membrane (PEM) 

technology looks promising compared to the current industrial favourite – alkaline 

electrolysis – which is an inefficient process. The PEM membrane keeps the hydrogen 

and oxygen apart by allowing only protons (hydrogen nuclei) to go across it, reducing 

the need for gas separation. The produced hydrogen still needs to be compressed so 

that it can be stored and transported, and this adds a significant cost to the production 
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process, although technologies that can electrolyse water at high pressure are being 

developed to eliminate the need for hydrogen compression. QESMAT does not currently 

include the costs of conversion (perhaps liquefaction) and transportation. 

The transport of hydrogen is also expensive, due to the high pressures and low 

temperatures needed to maintain a high volumetric energy content, along with the 

additional challenge of preventing the smallest molecule in the universe from leaking 

into the environment. Hydrogen is flammable and explosive, while burning with an 

invisible flame. The modular nature of electrolysers means that, at least for domestic 

consumption, hydrogen can be generated close to its point of use. For example, 

hydrogen refuelling stations can produce their fuel on-site, fed by electricity from the 

grid. The additional challenges of preparing hydrogen for long-distance export and the 

options available to do so are discussed in the sub-section on industrial policy. 

Electrolysers can be run flexibly from 0 to 100% of their capacity. This allows them to 

pair well with renewable electricity generation as we see in Chapter 7. The production 

of electrolytic hydrogen is directly paired with the generation of solar electricity. The 

water needed for this process may be produced by treating sewage effluent (TSE), with 

adequate filtration – the viability of this process is beyond the scope of energy systems 

modelling. Chapter 7 indicates that in a ‘moderate’ hydrocarbon price scenario, the 

maximum annual green hydrogen production is around 2 million tons per year. This 

needs approximately 18 million cubic metres of water – there is enough spare TSE 

production capacity for this purpose and does not increase the need for desalination. 

Most of this hydrogen is exported. However, there is some domestic usage in the 

transport sector, for both passenger and freight demand – this is due to the optimiser 

picking the least-cost option for the central decision-maker and does not include the 

effect of consumer behaviour or the costs of hydrogen fuel-cell vehicles and refuelling 

infrastructure. A detailed transport model, inclusive of consumer behaviour effects, 

would be a useful addition to QESMAT in the future – this could also be used to test the 

system-wide effects of powering taxi, bus or freight vehicle fleets with electricity or 

hydrogen. The model also shows a small deployment of fuel cells in some scenarios, 

which convert the hydrogen back to electricity. This makes hydrogen a form of energy 

storage for intermittent solar energy. 
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The production of renewable hydrogen can be a more sustainable process than the 

production of low-carbon hydrogen from the steam reforming of natural gas, followed 

by the capture and storage of the resulting carbon dioxide. This is because renewable 

hydrogen production does not require the extraction of fossil fuels, or the risky long-

term storage of carbon dioxide. CCS is still not implemented at scale globally, and 

environmental risks around leakage are significant. Thus, an almost zero-carbon 

process, involving solar electricity powering electrolysis, is a more sustainable, low-risk 

pathway for hydrogen production. As seen in Chapter 7, by 2050, up to 70% of Qatar’s 

exported hydrogen can be nearly zero-carbon – from solar-powered electrolysis. Note 

that hydrogen can be produced wherever any intermittent renewables are generating 

excess electricity, and that Qatar has a very small land area, even in comparison with its 

neighbours – thus, it will not have a market monopoly on hydrogen, as it once did with 

LNG, and would not be a price-setter for green hydrogen, even if it were a low-cost 

producer. 

9.2.1.5 District cooling 

Air conditioning is a major energy consumer in the hot, humid, Qatari environment. This 

is evident in the difference between summer and winter load profiles from Kahramaa – 

summer demand is almost twice the winter demand, and most of the difference is due to 

electricity usage for air conditioning. 

Most stand-alone homes, and even residential buildings in the older parts of the city, 

rely on individual air conditioning units. Although there has been a significant shift from 

window ACs to split units and even centralised units, the energy consumption for air 

conditioning remains high. This demand is projected to increase as climate change 

further heats up the cities of the Arabian Gulf. 

District cooling is modelled as a separate technology that can compete with individual 

air conditioning units to meet cooling demands. District cooling plants are, at a system 

level, more efficient at providing cooling services as they rely on a centralised plant that 

supplies cold water to individual homes/buildings. These systems have been running 

successfully in new suburban developments, such as Pearl Qatar and Education City, for 

many years, and QESMAT projects that district cooling systems provide the optimal 

cooling solution for all new investments (Chapters 5 through 8), at moderate and high 
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hydrocarbon prices, and when there are subsidies on domestic electricity sales, putting 

an opportunity cost on natural gas. The optimiser always seeks to maximise profits, 

though, so when electricity subsidies are removed and commodity prices are low, it 

selects individual AC units for cooling – this is a limitation of the model itself, so it is not 

prescribed as a policy, as we know that energy efficiency is a worthwhile goal. 

Note that in practice, it is difficult to retrofit existing buildings to switch to district 

cooling, but as new urban infrastructure is constantly built, they can all be optimally 

cooled by centralised district cooling plants. There is a caveat that since district cooling 

services are centrally controlled, they may prove wasteful if the districts they supply are 

underpopulated, with the possibility of increasing per capita energy use as compared to 

individual air conditioning units. Unfortunately, this is difficult to plan for in advance. 

The switch to district cooling goes together with improving the insulation of buildings, 

new and old, to keep the interiors cool as efficiently as possible, while also setting the 

set-point at 24-25 oC rather than below 20 oC, which is often the case in buildings in 

Qatar. Some scenarios in QESMAT (Chapters 6, 7 and 8) show the link between energy 

storage and cooling demand in later time periods – batteries are deployed to store solar 

electricity during the day, and this electricity meets the evening/night cooling demand 

in the summer. This opens up the possibility of smarter cooling systems, which can 

operate when there is abundant solar electricity (usually coinciding with peak air 

conditioning demand), and minimise the need to run the cooling plant when the sun is 

not shining, through better insulation, increasing the temperature set point, and 

deploying some thermal energy storage (using chilled water or ice) within the district 

cooling system. This will also reduce the need for more expensive battery storage. 

Thermal storage technology can be explored in future work. 

9.2.1.6 Energy efficiency 

Kahramaa, the Qatari utility company, has been running the ‘Tarsheed’ energy efficiency 

campaigns for years. These have been centred around raising public awareness, but 

their measurable impact in saving energy is uncertain. They have also set targets on 

reducing electricity and water consumption, but it unclear if they have succeeded in 

meeting them. Electricity consumption has continued to rise due to the country’s 

increasing population. QESMAT shows the difference in peak capacity needed between 
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high and low demand scenarios (Chapter 8). Around five gigawatts of gas-fired capacity, 

and up to 9 GW of solar PV, does not have to be installed if energy efficiency measures 

are compulsorily implemented – the difference between high and low demand cases at 

high commodity prices (when there is a greater incentive to reduce electricity 

consumption). 

Given that energy subsidies are part of the citizen-state contract, energy efficiency 

measures such as incentives for building retrofits, home renewables and battery 

installation, etc. can go together with reforming the electricity pricing system. Note that 

current electricity prices are too low for people to justify investing in efficiency 

improvements for their homes, especially for renters, who are in the majority. Instead of 

price subsidies that benefit richer households more than poorer ones, the subsidy 

budget can be better spent on targeted interventions that reduce people’s electricity 

consumption – better insulation, more efficient lighting and appliances, installation of 

solar water heaters, and even subsidising the installation of rooftop PV. These 

interventions will lower residential electricity consumption, while also saving the 

government billions in subsidies and power generation costs. Such technologies also 

reduce the number of conscious decisions that a consumer needs to take, by 

automatically reducing their energy consumption without requiring a change in their 

lifestyle. This is in line with the conclusions from behavioural economics, which state 

that people are naturally unable to value long-term savings (from energy efficiency, for 

example) over short-term costs (installing these technologies). It is the role of the 

government to nudge people towards positive behaviours. 

The policy of installing energy-saving technologies also needs to be understood in the 

context of citizen-state relations in a rentier state. Simply eliminating subsidies will be 

politically difficult as these subsidies are part of the government’s obligation to 

redistribute hydrocarbon wealth. However, there is the possibility of replacing these 

subsidies with another form of redistribution – infrastructure improvements. These 

include the technological interventions discussed above: insulation improvements, 

installation of solar water heating and PV, smart meters, etc. This switch is a way to 

maintain citizen-state relations, while also improving energy efficiency, by replacing a 

wasteful transfer of rent to a useful one instead. 
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There is also a system-wide economic benefit to implementing energy efficiency 

measures – electricity is not the most profitable product that can be made from either 

natural gas or solar energy. Thus, reducing domestic electricity consumption frees up 

more gas and solar energy to be diverted to other products such as hydrogen at 

moderate to high prices (as seen in Chapters 5, 6, 7 and 8). The savings are more 

pronounced when there is a subsidy on domestic consumption at moderate to high 

commodity prices, as the government not only loses money by diverting resources to a 

less profitable product (electricity), but also has to sell that product domestically below 

its market price. This result highlights the benefits of using an energy system model, as 

such cross-sectoral interactions can be quantitatively modelled for policy analysis. 

9.2.1.7 International electricity transmission 

The current state of international electricity transmission infrastructure in the Arabian 

Gulf leaves a lot to be desired. At present, the grid plays a supportive role in case of 

emergency outages in any part of the system. However, the international grid cannot 

support the sustained flows of electricity that cross-border trading requires. This will 

require additional investment, and international cooperation, currently impossible due 

to the continuing blockade of Qatar by its neighbours. 

Improving cross-border transmission has mutual benefits. Qatar benefits from being 

able to sell excess renewable generation (particularly excess solar generation in 

winters, as seen across all case studies, along with spare gas-fired capacity in other time 

periods), while neighbouring countries can buy cheap power without having to invest in 

their own generation capacity. The UAE and Saudi Arabia have limited natural gas for 

power generation – evidenced by their interest in importing nuclear fuel and even coal 

for power, while continuing to see a growth in electricity demand. With better 

cooperation and infrastructure investment, Qatar can meet some of their electricity 

demand. Perhaps the lack of gas for electricity generation and growing domestic 

demands may cause the neighbouring countries to overcome historical differences with 

Qatar. On the contrary, they may also choose not to increase their energy dependence 

on Qatar. 

Note that due to the seasonal nature of peak demand, Qatar will be unable to export 

much power during the summer ,when solar deployment is not at its maximum or when 
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there is no spare gas-fired capacity, as Qatar’s own demand will require all of its 

generation capacity. This limits the opportunity for electricity trading, as the 

neighbouring countries will still have to rely on other sources to meet their peak 

summer demands. We can also note that QESMAT does not suggest an expansion in gas-

fired generation dedicated for export – this is due to the low electricity prices that can 

be expected in the regional market, as the neighbouring countries also heavily subsidise 

electricity for domestic consumption. Qatar can export excess solar energy, which 

would otherwise have to be curtailed due to a lack of domestic demand, at low prices. 

There is also an opportunity to run under-utilised gas plants to their peak capacity if 

there is a higher price for electricity. 

Chapter 7 (medium hydrocarbon prices, hydrogen at $4/kg, carbon price at $57 per 

ton) suggests that hydrogen production from solar-powered electrolysis is a more 

profitable use of excess solar generation than exporting electricity. Having a higher 

transmission capacity gives Qatar more flexibility in taking advantage of the most 

optimal export based on commodity prices. As seen in Europe, an international 

transmission grid increases the system-wide penetration of renewables across borders, 

as the challenges of intermittency can be met through geographically diverse supply 

and demand. 

9.2.2 Water system 

Qatar’s water resources have been the biggest factor in determining its land’s ability to 

host a permanent population. Before the discovery of hydrocarbons, most of the 

population was nomadic. People moved in and out of the Qatari peninsula based on the 

availability of water and pasture. Populations in the coastal settlements relied on their 

most precious assets – freshwater wells. 

The discovery of oil and the subsequent development of the hydrocarbon industry 

necessitated the finding of a new water source. When Qatar’s water demand outgrew its 

groundwater resources, the British introduced the technology of thermal desalination. 

This became the primary source of potable water for all countries in the Arabian Gulf. 

As the demand for power and water grew simultaneously, Gulf countries invested in 

large power plants (either gas or oil-fired) that had integrated water desalination units. 

These are still the primary source of water in Qatar today – they use the thermal energy 
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from burning gas to generate electricity, and heat seawater until some of it evaporates 

and condenses to yield freshwater. This process is energy-intensive and is responsible 

for a large fraction of Qataris’ domestic carbon emissions (as seen in Chapters 5 through 

8, up to 20 million tons of CO2 in 2020 from the domestic electricity-water sector, 

around 10% of the country’s total emissions). 

QESMAT currently does not capture in detail the water demand of the industrial system 

either – company-level data on water abstractions will be required to improve the 

analysis, as noted for future work. However, given the significant room to increase 

treatment of sewage effluent, and its potential viability for industrial use, industrial 

demands may be feasibly met without significantly increasing desalination capacity – 

more analysis will be needed to test this hypothesis. 

Given the lack of sufficient renewable water resources in Qatar, there is no ‘sustainable’ 

alternative to desalination – except a massive reduction in the Gulf’s population. Thus, 

technologies that are more efficient than the thermal desalination plants that currently 

meet Qatar’s water demand, and improvements in infrastructure efficiency, water 

recycling and waste treatment, are required to sustain the existing population while 

reducing the environmental footprint of desalination.  

None of these technologies address one of the biggest challenges facing the Gulf 

countries – the increasing salinization of the Arabian Gulf, due in large part to the 

presence of large desalination plants, from Kuwait to the UAE, that discharge 

concentrated brine (seawater with higher salt concentrations), which is a by-product of 

the desalination process 101. At the same time, a climate-change induced temperature 

increase is being observed in the sea, along with increasing acidity. The temperature, 

salinity and acidity extremes are a disaster for marine life in the Gulf. There does not 

seem to be any technological solution for this – apart from rapidly mitigating climate 

change, which is only part of the solution. It is becoming increasingly clear that the 

Arabian Gulf cannot sustain its current population levels without causing even more 

harm to the natural environment. 

Given these broad caveats, the following are some recommendations for technological 

changes to the water system on the basis of QESMAT case studies. 

9.2.2.1 Reverse osmosis 
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Membrane-based processes for desalination used to work only at small scale and were 

suited to treating brackish water rather than seawater. However, membrane 

technologies have become increasingly competitive with thermal technologies as the 

former can now be deployed at scale and can better handle higher salinity feeds such as 

seawater. They do not require a thermal energy source and rely purely on electricity – 

allowing them to be decoupled from gas-fired power generation. This introduces the 

possibility of coupling water desalination with solar electricity, as seen in the results of 

Chapters 5 through 8. RO deployment increases at higher carbon price (Chapter 5 and 

8) as it has a lower carbon footprint. It also increases when there are domestic subsidies 

on electricity, which leads to an opportunity cost for the natural gas used to produce 

electricity/water in IWPPs. The optimiser thus chooses the most efficient option for 

desalination – RO. 

Across the case studies (Chapters 5 through 8), we see a significant adoption of reverse 

osmosis for desalination. Thermal desalination continues to provide the largest amount 

of water within the system in most scenarios, due to the need for electricity throughout 

the day. The integrated plants co-produce a fixed amount of water with electricity, as 

QESMAT does not model flexible generation of water and power in these plants – this is 

listed as future work. In Chapter 7, when the model was updated with data showing 

better thermal efficiency of gas-fired power plants, compared with the latest efficiency 

data from Qatar’s integrated plants 124, the optimiser chose to retire integrated plants at 

the end of their lifetime, and invest in gas-fired power generation and reverse osmosis 

desalination at scale. Thus, RO desalination can be flexibly powered by solar energy 

during the mornings, and NGCCs during the evenings/nights, to supply most of Qatar’s 

water needs. 

Note that due to the sensitivity of membranes to fouling (deposits on the membrane 

that reduce its performance), reverse osmosis desalination requires better pre-

treatment of the feedwater as compared to thermal desalination. This increases the 

technology cost and risk – reverse osmosis is more sensitive to any disruptions in 

feedwater quality.  

9.2.2.2 Water storage 
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A complete reliance on desalination for its water needs, along with the infeasibility of 

having surface storage of water (due to evaporation losses), means that Qatar is 

vulnerable to any disruption in its water production system. As geopolitical tensions in 

the region continue, threats such as a sudden oil spill or a nuclear attack are significant. 

Desalination plants cannot handle these contaminants – their only option is to shut 

down until the feedwater returns to the required quality. 

Water storage is critical to overcome short-term disruptions to the desalination system. 

In Chapter 7, QESMAT shows some economic benefit to using water storage to meet the 

fluctuating demand for irrigation, as the storage prevents the investment in spare 

desalination capacity that is only needed at certain times of the year (such as summers). 

It also suggests that excess solar power can be used for desalination that meets 

evening/night demands. On the contrary, Chapters 6 and 8 suggest that RO plants can 

be run along with IWPPs to produce water in evenings/nights, that can then be stored 

for daytime use. The key reason for this difference is the efficiency of NGCC-RO vs. 

IWPP. This will have to be resolved by model inputs based on better local data on the 

energy consumption and costs of thermal and membrane desalination. 

The ability to model the flexibility in integrated plant operation – switching between 

power generation and desalination, or a combination of the two, may reduce the need 

for water storage, and provide a more varied production profile where water and power 

production are decoupled. This will, however, require some sort of mixed-integer 

approach, but this was not included in the work so far to maintain the model’s ability to 

incorporate stochastic uncertainty and guarantee a quick search of the optimal solution. 

Modelling of power plant flexibility is listed under future work. 

QESMAT also does not capture the security benefits of having dedicated water storage, 

although these are significant. The state utility company is building a large-scale 

enclosed reservoir that will provide enough storage to meet seven days of demand137. 

The scale of the reservoir – almost 9 million m3 for the first phase (equivalent to 3,600 

Olympic-size swimming pools), indicates the insurmountable challenge of maintaining 

water security for periods of longer disruption, and the critical role that water 

desalination plays in the country. There is also an ongoing program of aquifer recharge 

using treated sewage effluent (described in the next section), but this water is 

unsuitable for many applications. 
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9.2.2.3 Treatment of sewage effluent 

The importance of reducing waste and reusing as much water as possible is apparent 

from looking at the energy requirement and environmental impact of desalination. The 

treatment of sewage, which requires lower energy than desalination, and does not 

involve brine disposal into the ocean, can play an important role in reducing the 

demand for desalination. QESMAT shows a small deployment of TSE (Chapters 6, 7, 8), 

usually in the first and last time periods – indicating the optimiser’s reluctance to invest 

in new infrastructure, as there is already an initial technology deployment in 2020, and 

there is no payoff beyond the 2050-’55 for any new deployments. TSE is chosen 

because, as modelled, it does not have a capital cost – only an operating one, which, as 

modelled, is higher than the unit cost of desalination.  

Since treated sewage effluent (TSE) is currently only useful for irrigation, its production 

is constrained by agricultural water demand. However, TSE may also be useful in 

meeting non-potable water demands in industry and district cooling. TSE is also 

increasingly used for aquifer recharge – but its use here is mostly for irrigation. These 

options have not been explored in QESMAT, so far, but may lead to a significant 

reduction in desalination demand. 

A government study to determine the best applications for TSE is recommended, 

followed by an investment in expanding the necessary infrastructure. QESMAT can be 

improved by incorporating better cost and efficiency data for TSE, to determine its 

viability in various scenarios. 

9.2.2.4 Agricultural water demand 

Al-Ansari’s estimate for agricultural water demand in Qatar was used in Chapters 6 

through 8– he calculated the water needs for Qatar to grow 40% of its own food in his 

PhD thesis126. The actual water demand may be larger because although Al-Ansari 

modelled improvements in technologies and processes that reduce water consumption, 

these may not manifest in practice. This may not necessarily drive up demand for 

desalinated water, as the optimiser does not use the entire available TSE capacity at 

present – this may be expanded to meet any extra agricultural water demand. QESMAT 

includes the seasonal difference in water demand – with summer demand twice that of 

winter – as predicted by Al-Ansari. 
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Agricultural water demand was modelled as being able to be met by TSE in Chapters 6 

through 8. The optimiser prefers to operate the desalination plants at their maximum 

capacity, and once other domestic water demands are satisfied, divert desalinated water 

to agricultural use, due to the lower overall costs of desalination as currently modelled. 

Any gaps between desalinated water supply and agricultural demand are filled in by 

TSE. Note that the optimiser prefers to produce TSE when compared to investing in a 

new desalination plant dedicated solely to agriculture – as observed in the first and last 

time periods in Chapters 6, 7 and 8. 

Looking beyond the national energy system, it must be noted that growing food in an 

arid environment consumes a large amount of resources and is more expensive than 

importing food grown in more fertile regions. Understanding this, Qatar has also tried to 

buy agricultural land in more fertile countries, to produce crops specifically for 

consumption in Qatar. While this might be a more resource-friendly approach, there are 

ethical concerns around diverting water and other resources to Qatari-owned lands, for 

Qatari crops, when the host countries may themselves be suffering from a lack of 

resources. The questions of ‘sustainability’ of domestic water consumption also apply to 

domestic food production – Qatar’s small and arid land area cannot sustainably host a 

population of almost 3 million people without depending on imports of food (with an 

implicit water footprint) and seawater desalination. 

9.2.2.5 Efficiency improvements 

The previous discussion on the impacts of desalination, and the advantages of reducing 

water demand, point to the importance of infrastructure and behavioural 

improvements that reduce water wastage. The state utility company is working to 

reduce the amount of water lost due to leaks in the system, while also running 

awareness campaigns to reduce residential water consumptions. Government-imposed 

fines for water misuse can also help. 

Similar to improvements in energy efficiency, the reduction of residential water 

demands will also have to consider citizen-state relations and the importance of cheap, 

limitless, water in preserving the legitimacy of the state. Thus, compulsory measures 

such as installing more efficient showers and taps, tightening building codes, etc., may 
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complement reductions in subsidies. Poorer households can be compensated by 

targeted cash grants to pay their utility bills. 

These measures can be balanced by avoiding capital expenditures on expensive power 

generation and water desalination – as seen in Chapter 8, a ‘low’ demand scenario 

where municipal water demand in 2050 is around the same as that today (550 Mm3) 

can avoid the building of around 250 Mm3 of RO capacity and 5 GW of IWPP (450 Mm3 

of desalination capacity), when compared to the ‘high’ demand scenario (850 Mm3), in 

the year 2040, at high commodity prices. This is because infrastructure is not always 

used at capacity in an optimal case (both RO and IWPP are oversized to accommodate 

solar generation). 

9.2.3 Transportation system 

The domestic transportation system was formalised in the hydrocarbon era – the 

British constructed the first roads and roundabouts, before American-style planning led 

to the creation of sprawling cities with highways choked with traffic, pedestrians left 

without sidewalks and total reliance on the automobile as a means of transport. 

As Qatar’s population became more affluent, (multiple) car ownership became a marker 

of wealth. City planners seem to have only one solution to increasing traffic – building 

more roads and expanding existing ones. This comes at the expense of all other forms of 

transport – cities are not pedestrian or bike friendly. For thousands of low-income 

workers who cannot afford to own cars, there is no alternative but to walk and bike on 

intermittent sidewalks, hard shoulders, or vacant land. 

There is also an aversion to public transport – especially buses, which are considered to 

be suitable only for transporting the labour population to and from their worksites. 

Although the metro system is still new, trains are running below capacity. This is not 

surprising, because the design of the city makes any form of non-automobile transport 

much more inconvenient than driving. Even though the metro can take you from a 

suburb into the commercial heart of the city faster than any vehicle in rush hour, once 

you get to your destination station, the patchy system of walkways and sidewalks, the 

extreme summer heat, infrequent shuttle buses with circuitous routes and the lack of 

street-accessible entrances to buildings can become last-mile hurdles for commuters. 

There is significant room for improvement. 
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Reducing the number of cars on the road is not just an economic necessity – it is 

necessary to resolve a public health crisis as well. Urban air pollution, for which 

automobile particulate emissions are a major component, is causing adverse health 

outcomes across the population, and especially for vulnerable children and older adults. 

Air pollution is also indiscriminate – it affects the richest citizens and the poorest 

workers equally (although the poor are still more likely to be exposed to higher levels of 

pollution as they live in more congested parts of the city). The government has 

challenged the World Health Organisation’s findings about pollution-exacerbated 

morbidity and mortality in Qatar but has not released quantitative findings proving 

otherwise. Air pollution data is not released by any government department either, 

while research institutions that collect pollution data choose not to make it public. 

Anecdotal cases of child asthma and increasing heart and lung conditions within the 

population point to a health crisis. Air pollution was visibly lower when the coronavirus 

lockdown reduced the number of cars on the road. It is vital for the government to 

acknowledge the problem of air pollution, and quantify its economic and health impacts, 

if we are to see a shift to a cleaner transportation system in Qatar. 

While QESMAT does not quantify the decongestion and pollution reduction benefits, it 

determines the most economical options for passenger and freight transport, while also 

allowing us to test the economic impact of transportation policy such as promoting 

public transport. These are discussed below. 

9.2.3.1 Passenger transport 

QESMAT considers the switching of passenger transportation from gasoline to hybrid, 

electric and hydrogen (Chapters 4 through 8). In Chapters 6, 7 and 8, we see a shift 

towards electric and hydrogen vehicles over the next few decades. This is mostly 

because of the lower cost (per passenger km) of supplying gas-derived electricity and 

hydrogen, as opposed to oil-derived gasoline. 

I have also modelled an end to subsidies on transportation fuels. Interestingly, this 

reduces the switch to cleaner vehicles, as the government no longer loses money by 

subsidising transport fuels – it is equally happy to sell these domestically or 

internationally. 
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QESMAT does not consider what the optimal fuel choice is for the consumer, as I model 

a single decision-maker – the government. I assume that the government will 

incentivise consumers to choose the option that makes the most economic sense at the 

national level. The model also does not incorporate the cost of vehicle ownership (as 

this does not fall on the government). We are in the midst of an electric vehicle 

revolution – costs are still falling, while performance is matching and even exceeding 

that of gasoline vehicles. Thus, consumers now have a realistic alternative to owning a 

fossil-fuel powered car. The government will have to invest in the infrastructure 

required to support greener vehicles – from hydrogen refuelling stations to electric 

charging points. These can be incentivised through policies such as priority parking 

spots and free charging at shopping malls. The building of new infrastructure may 

initially be directed towards vehicle fleets such as electric taxis and hydrogen buses, 

which will guarantee a minimum level of infrastructure usage, while also solving the 

chicken-and-egg problem of which comes first: charging/refuelling infrastructure or 

personal ownership. 

Since Qatar is a small country (and currently under a land blockade, which prevents 

long-distance road travel), electric cars with smaller batteries, and a lower range, may 

still be popular. Either way, most commutes start and end within the city of Doha, while 

most houses have their own dedicated parking. The rollout of charging infrastructure in 

apartment buildings (often with underground parking) may be more challenging. 

Moreover, the need for air conditioning within the vehicle in summer, along with 

weaker battery performance at high temperatures, may lead to lower driving ranges 

than achievable in more moderate climates. More research is needed on real-world 

performance of electric vehicles in the Gulf. 

Although the switch to electric and hydrogen cars will reduce the pollution caused by 

fuel combustion, it will not reduce particulate pollution from tyres and brakes, which 

significantly affect air quality. They also will not reduce congestion, as they occupy the 

same road space as a gasoline vehicle. Thus, there is a clear case for promoting public 

transportation such as the newly built metro 

Across all case studies where a metro system is modelled, there is a constraint in 

QESMAT to force the optimiser to use the full capacity of the metro. This is because the 

optimiser does not choose to use the metro at all otherwise, as the revenues generated 
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from metro usage are lower than the revenues from selling gasoline, hydrogen or 

electricity for transport. However, the decongestion and air quality benefits of public 

transport have not been quantified in QESMAT, while I have set the model’s revenues 

from the metro system very low – just 0.2 USD per pass-km. Due to its currently 

unquantified benefits, the metro system should continue to be subsidised to encourage 

its use. 

By solving the last-mile challenge of public transportation through the necessary design 

interventions, The Qatari government can replicate the success of international and 

regional public transit systems and make it a viable alternative to vehicle ownership. A 

detailed sub-model of the transport sector, integrating consumer behaviour, real-world 

performance, government policies and technology costs, is listed as future work. 

9.2.3.2 Freight transport 

As Doha has seen multiple waves of construction and infrastructure expansion, along 

with a growing population and increasing prosperity, the roads have become clogged 

not only with passenger vehicles, but also freight vehicles carrying construction 

material, consumer goods, chemicals and other products. Once again, government 

planning has focused on the construction of larger highways that circumvent urban 

centres – but freight transport is still required within the city. Virtually all of the freight 

is transported in inefficient diesel trucks that emit large amounts of particulate 

pollution. 

Until now, there has not been a viable alternative – either in Qatar or anywhere else in 

the world. Recently, improvements in battery and fuel cell technology have catalysed 

the commercial development of electric and hydrogen-powered trucks. These are 

modelled in QESMAT, and the optimiser chooses to deploy them in some scenarios 

(Chapters 5 and 6). However, unlike the definitive decarbonisation of passenger 

transport, the shift from diesel freight is more tentative – in chapters 7 and 8, the 

optimiser sticks to diesel vehicles to meet almost all freight demand. Once again, 

QESMAT does not account for the cost of vehicle ownership – but given the high costs of 

electric and hydrogen trucks, factoring this in will only make their deployment less 

viable. Moreover, the model must also include the costs for refuelling/charging 
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infrastructure. This is listed as future work, in line with the modelling of the passenger 

transport sector. 

Perhaps the only certain way to reduce emissions from freight transport is to reduce the 

demand for freight itself. Lowering the consumption of resources at the individual level 

and reducing the construction of mega-projects with uncertain economic benefits will 

see a corresponding reduction in freight demand, reduce congestion, improve air 

quality, and lead to a more sustainable future. 

9.2.3.3 Aviation 

The increasing demand for air travel, along with the geographical advantage of the 

Arabian Gulf being halfway between the major demand centres of the Eastern and 

Western hemispheres, has led to the rise of popular airlines such as Emirates, Etihad, 

and of course, Qatar Airways. Any resident of Qatar will have noted the mass of people 

who disembarked a Qatar Airways flight with them, only to make their way to the 

transfer area, as opposed to the trickle of people who head towards the arrivals section. 

Other airlines that must compete on profitability have long complained about the 

seemingly bottomless coffers of the Gulf airlines – which provide high-quality service 

and economical fares, while shrugging off operating losses in the quest for a bigger 

market share. This strategy has included the building of mega-airports to accommodate 

the millions of passengers and tons of freight that transit through the Gulf. More 

recently, the quest for economic diversification has led these countries to convince 

more transit passengers to spend a few days touring Dubai, Doha and Abu Dhabi. The 

results are mixed – particularly due to the drop in international passenger traffic due to 

the coronavirus pandemic. 

This reliance on transit passengers means that the demand for aviation fuel, modelled 

as a fuel demand rather than an end-use service due to the absence of commercial 

alternatives to jet aircraft, is determined not by domestic populations, but rather the 

capacity and utilisation of the airport itself. Doha’s Hamad International Airport has 

now been open for a few years and has recently announced expansion plans ahead of 

the World Cup. Assuming that the airport will eventually be used at its designed 

capacity for passengers and freight transport, I determined the future aviation fuel 

consumption based on historical data. Aviation fuel demand is easily met by the 
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condensate refineries across all case studies (Chapters 5 through 8), even when gas 

production is voluntarily reduced to a fourth of current levels by 2050. 

The above estimation method may overestimate future fuel consumption, given that all 

major airports in the region seem to be expanding under a similar strategy, 

international passenger travel is expected to grow more slowly in response to the 

coronavirus pandemic, and newer aircraft are capable of increased ranges that open up 

the possibility of bypassing the Middle East while connecting Europe and America to 

South and East Asia. More importantly, the climate change impacts of aviation, which 

include not just fuel consumption but also the emissions of nitrogen oxides and other 

potent greenhouse gases straight into the stratosphere where their effect is stronger, 

may lead to slower-than-expected growth in air travel in a carbon-constrained world. 

Although the World Cup is expected to draw a big crowd to Qatar in 2022, there is no 

guarantee that the Gulf’s cities can easily draw more tourists going forward. 

9.3 Industrial policy  

It does not seem likely that tourism, financial services or high-tech manufacturing will 

ever play a key role in the domestic economy of Qatar. Social, political and geographical 

factors prevent any big shift in the economy that disrupts the status quo. The Arabian 

Gulf has limited appeal for tourists. Although home to great wealth, there is limited 

opportunity for domestic investment, and most money flows out from the Gulf into 

European, American and Asian financial hubs. High-tech manufacturing requires 

significant human capital – physical and intellectual, that the Gulf has historically 

imported. In a classic example of the resource curse, historical dependence on 

hydrocarbon wealth has locked the political, social and economic system into an 

ongoing addiction to fossil fuels and the products manufactured from them. 

Although an energy systems model cannot by itself answer these broader questions of 

economic diversification, we can use it to draw insights on the techno-economic 

viability of existing and potential products from the industrial sector. This is highlighted 

in the results of Chapters 5 through 8, which model Qatar’s industrial sector in some 

detail. 

The key processes and products of Qatar’s energy and natural resources sector are 

included in QESMAT. This includes oil and gas refining, petrochemicals, metals, chemical 
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conversion, and new technologies such as carbon capture and storage. The various case 

studies and scenarios have explored the effect of changing commodity prices, 

technology costs, alternative pathways, carbon pricing and government policy on 

Qatar’s industrial export strategy. The most promising pathways and the challenges 

facing them are discussed below.  

9.3.1 Liquefied Natural Gas (LNG) 

When the world’s largest non-associated gas field was discovered off the Qatari coast in 

1972, there was no interest in commercial exploitation, as the prospectors were looking 

for oil 1. Growing demand for gas in Japan, along with concerns about depleting oil 

production, prompted a shift in strategy that eventually led to Qatar’s dominance in the 

global LNG market. The country’s advantageous geographical position allowed it to 

supply both the European and East Asian markets, while its low production cost 

allowed it to play the role of a swing producer that could make the most of any price 

differentials between the regional markets. 

Qatar sells its LNG through long-term agreements and on the “spot” market – a ready 

shipment sold to the highest bidder. The initial agreements were signed with Japan, 

followed by contracts with South Korea, Taiwan, Italy, Spain, Belgium, and others 146. As 

demand for gas has grown in Asia, Qatar has also entered into long-term agreements 

with China and India, which it sees as important long-term customers as Europe and 

East Asia see stagnating demands for gas. 

In the absence of a global LNG price, LNG contract prices were pegged to oil prices. A 

boom period in oil markets brought in substantial LNG revenues from 2010 to 2014. 

Slowing demand in Asia and increased domestic production of oil and gas in North 

America led to the collapse of the oil price. The oil-linked LNG prices also fell.  

The period of high prices until 2014 led to the planning and construction of several LNG 

plants in Australia, Malaysia, East Africa, and of course, the US and Russia. Since 2014, 

however, new investment has been limited. As demand for natural gas is expected to 

grow over the next two decades, Qatar has sensed a new opportunity in the global gas 

market over the medium/long term. 

After ramping up development in the North Field to become the world’s biggest LNG 

exporter, Qatar had declared a moratorium on new production in 2005. In 2017, the 
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moratorium was lifted to restart new development. Qatar expects the global LNG 

market to be oversupplied as new production comes online around the world but thinks 

that the market will tighten as demand outpaces production in the middle of the next 

decade. New investments in LNG production are expected to bring total production 

from the present 77 Mtpa to over 120 Mtpa by the end of the decade 6. Qatar hopes to 

retain its status as a swing producer that can supply both European and Asian markets. 

The results from QESMAT show that at the current price trajectory, even at the upper 

end of the gas price estimate ($10 per MMBTU netback price), LNG is not the most 

profitable investment for Qatar. LNG prices above $15 per MMBTU are unlikely to 

return – from the supply side, there are too many low-cost players entering the market, 

while on the demand side, Asian and European countries are facing the reality of climate 

change. A rapidly heating world does not have the luxury of using a ‘transition’ fuel such 

as gas – it quickly needs to decarbonise its electricity system. The falling costs of 

renewables already allows them to compete with gas-fired electricity production, while 

developments in energy storage are addressing intermittency challenges at a 

commercial scale, allowing deep decarbonisation in the power sector. The heating 

sector is also undergoing a decarbonisation by moving from gas to electric heat pumps 

and hydrogen. This might take longer, but it does not bode well for the expected global 

demand growth for natural gas. 

Across case studies (Chapter 4 to 8), QESMAT suggests that Qatar’s LNG exports are 

limited to the long-term agreements it signed with customers over the last two decades. 

The results show that no new investments in LNG production are optimal, given 

alternative exports, as the sale of LNG will not be as profitable as it was in the past. Note 

that the newest long-term agreements will only expire in the 2030s – thus, Qatar will 

continue to have guaranteed LNG sales for the next two decades, but at much lower 

prices than past highs. Recently announced expansion plans mean that Qatar is now 

locked into LNG exports continuing into the 2040s, if not longer. While it looks to 

expand market share, Qatar’s per unit LNG revenues will probably be far lower than 

they were ten years ago. Qatar will sell much of its LNG through new long-term 

contracts, as these provide a stable client base with guaranteed sales, and have wider 

security benefits given geopolitical uncertainties in the region. These considerations are 
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beyond the scope of an energy systems model – in future, QESMAT may be linked to 

global models for natural gas trade. 

There are also historical lessons to be learnt from Qatar’s dependence on LNG exports. 

Before the discovery of hydrocarbons, Qatar’s economy depended on pearl diving. The 

Japanese perfected the art of growing pearls and flooded the global market with 

cultured pearls that nearly killed off the Gulf’s pearling industry by the 1930s. Ironically, 

it was the Japanese who catalysed Qatar’s LNG industry by signing on to be the first 

customers, and providing technical expertise – their demand for gas seemed insatiable. 

More recently, however, the closure of nuclear plants, the lack of domestic renewables 

potential, and the need to combat climate change, have made Japan interested in 

hydrogen as a low-carbon alternative to fossil fuels 138. Qatar is well-placed to take 

advantage of this new opportunity, as discussed later in this section (9.3.11.3). 

A voluntary reduction in natural gas production from the 2030s onwards was modelled 

in QESMAT (Chapters 6 through 8) to see the economic impact of an enforced 

divestment from fossil fuels. As expected, the production constraint is always active, as 

the optimiser always chooses to produce the maximum allowable amount of 

hydrocarbons. Within a capitalist system that prioritises resource extraction to derive 

economic rent, this is unavoidable. However, we know from the increasing impacts of 

climate change that the world cannot afford this strategy. Given the size of Qatar’s 

natural gas reserves, which can sustain existing production for over 200 years, there is 

no economic reason to stop, or even reduce, gas production. An argument for a 

voluntary reduction in natural gas production is made at the end of the section on 

industrial policy (9.3.17) – a detailed analysis of the socio-political and economic 

impacts of this strategy is beyond the scope of the current analysis, but has been 

highlighted for future work.  

9.3.2 Pipeline gas 

The Dolphin pipeline started supplying Qatari natural gas to the UAE and Oman in 2007. 

These countries do not have large gas reserves but need gas for electricity production. 

Qatar has no other export pipelines, although substantial demand for gas in Saudi 

Arabia makes a new pipeline feasible if political differences are resolved. Previous plans 

to build more regional pipelines fell apart after political and financial disagreements 3. 
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Qatar sells gas to the UAE and Oman through a long-term contract – this is modelled in 

QESMAT as the minimum amount of gas to be exported via pipeline. Over the long term, 

the model does not find it optimal to export gas in this way and sees pipeline exports 

drop to zero once the contracts expire. This may change in the future, as growing 

regional demand for natural gas (Kuwait has started importing Qatari LNG) may 

support higher prices and more international cooperation for building pipeline 

infrastructure. There is also the possibility of piping Qatari gas, through the Middle East, 

into the Mediterranean region – this may be more viable than LNG but may still not be 

justified if gas prices remain low, especially given the low costs of piping Russian gas 

into Europe. Nevertheless, this remains a theoretical option given the continuing 

blockade of Qatar by Saudi Arabia which has closed the land border and severed 

diplomatic ties. 

9.3.3 Refining 

Although Qatar produced large amounts of crude oil after ramping up production in the 

1960s, oil refining capacity did not keep pace with oil production until the 1980s. This 

was because refined products were only for domestic consumption, and Qatar’s demand 

boom arrived with the dawn of the natural gas industry. QESMAT shows that as oil 

production continues its natural decline due to depleting reservoirs, there will be no 

expansion of oil refining capacity in the future. Domestic demands for liquid fuels will 

be met via natural gas processing – gas to liquids (GTL) and condensate refining. 

While Qatar is blessed with abundant natural gas reserves and low production costs, the 

icing on the cake is that Qatari gas is also rather ‘wet’. This means that apart from 

methane, the unprocessed gas contains significant fractions of heavier hydrocarbons – 

ethane, propane, butane, and even heavier fractions. Since these components would 

freeze in the gas liquefaction process, they are separated out soon after the unrefined 

gas arrives onshore. These heavier hydrocarbons, together known as condensates, add a 

lot of economic value to the gas production system, as they can fetch a good market 

price with minimal processing cost. 

Qatar has built the massive Laffan Refinery (1 and 2, with a combined capacity of almost 

300,000 bpd) to process condensate and produce naphtha, aviation fuel (jet kero), 

ultra-low sulphur diesel, gasoil and LPG. The expansion of natural gas production will 
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require the construction of more refining capacity, according to QESMAT (across 

Chapters 5 through 8), with a majority of the products destined for export. Local 

demands for aviation fuel, diesel and naphtha (for ethylene production) can be 

comfortably met by condensate refining, allowing virtually all of Qatar’s crude 

production to be directly exported. 

9.3.4 Urea and ammonia 

The first steps towards hydrocarbon product diversification in Qatar were taken with 

the creation of the Qatar Fertiliser Company (QAFCO), which still produces ammonia 

and urea from natural gas. The production of ammonia and urea has kept pace with the 

increased production of natural gas since the 1990s – QAFCO can now produce up to 3.8 

million tons of ammonia and 5.6 million tons of urea annually. 

Ammonia is produced using the Haber process, i.e., the reaction of atmospheric nitrogen 

and hydrogen at high temperature and pressure. The hydrogen is produced from the 

steam reforming of natural gas, a process that involves a high-temperature reaction 

between methane and steam to produce carbon dioxide and hydrogen. Ammonia can be 

reacted with this carbon dioxide to produce urea. 

QESMAT suggests that at moderate-to-high commodity prices, urea will continue to 

remain a key export for Qatar over the next few decades. In Chapter 8, in high 

commodity price scenarios, urea exports hit the maximum allowable 50 Mtons per year. 

The same study, with a focus on stochastic optimisation, invests in the maximum 

allowable ammonia and urea capacity as a hedging strategy until 2030 – indicating the 

high profitability of urea exports in a high-price scenario, which justifies the risk of 

leaving the plants idle when prices are low. In practice, a plant may have to be run at a 

minimum capacity, with additional production being dependent on short-term 

profitability. 

A growing population of increasing affluence in developing countries around the world 

brings with it a greater demand for agricultural products, and hence, fertilisers. More 

recently, ammonia is being considered as a viable transportation medium for hydrogen. 

Although the conversion/reconversion losses are significant, using low-cost natural gas 

or abundant renewables to produce the hydrogen may still make this process 

economically viable, while there are potentially lower risks in transporting ammonia 
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instead of hydrogen. A large increase in hydrogen demand could thus see a 

corresponding increase in ammonia prices. Urea production may also prove to be a 

carbon capture and utilisation pathway, depending on the process’ design and 

efficiency, especially if the hydrogen is produced via solar-powered electrolysis instead 

of steam reforming. This option needs to be explored through further research. 

9.3.5 Steel 

Qatar started steel production in the 1970s as a way to monetise its gas resources. The 

large amounts of energy needed to produce steel justify the import of iron ore to a gas-

rich country with no indigenous iron reserves. This depends on global steel prices as 

well, however, and the steel market is tied to global economic growth. Demand for steel 

within the region (UAE, Saudi) and in developing countries around the world has 

allowed Qatari steel production to grow to its current capacity of around 1 million tons 

per year. QESMAT suggests a continued investment in steelmaking at steel prices of 

$250 to $400 per ton (the international price is currently around $500 per ton). Qatari 

steel exports are currently constrained to 50 million tons per year, which is roughly the 

total demand for steel in the Middle East 140, and the optimiser produces this maximum 

amount across most scenarios (Chapters 5 through 8) in all time periods (from 2020 to 

2050). Steel remains a key export irrespective of other commodity prices (Chapter 8 – 

high and low price cases), showing its profitability at $400 per ton. Of course, this 

constraint is quite ‘relaxed’ – steel production cannot simply increase by fifty times 

within the next five years. However, this does suggest that there is a large potential for 

expanding domestic steel production at the high steel prices set in the model. 

We also see a synergy between electricity production from solar energy and steel 

production in the model, which opens up the possibility of producing ‘green’ steel. This 

could be done using solar electricity and heat generated from concentrated solar power 

and renewable hydrogen. This option may be studied in greater detail in future work, 

along with a sensitivity analysis of the economics of steelmaking, given technology 

costs, decarbonisation targets and commodity prices. 

9.3.6 Cement 

Qatar started to produce enough cement to meet domestic demands in the 1960s. The 

growth of the cement industry kept pace with the growth of Qatar’s infrastructure – 



270 
 

within the city of Doha, commercial and residential buildings climbed farther into the 

sky, while the industrial towns of Dukhan, Al Khor and Mesaieed had an increasing 

demand for homes, shops, offices etc. as the hydrocarbon industry expanded. 

More recently, the massive infrastructure projects nearing completion ahead of the 

World Cup – stadiums, hotels, museums, airport, port, industrial ‘free’ zones, new urban 

districts and public transportation systems have driven the demand for cement. 

Regional demand for cement has also been strong, due to a similar infrastructure 

expansion in Saudi Arabia and the UAE. Domestic cement demand in Qatar has not been 

estimated for the current case studies – it is instead assumed that domestic users will 

buy cement at market prices, and that there is enough domestic production to keep up 

with demand. 

Cement production is an energy intensive process as the raw materials have to be 

heated up to almost 1500 oC. This makes the availability of cheap natural gas a 

competitive advantage for Qatari manufacturers. However, cement production is also a 

carbon-intensive process. 

It is estimated that cement production accounts for 8% of global carbon emissions. Most 

of the emissions come from two sources – the conversion of limestone (calcium 

carbonate) to calcium oxide, and the emissions from the fuel used to heat the kilns to 

high temperatures147. The world’s demand for cement is expected to increase over the 

next few decades, and we must develop novel ways to produce cement to stay within 

our carbon balance. This might include carbon capture at the point of emissions, or new 

techniques that use biological processes to convert alternative raw materials to cement, 

without the thermal and calcining emissions. 

Chapter 8 shows that cement production will be profitable in scenarios with high prices 

($100 per ton), as long as the carbon price is close to zero. At a higher carbon price 

(above $50 per ton of carbon), cement production is no longer optimal even at high 

prices. This indicates the need to develop alternative methods of cement production 

using novel raw materials and new processes, instead of relying on existing production 

methods augmented with carbon capture. 

9.3.7 Ethylene/polyethylene 
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The production of petrochemicals has been considered as one of the most important 

‘diversification’ pathways for any gas-rich country. Unprocessed natural gas can contain 

large amounts of ethane, most of which must be removed before the natural gas can be 

liquefied. This ethane becomes low-cost feedstock for the petrochemical industry, 

particularly for the production of plastics. 

Plastics are polymers – long-chained molecules made up of repeating units called 

monomers. The simplest, and most widely used, plastic is polyethylene, made up of 

repeating ethylene molecules that are fused together at high temperatures. The 

ethylene monomers are produced when ethane molecules are ‘cracked’ at high 

temperature. Ethylene can also be produced by ‘cracking’ naphtha – a product of 

oil/condensate refining, as modelled in QESMAT. Plastics production is done at scale, 

with each plant capable of producing thousands of tons of plastic pellets every year, 

which can be melted and moulded into final products. 

There are many types of polyethylene – from ‘low-density’ ones used in plastic bags to 

‘high-density’ ones used in milk jugs, piping and domestic products. Over the last few 

years, global awareness about the risks of plastic in the natural environment has 

increased. Its toxicity and inability to decompose are threats to terrestrial and marine 

ecosystems. Clothing made from plastic polymers such as nylon is now known to shed 

millions of ‘microplastics’ every time a piece is washed – these can be easily ingested by 

marine life and accumulated up the food chain, and have been found dispersed in almost 

all parts of our planet, including those far away from human settlements. 

The realities of plastic pollution and increasing global responses to reduce plastic use 

do not match the enthusiasm with which fossil-fuel producing companies and countries 

are investing in new petrochemicals projects. We are in a state of flux, where plastics 

demand is expected to grow in the developing world as consumption rises, but where 

effective policies against plastic use may allow biodegradable (and natural) alternatives 

to replace them. 

Across all case studies (Chapters 5 through 8), QESMAT shows that the production of 

ethylene (only used as a plastic feedstock) will continue to be profitable and suggests 

the direct export of ethylene over the production and sale of polyethylene as the most 

viable petrochemical export. Ethylene production also remains consistent across high 
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($2000 per ton) and low ($600 per ton) price scenarios – the ‘high’ and ‘low’ price cases 

in Chapter 8, illustrating Qatar’s competitiveness in producing very low-cost feedstock. 

While polyethylene production is retired in the next two decades, ethylene production 

is tripled across all scenarios, with annual exports of up to 8 million tons per year.  

Note that there has been limited global trade in ethylene – the markets for ethane and 

polyethylene are much larger. However, the value addition of ethane cracking makes 

ethylene a more profitable product. The optimiser’s selection of ethylene exports is due 

to a fixed price differential with polyethylene – the polyethylene price is set as 130% of 

the ethylene price across all case studies. Widening this margin will incentivise 

polyethylene production.  

Qatar should consider the environmental impacts of plastic production, consumption 

and disposal, and the risks posed to the polyethylene market by government regulations 

and public demands to reduce plastic use, before investing in excess 

ethylene/polyethylene production capacity that may be underutilised. Naphtha 

feedstock can alternatively be blended into refined fuels or to make other products such 

as cleaning fluids and solvents, while ethane feedstock may be made into other bulk 

chemicals such as acetic acid. These alternative routes can be modelled in future work. 

9.3.8 Electricity 

The transition from fossil fuels will lead to increasing demands for electricity in our 

homes and offices, for our transportation, and for industrial processes. Our carbon 

footprint can only reduce when electricity production is itself decarbonised. The fall in 

the cost of renewables, especially wind and solar, promises a revolution in the way the 

world produces electricity, while a new push to reduce energy storage costs may make 

thermal power generation obsolete. 

QESMAT suggests that a large deployment of solar photovoltaic plants in Qatar can be 

economically viable at low capital costs of $1 per Watt (Chapters 6 to 8). Although the 

country will continue to rely on gas-fired power generation to meet night-time power 

demand, the cost of solar electricity will soon undercut the operating cost of gas-fired 

power plants during the day. While summertime demands for air conditioning will 

require all of the country’s deployed solar production in some scenarios, there is 

significant generation of solar electricity during the winter. This electricity can be 
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profitably exported in the absence of other value-adding processes (see 9.3.11.2) across 

all case studies, at electricity prices of $75 per MWh in 2020, dropping to $30 per MWh 

in 2050 (Chapters 6 through 8). Depending on the export constraints, electricity can 

also exported in evening/night time slices in winters, when there is spare gas-fired 

capacity due to lower cooling demands. 

A growing population in Saudi Arabia, and the limited production of natural gas for 

electricity production in all other countries of the Gulf except Qatar, open up the 

possibility of Qatari electricity exports to its neighbours. These exports are currently 

limited due to a lack of transmission infrastructure between Gulf countries. Although 

there is a regional electricity grid, its purpose is to stabilise the regional power system, 

and allow small flows of electricity to overcome short-term disruptions. The countries 

of the Arabian Gulf would have to overcome their political differences and invest in 

expanding the capacity of the regional grid. The added advantage of a regional grid is 

that it allows greater penetration of renewables – excess production in any one country 

does not have to be curtailed if other regions have an immediate demand for it, and the 

demand centres do not have to turn on their expensive flexible generators if they can 

buy low-cost renewable power. Qatar’s spare gas generation capacity also has the 

advantage of being able to replace dirtier oil-fired generation in some neighbouring 

countries, lowering the region’s carbon footprint. Of course, the ideal case for 

decarbonisation would be for Qatari renewables to displace regional fossil-fuel 

generation. 

In Chapters 6 through 8, an increase in electricity export capacity over the next few 

decades is modelled. QESMAT deploys additional solar PV to take advantage of the 

maximum allowable electricity exports, as long as there is no alternative use for this 

solar power (for example, green hydrogen production seen in Chapter 7). Note that 

because the region’s countries experience daylight, and summer, at around the same 

time as each other, there may be limited ability to match excess supply with excess 

demand, as domestic peak demand usually requires almost all of a country’s capacity. 

9.3.9 Crude oil and natural gas liquids (NGL) 

British prospectors discovered oil in Qatar in 1939, but commercial exploitation and 

exports did not start until after the second world war. Production ramped up over the 
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next few decades, which, along with negotiations that allowed Qatar to retain more of 

the hydrocarbon revenues, brought prosperity to the country. Production peaked to 

800,000 bpd in the first decade of the 20th century, before declining to around 600,000 

bpd at present. Total liquids production has continued to increase, however, due to the 

large production of associated natural gas liquids. These include heavier hydrocarbons 

that are separated from the methane before the liquefaction process, and account for 

approximately 1.3 million bpd. This is expected to increase further as new gas 

production comes online within the next decade. 

Crude refining capacity has generally served domestic demands for transportation and 

cooking fuels. QESMAT replicates this behaviour – across case studies, it chooses to 

export most of the crude produced in Qatar directly, and only refines enough crude to 

meet domestic gasoline demand. This is because QESMAT does not currently model 

flexibility in refining – the proportion of various output products is fixed. While GTL and 

condensate refineries are modelled to produce other fuel blends, only the oil refinery is 

modelled as producing gasoline. In the absence of gasoline demand (when passenger 

transport is decarbonised), more crude is available for export. Over time, the 

electrification of passenger transport reduces gasoline demand (Chapter 8), and the 

optimiser retires the oil refinery. QESMAT is limited in its inability to currently model 

flexibility in oil refining – this is listed for future work. 

Qatar’s crude production has continued to decline in the absence of new discoveries and 

the dependence on conventional extraction techniques. It might be possible to maintain 

existing levels of production with the adoption of enhanced recovery techniques such as 

carbon dioxide injection, but this does not appear profitable at low and medium oil 

prices. More data on the costs and efficiency of these techniques is needed to improve 

modelling results. A gradual end to oil production in Qatar by 2050 is modelled in 

QESMAT, and the results show that the economic impact of falling oil production is 

minimal – especially given the continued growth of natural gas production. Qatar’s 

switch to gas as the primary driver of its economy has allowed it to wean itself off oil, 

which will prove useful as the world switches away from oil and its products over the 

coming decades. Of course, the country will have to look past gas as its economic 

bedrock within this time period as well. 
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Condensate associated with natural gas production provides an economic bonus to 

Qatar. Dedicated refineries in Ras Laffan process all of the condensate that is produced 

from the North Field and convert it to liquefied petroleum gas (LPG), naphtha, diesel 

and jet fuel. These products easily meet domestic demands and can even be exported in 

almost all case studies. QESMAT expands or reduces condensate refining capacity in line 

with changing gas production as it is a low-cost, high-profit process. The feedstock is 

practically free and made up of mostly short-chained hydrocarbons, which simplifies 

the refining process, thus keeping down costs. 

9.3.10 Gas-to-Liquids 

In the heady days of the first decade of the 21st century, high global oil prices convinced 

companies that a complex, expensive method of converting solid and gaseous 

hydrocarbons into refined liquid fuels was worth investing in. Originally developed in 

Germany, which had abundant coal reserves but needed liquid fuels for domestic 

transportation, the technology could convert any source of hydrocarbons (coal or 

natural gas), via carbon monoxide and hydrogen (see 9.3.11), into a blend of short and 

long-chain hydrocarbons, which could be separated out in a process similar to crude 

distillation to provide gasoline, diesel, jet fuel, lubricants and wax. 

Qatar’s abundant and low-cost gas reserves made it an ideal location for a GTL plant. 

Two companies started operations within a few years of each other – Sasol and Shell. 

However, GTL plants require large amounts of energy, for two reasons: first, they 

require air separation to produce pure oxygen, and, second, the reforming reaction 

(natural gas to syngas) is endothermic. The process also produces enormous amounts of 

carbon dioxide. Thus, even though GTL fuels generally produce fewer particulates and 

sulphur/nitrogen oxide emissions as compared to oil-derived fuels, the production 

process is not ‘green’. A well-to-wheel analysis of carbon emissions makes GTL fuels as 

carbon intensive as oil-derived ones, if not more 148. 

These issues were further compounded when oil prices dropped after 2014. There was 

no longer an economic case to be made for an expensive process that converted a cheap 

feedstock into a cheap product. QESMAT confirms this across case studies (Chapters 4 

through 8) as well – GTL production stays at zero in most scenarios (except those where 

oil prices are high and gas prices are low, as in Chapter 4, which is improbable given the 
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indexing of LNG prices with oil prices), while retired GTL capacity is not replaced. GTL is 

deployed when hydrocarbon production is reduced (Chapters 6 through 8) by 2050, but 

there is still domestic demand for diesel and aviation fuel – this illustrates that although 

this is a more expensive pathway, Qatar can meet its liquid fuels demand even after its 

crude production ends. 

9.3.11 Hydrogen 

Fossil fuels are slowly losing their dominant role in global energy systems, as renewable 

energy becomes cheaper. Currently, this shift is constrained to the electricity system, 

due to the lack of renewable fuels at scale. This problem is particularly acute in the 

heating and industrial sectors. Moreover, although there are ways to electrify 

transportation and heat, these technologies are still expensive.  

The IEA believes that hydrogen can become the next renewable fuel. It can be produced 

at scale without compromising our food and water systems (unlike biofuels), meet 

heating, industrial and transport demand (some more expensively than electricity at the 

moment), and can potentially be transported over long distances like fossil fuels 138. The 

combustion of hydrogen produces only water vapour – making it free of emissions at 

the point of use. Japan in particular is betting on hydrogen to power its domestic 

economy. Its lack of natural resources means that it will still depend on hydrogen 

imports. 

9.3.11.1 Fossil Hydrogen (Blue Hydrogen) 

Qatar, with its abundant natural gas reserves, can meet large external demands for 

hydrogen. Several chemical pathways exist to ‘reform’ methane to hydrogen. Currently, 

only one such process is modelled in QESMAT – steam reforming. Methane reacts with 

steam at high temperatures to produce carbon monoxide and hydrogen (known as 

syngas). The carbon monoxide can react further with steam to produce carbon dioxide 

and hydrogen. This process has been described before in the discussion on Gas-to-

Liquid fuels, and it is already used in Qatar at large scale. Instead of producing liquid 

hydrocarbon fuels in a GTL process, however, the hydrogen and carbon dioxide can be 

separated after the reforming process. Other kinds of reforming, such as partial 

oxidation and autothermal reforming, also exist, but are not currently modelled in 

QESMAT. These may prove more advantageous in allowing more of the produced 
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carbon dioxide to be captured but are also considered more expensive than steam 

methane reforming when deployed at scale. These alternatives can be explored in future 

modelling work. Shell’s Pearl GTL plant uses a combination of oxygen and steam to 

reform natural gas as per its patented Shell Gasification Process. Sasol’s Oryx GTL uses 

an autothermal reformer, where natural gas reacts with oxygen (separated from the air) 

to produce syngas. The ideal gasification route depends on the final product (hydrogen, 

GTL, methanol, or ammonia) and the need for carbon capture – this may be explored in 

more detail in future work. 

The low cost of natural gas production, along with the high price agreed by Japan on 

hydrogen imports, makes Qatari hydrogen a viable product, if the challenges of 

conversion and transportation can be overcome. In the absence of a carbon price, 

QESMAT chooses to deploy steam methane reforming at large scale, making hydrogen 

Qatar’s biggest export over the next few decades, as seen in Chapters 6 and 8. This is the 

case even at low conversion efficiencies – the output hydrogen has 41% of the energy 

content of input gas, when including reforming and liquefaction. Large-scale hydrogen 

exports replace LNG as Qatar’s biggest export according to QESMAT’s results. 

However, as mentioned previously, the process of reforming produces carbon dioxide in 

large amounts – as seen in the emissions data across Chapters 6 through 8, hydrogen 

production could produce over 100 million tons of CO2 annually by 2040, representing 

nearly half of Qatar’s total emissions. Countries looking for a low-carbon fuel will not be 

interested in hydrogen produced from natural gas if the carbon dioxide by-product also 

ends up in the atmosphere. It is thus important for Qatar to deploy carbon capture and 

storage at scale if it is to monetise its natural gas reserves as hydrogen. The reforming 

process produces carbon dioxide and hydrogen, which can be separated fairly easily 

due to their large difference in boiling points. Thus, a stream of concentrated carbon 

dioxide is available for storage – in Qatar, this could involve underground storage 

within saline aquifers, salt domes or depleted oil reservoirs. These may be researched 

further to determine their feasibility and risks.  

Adding a carbon price of $57 per ton forces the model to deploy CCS, which I assumed to 

cost $50 per ton of carbon dioxide (Chapters 6 and 7). This adds to the cost of the 

hydrogen production process. Note that the model does not include the price of 

conversion and transport, which is expected to add a further $1-2 per kilogram, 
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requiring hydrogen prices of around $5-6 per kilo to be viable. Detailed modelling of 

conversion and transport will be needed to understand the economics of hydrogen. 

Given its large carbon footprint, fossil-based hydrogen may not be the best long-term 

export for Qatar either, although it might play a bridging role until the country can 

commercialise a truly low-carbon hydrogen pathway, as described in the next sub-

section. 

9.3.11.2 Renewable Hydrogen (Green Hydrogen) 

Qatar is fortunate to not only have some of the world’s largest natural gas reserves, but 

also abundant sunshine, which makes solar energy a viable source of electricity. As 

mentioned previously, the lack of regional electricity distribution infrastructure limits 

electricity exports, but QESMAT suggests an alternative pathway, as seen in Chapter 7. 

In the case study in Chapter 7, excess solar energy is deployed by the optimiser until it 

hits the constraint for maximum solar deployment (arbitrarily set at 30% of Qatar’s 

land area, roughly 90 GW), and this electricity is diverted to hydrogen production after 

all domestic demands are satisfied. 

QESMAT includes a pathway for electrolysis – electricity can be used to split water into 

gaseous oxygen and hydrogen. The produced hydrogen can be stored on-site and used 

to meet domestic demands for fuel-cell vehicles (passenger and freight) and perhaps 

even industrial demands for high-temperature heat (not currently modelled), while 

excess production can be exported. Note that liquefaction and transportation are not 

currently modelled in QESMAT, and will probably add $1-2 per kilo to the costs. In some 

scenarios (in Chapter 8, in 2050), the optimiser also deploys small amounts of fuel cells, 

which convert hydrogen back into electricity. Thus, hydrogen acts as a form of energy 

storage to balance renewable intermittency and satisfy evening and night-time 

electricity demand. Greater deployment of hydrogen as storage will depend on the 

techno-economic viability of battery storage, and the need for longer-term storage - 

greater temporal resolution is needed in QESMAT to answer these questions. 

In Chapter 7, at a carbon price of $60 per ton and a hydrogen price above $4 per kilo, 

the optimiser deploys solar energy and electrolysers to their maximum allowable 

capacities (constrained by Qatar’s land area), to produce and export renewable 

hydrogen. The results of this case study suggest that by 2050, upwards of 70% of 
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Qatar’s hydrogen exports can come from solar-powered electrolysis – note that 

liquefaction and transportation costs are not considered. Experimental research into 

the development of solar-powered electrolysis has begun at the Qatar Environment and 

Energy Research Institute and can be used to assess the techno-economic viability of 

green hydrogen in further modelling work. 

In a post-carbon world, Qatar can continue to export high-quality fuels such as green 

hydrogen, with a minimal carbon footprint. This also allows Qatar to retain its social, 

political and economic systems, as the government can continue to support its citizens 

from this wealth. This export pathway depends on one challenge that is yet to be solved 

– long-distance hydrogen transport. Although this is not modelled in QESMAT, it is 

briefly discussed in the following sub-section. 

9.3.11.3 Hydrogen transport 

The global market for renewable hydrogen is vast – not all sectors of the economy can 

be electrified, and wherever a ‘molecule’ is needed as an energy source instead of an 

‘electron’, hydrogen can potentially play this role. The IEA estimates that the Middle 

East can produce the lowest cost hydrogen in the world, due to its large gas deposits 

and abundant renewables potential 138. However, as the biggest users of hydrogen 

would probably be in Europe, south and east Asia, we must solve the technological 

challenges associated with long-distance hydrogen transport. 

As the smallest molecule in the universe, hydrogen has a low volumetric energy density 

and is prone to leakage. It is explosive at small concentrations in air and burns with an 

invisible flame. Its low energy density also requires it to be compressed in order to 

make its transport viable. All of these factors significantly increase the cost of hydrogen 

transport – even more so than that of other gaseous fuels such as natural gas. 

One of the options being explored is hydrogen liquefaction – using a similar process as 

natural gas liquefaction, but at a far lower temperature (around -250 oC for LH2 instead 

of -160 oC for LNG). Of course, the energy used for cooling to this low temperature is 

significant (up to 35% of the total energy), and increases the delivered cost of 

hydrogen138. Alternatively, hydrogen can be transported via liquid organic hydrogen 

carriers or as ammonia, which involve chemically reacting the hydrogen to form an 

intermediate product that is easier to transport, and then reconverting the product back 
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to hydrogen at the destination. There is also a significant energy loss in these processes. 

QESMAT does not currently consider the transport of hydrogen within the model, but 

this may add $1-2 per kilo to the costs of a hydrogen supply chain. Norway and 

Australia were competing to supply hydrogen to Japan ahead of the 2020 Olympics107. It 

will be important for Qatar to keep an eye on these developments and conduct its own 

feasibility study on hydrogen production and export. 

9.3.12 Carbon capture and storage 

Qatar’s electricity infrastructure and industrial sector are large point-sources of carbon 

dioxide. Decarbonisation of end-uses such as road transport, heating/cooling, cooking 

and industrial heat will allow further concentration of carbon emissions at point 

sources. This increases the opportunity for Qatar to capture carbon at source, which is 

far cheaper than atmospheric capture. Across case studies, a high-level emissions 

inventory suggests that Qatar emits over 200 Mtons of CO2 annually, with a majority of 

its emissions coming from export-oriented industries, and almost all emissions from 

point sources (especially once the transport sector is decarbonised). 

QESMAT does not deploy carbon capture at low carbon prices due to simple economic 

factors – there is no industrial demand for carbon dioxide, except in urea production 

(which uses the carbon dioxide generated as a by-product of ammonia production). At a 

higher carbon price, artificially set above the cost of a generic CCS technology, CCS is 

deployed for all point sources. At peak hydrocarbon production of 160,000 ktoe of 

natural gas and 35,000 ktoe of crude oil, this amounts to approximately 250 million tons 

of captured carbon dioxide annually. 

An assessment of Qatar’s carbon storage potential is beyond the scope of the present 

work, but there may be significant capacity to geologically sequester carbon in the 

country’s saline aquifers, salt domes and depleted oil reservoirs. Qatar has recently 

announced that it is building a 2 million tons per year CO2 sequestration facility, with 

the potential to support enhanced oil recovery 149. 

CCS is still an untested technology at scale. As a result, its costs and risks are uncertain. 

However, several climate scenarios now converge to under 2 oC of warming only with 

the deployment of CCS technologies, which shows how quickly we need to decarbonise 

our energy systems. CCS comes with large long-term risks that we do not yet fully 
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understand, and it should not be considered as a silver bullet that will allow the world 

to continue its dependence on hydrocarbons. 

CCS may be used to capture those carbon emissions that result from the domestic 

consumption of energy, while supporting the scaling up of hydrogen production and 

export over the medium-term. In the long term, further decarbonisation of the domestic 

energy system, development of renewable hydrogen as an export, and a voluntary 

reduction in hydrocarbon production are the only ways for Qatar to reduce its carbon 

footprint without significant risks.   

Note that increasing the carbon price does force the model to deploy CCS, but it does not 

change the fundamental nature of the economy, as seen in Chapter 8 – the optimiser 

decides to pay the carbon ‘tax’ and continue to produce hydrocarbons. The only major 

difference is the reduction in hydrogen production from steam reforming, as this has a 

large carbon footprint. This is due to a lack of alternatives in the energy system – 

producing hydrocarbons is still the only way to make money. Of course, the modelling of 

other economic sectors is beyond the scope of QESMAT. Some scenarios show the 

development of renewable hydrogen exports, when produced through solar-powered 

electrolysis, at higher carbon prices. While an ‘international’ carbon tax is considered 

quite unlikely to be implemented, the possibility of a domestic carbon tax is practically 

zero. If the Qatari government implemented a domestic carbon tax, the largest payer of 

that tax would be, by a large margin, the government itself, as it owns controlling stakes 

in all industries and the utility companies. Thus, a carbon price is more useful as a 

planning concept for Qatar – a theoretical price that policymakers use to monetise the 

impacts of pollution and climate change, which incentivises the adoption of cleaner 

technologies within the energy system. 

9.3.13 Renewable heat and power 

Qatar’s abundant solar energy can provide renewable heat and power for the industrial 

sector. Natural gas use as a process fuel can be complemented by concentrated solar 

power installations that can produce steam as a plant utility, while solar PV can meet 

some of the electricity demand for industrial processes. Individual industrial processes 

are not modelled in enough detail to understand the potential for renewables 

integration, but there is potential for this – natural gas can be replaced by hydrogen as a 
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source for high-temperature heat in steel production, for example. These will drive up 

the cost of these industrial processes in the short-term and will thus have to be 

subsidised by the government as part of an industrial sustainability agenda. Note that in 

the short-term, renewable sources of heat and power can only complement fossil-

powered utilities (instead of replacing them) due to intermittency issues and the lack of 

affordable energy storage options. 

9.3.14 Price volatility 

The economic results across various scenarios (chapters 4 through 8) clearly indicate 

Qatar’s economic dependence on its hydrocarbon industry, and the budgetary impact of 

a drop in oil and gas prices – seen in the difference in revenues between high and low 

prices in Chapters 4 and 8. We have observed this in 2014 – a collapse in oil prices led to 

a decline in oil-linked LNG contract prices, which led to cuts in domestic spending and 

budget deficits. The lessons should have been learnt sooner though – oil prices have 

crashed in previous decades, leading to countries in the region promising economic 

diversification, only to be forgotten by the time of the next price upswing. Although 

Qatar’s previously accumulated hydrocarbon wealth provides a buffer against low 

prices, it is still unsustainable to eat into savings for current expenses. While Qatar had 

previously dominated the global LNG market, this is also no longer the case – low cost 

production in the US, Australia’s proximity to Chinese demand centres, and Russia’s 

entry into LNG have all made the prospects of high LNG prices dim. Although the 

country believes that high prices are around the corner and is investing in new LNG 

capacity to take advantage of this, this view could be optimistic, as evidenced by the 

emerging supply glut and pace of the renewable energy transition 150. No country can 

achieve long-term stability by relying on resource extraction – the world is changing 

quickly, and markets for old resources can quickly disappear with the advent of new 

technologies.  

9.3.15 Subsidy reform 

The negative effects of subsidies are clear – resource wastage, inertia in deploying 

efficiency measures, and increasing domestic use of subsidised hydrocarbons that could 

otherwise be exported at market prices. The first policy proposed is an end to all 

subsidies on hydrocarbons, electricity and water. Research has shown that subsidies 
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disproportionately benefit richer households that consume more resources than poorer 

ones57. Thus, instead of blanket subsidies on fuels and electricity, the government will 

be better-off directly targeting lower income households with cash grants that can be 

used to pay for unsubsidised goods. Consumers are also more likely to reduce wastage, 

improve efficiency, and look for more sustainable alternatives, when subsidies on 

hydrocarbons are eliminated. For example, an end to petrol subsidies may incentivise 

people to reduce car ownership and switch to public transportation. Note how this 

assumes that a good alternative exists – this is explored in the next policy. Qatar 

reformed its gasoline and diesel subsidies in 2016 as oil prices bottomed out – these 

fuels were already cheap at market prices and did not have to be subsidised. As 

international prices rose, domestic prices have risen. The population has accepted this 

change, as the lack of fuel taxes means that unsubsidised fuel prices are still cheap 

compared to global retail prices. As shown in QESMAT, removing of subsidies increases 

government revenues as it reduces the opportunity cost of domestically consumed 

resources. It also removes distortions in the market, allowing producer and consumer 

to select the least-cost, most-efficient resource to fulfil a particular demand. This will 

have to be augmented by future modelling work that accounts for consumer behaviour 

and decision-making. 

Ending subsidies is still risky, however, if no alternative means to meet demand exist. 

Thus, in combination with the next policy, subsidies on electricity and water may also 

be reformed. Presently, the domestic consumption of these two resources is wastefully 

excessive, especially in larger households. Low prices mean that there is no incentive to 

reduce consumption or implement efficiency measures such as better thermal 

insulation. 

9.3.16 Incentivise green infrastructure 

Installing energy-saving or energy-generation infrastructure in households, for free, is a 

better way to distribute state largesse than subsidising energy resources. The 

government can install rooftop solar PV, solar water heaters and storage batteries in 

every large house and building, after an in-depth analysis of costs and benefits. This will 

reduce the amount of electricity consumed from the grid. Reforming the electricity 

market to allow distributed generators to supply to the grid will enable owners to sell 

excess electricity produced by their rooftop solar panels. This will also incentivise 
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citizens to reduce their electricity consumption, so that they can make money by selling 

to the grid, instead of the current model where electricity subsidies encourage wasteful 

consumption. The government must also support the installation of better insulation 

and more efficient air conditioning in households and commercial buildings, as this will 

reduce the electricity needed for providing cooling services. These technologies can be 

complemented by the installation of “smart home” devices (appliances, lights, air 

conditioning) that optimise energy consumption with minimal human input. Similar 

incentives must be created to reduce water demand – these include compulsory 

installation of water-saving taps and showers, enforcement of laws against excess water 

use for car washing and gardening, and subsidising the investment in water-efficient 

agricultural practices and technologies. As seen in QESMAT, electricity and water saving 

measures can reduce the deployment of new generation assets, reduce the need for 

spare capacity and save billions of dollars in costs, over the next three decades, at a 

system level. 

Infrastructure investment must also extend to the transportation sector. Qatar must 

encourage the use of public transport, particularly the metro system, through low fares, 

frequent services and a feeder transport network – free bus services around every 

metro station that minimise the time spent outdoors, especially during summers. This 

must be complemented by investing in urban infrastructure that promotes walking and 

cycling (shaded, continuous paths, that allow direct access to buildings). The switch to 

low-carbon vehicles, as seen in QESMAT case studies, will be aided by incentives to 

adopt cleaner vehicles such as hybrids and electrics – these may include setting up 

charging infrastructure at shopping malls or subsidising the installation of home 

charging. The government could catalyse the electrification of freight transport by 

switching all public buses to hydrogen, building refuelling stations for hydrogen 

vehicles, and then opening these up to the freight sector, while subsidising the cost of 

these vehicles, which can be up to twice the cost of a diesel vehicle. These investments 

can only be justified if the benefits of reducing urban air pollution and road congestion, 

due to vehicle switching and public transport use, are quantified. This is another area of 

further research. 

Upgrades of industrial infrastructure also fall under this goal. Recently, methane 

emissions have come under the spotlight as a potent contributor to the climate crisis. 
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Since natural gas is the foundation of Qatar’s energy sector, it is likely that there is a 

significant amount of fugitive methane emissions in the country. The government must 

carry out studies on the extent of methane leakage, then implement programs that 

reduce this – these can be an easy way to significantly reduce Qatar’s emissions 

footprint, without having to change its export portfolio, and at minimal cost 151. The 

addition of renewable energy in industry – solar PV for electricity, concentrated solar 

for steam/heat, etc., can also be explored, along with energy efficiency measures such as 

zero flaring. Finally, industries must also focus on water consumption and wastewater 

discharge. 

9.3.17 Hydrocarbon divestment 

While Qatar can still develop an alternative, low-carbon, export, in the form of 

renewable hydrogen, a way for the country to break its dependence on hydrocarbons is 

to voluntarily reduce its own production. This must also be accompanied by social and 

political changes that allow the citizens greater oversight in economic decision-making, 

as described in the next and final chapter of this thesis. 
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Ch. 10. Conclusions 

Until the discovery of oil, the land that is now Qatar was a backwater on the periphery 

of ancient trade routes. Although settled since Neolithic times, its transient population 

fluctuated in line with its limited water resources. The modern state of Qatar was forged 

through the oil industry and run under Western imperial control. Citizens received state 

largesse in return for political acquiescence. The result of biogeological processes 

millions of years ago turned into a serendipitous fortune for Qatar a few decades ago – 

the world’s largest gas reserve was lying underneath Qatari and Iranian waters. The 

commercialisation of these reserves, through steel, cement, petrochemicals, 

condensates, gas-to-liquid fuels, and most importantly, liquefied natural gas (LNG), 

propelled Qatar into the 21st century with enormous wealth, new strategic alliances and 

unlimited ambition. The last two decades have seen a ballooning of the population, 

fuelled by an influx of migrant labour that powers every sector of the economy, 

construction of new urban districts in the desert, rapid growth in energy and water 

consumption, all underpinned by showcase projects such as the 2022 World Cup. 

Meanwhile, with its limited freshwater resources, the same land now supports almost 

three million people, by using natural gas to desalinate seawater, keep the lights on, and 

pay most of the bills. 

Economic diversification has long been a stated aim of the government, but the absolute 

reliance of every sector of the economy, of every state institution, and of the citizen-

state relationship itself, on the hydrocarbon industry, makes a voluntary transition near 

impossible. And yet, a transition is vital if the state is to survive past the next few 

decades. The ravages of the climate crisis are already rendering parts of the world 

unsafe for habitation, and Qatar will not be spared. Temperatures in the summer will 

make any time spent outdoors life-threatening, while making the already vulnerable 

water system more prone to failure. Coastal flooding, especially in districts reclaimed 

from the sea, will also pose a major risk. Meanwhile, the climate crisis poses an 

economic risk – the world needs to rapidly reduce its carbon emissions and replace 

fossil fuels with renewables. Although the use of natural gas is set to increase, 

particularly as it displaces more polluting fuels like coal, there is also the potential for 

countries to leapfrog gas entirely as they switch directly to renewables. To further 

complicate matters for Qatar, LNG capacity is growing all over the world: Australia, 
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United States, Russia, East Africa, and Malaysia, among others, are increasingly eating 

into Qatar’s key markets and ‘swing producer’ role. The country’s current strategy of 

further expansion will allow it to maintain market share, given its low cost of 

production, but has the potential to considerably trim its margins. Qatar may already 

have passed the peak of its LNG market. 

Given the challenges of its political economy and the potential for future risks, the 

current work was an attempt to answer the following questions:  

1. Decarbonisation: Can Qatar lower the carbon footprint of its energy system, 

both for domestic consumption and export? Are Qatar’s targets for reducing its 

carbon emissions compliant with worldwide ambitions? If not, where is the 

potential for further reductions? What are the impacts of policies such as subsidy 

reforms, renewables targets, efficiency programs and carbon pricing on the 

evolution energy system? 

2. Diversification: Can Qatar diversify its energy exports beyond LNG? What are 

the most promising alternatives, given global markets, and where is more 

research needed to develop key technologies? How can Qatar maximise its 

geographical and resource advantages? 

3. Security: Can Qatar maintain, or even improve, the security of its energy, water 

and food systems as it embarks on a low-carbon transition? Can the 

intermittency of renewables be overcome? Is this transition ‘sustainable’, i.e., 

preserving the country’s environment for future generations and preserving the 

citizen-state relationship? 

This thesis describes the development of QESMAT (Qatar Energy System Model and 

Analysis Tool), to aid policymakers and other stakeholders as they address the above 

questions. It is the first multi-sector optimisation model for Qatar and represents a 

novel contribution to the field of energy systems modelling for a fossil-fuel exporting 

rentier state. QESMAT is a bottom-up linear optimisation model, which selects the most 

profitable set of technologies that can produce and transform resources (such as 

hydrocarbons or water), to meet domestic demands or export to global markets, over a 

long temporal horizon. The model can be used to study the effect of commodity prices, 

domestic policies or changing costs on the long-term evolution of the energy system. 

QESMAT was built on the Resource-Technology Network framework developed at 
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Imperial College London and is similar to the more commonly used TIMES model. A 

customised model was developed from the ground-up to capture the peculiarities of the 

Qatari energy system such as its small domestic consumption, massive export industry, 

domestic subsidies and inter-linked power and water sectors. QESMAT was successfully 

benchmarked against an open-source energy systems model called OSeMOSYS. The 

model uses six time slices to represent the seasonal and diurnal variations over a year 

and aggregates technological change over five-year periods from 2020 to 2050. Due to 

Qatar’s small size, it does not contain a spatial representation of the energy system. This 

choice of spatio-temporal representation allows a single scenario to be solved under 

five seconds, enabling rapid sensitivity analysis. QESMAT includes existing technologies 

and processes that are part of Qatar’s current energy system and a portfolio of new 

technologies such as electric vehicles and solar PV that may be introduced in the future. 

A simple representation of storage technologies such as batteries was developed in later 

iterations of the model. QESMAT has also been extended to a stochastic uncertainty 

framework (see Chapter 8), where the energy system is allowed to respond to changes 

in the key parameters of domestic demands and commodity prices. QESMAT was 

developed in AIMMS, a commercial software with a free educational license. All of the 

data used in the model was from publicly available sources – international 

organisations such as the IEA and World Bank, national companies such as Kahramaa 

(the state utility) and Qatar Petroleum (National Oil Company) and academic literature. 

An academic paper on QESMAT was also published in an open-access journal to 

encourage model transparency and generate local conversations on energy policy. In 

the future, policymakers and other stakeholders can be engaged to provide more 

detailed input data that can improve QESMAT and its recommendations. 

The above-mentioned sources were used to create a model of Qatar’s current energy 

system, and project future demands for energy services based on demographic trends.   

These fed into the case studies that were developed over the course of this doctoral 

research. 

Even early iterations of QESMAT (see Chapter 4), which did not include detailed 

representations of each sector, showed that there was some potential to integrate solar 

PV into the Qatari grid. A decarbonisation of the transport sector through electrification 

and hydrogen vehicles was also illustrated. As more technologies were added into the 
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model, it was possible to study the feasibility of hydrogen production, reverse osmosis 

for desalination and district cooling within the energy system. A case study on the role 

of solar energy in Qatar showed its potential to cheaply supply large quantities of 

electricity at low cost, complemented by storage technologies (see Chapter 6). The role 

of water and electricity storage were highlighted once QESMAT included equations for 

the simplified representation of storage technologies (Chapters 6 through 8). A detailed 

representation of the industrial sector indicated that LNG would no longer be a 

profitable export given global price trends (Chapters 5 through 8). However, the sale of 

condensates, petrochemicals (urea and ethylene) and other products such as steel, 

would continue to drive Qatar’s economy. A case study showcased Qatar’s potential to 

supply the world with low-carbon and zero-carbon hydrogen if supported by high 

prices for a clean fuel in Europe and East Asia (see Chapter 7). Most of Qatar’s carbon 

emissions come from its export-oriented industries – the domestic carbon footprint is 

reduced after the adoption of renewables in the electricity/water sector, increasing 

efficiency of cooling technologies, and the electrification of transport. The country’s 

energy security is not threatened by the adoption of renewables, as the grid always has 

access to spare gas-fired capacity in sufficient quantities. Energy and water storage 

technologies also improve the reliability of the energy system.  

All iterations of QESMAT showed the dependence of the country’s food and water 

system on desalination – there is no sustainable alternative to this technology, barring a 

reduction in population across the Gulf. Moreover, the large resource requirements of 

domestic agriculture mean that Qatar will always depend on imports, decreasing its 

food security as climate change threatens food production worldwide.  

A paper on QESMAT extended to a novel stochastic uncertainty framework noted the 

strong dependence of the economy on the energy sector, even under a low commodity 

price scenario (see Chapter 8). This highlighted the need for voluntary divestment from 

hydrocarbon production as the only real way to diversify and decarbonise the economy. 

The transition will have to be accompanied by a change in the way rent is distributed to 

the citizens. The socio-economic implications of this transformation are highlighted in 

the next sub-section. 

The current form of rent distribution involves public sector employment, land grants, 

free electricity and water, cheap transport fuels, etc. Of these, the electricity, water and 
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fuel demands affect the dynamics of the energy system – wasteful consumption of these 

resources leads to a substantial opportunity cost for the government, which could sell 

the hydrocarbon resources abroad instead. Thus, a gradual end to subsidies on these 

resources is suggested, but only after an alternative is offered. This can be in the form of 

subsidised infrastructure – installing rooftop solar PV, solar water heaters, home 

batteries, car charging points, insulation, efficient appliances, etc., while also reforming 

the electricity price to encourage citizens to sell excess power back to the grid. This will 

encourage more efficient consumption of resources. QESMAT shows that reducing 

domestic consumption of subsidised resources can save billions of dollars over the next 

three decades. 

This chapter ends with a description of future work that can build on QESMAT. 

10.1 Future work 

The current work is by no means an exhaustive attempt to model Qatar’s energy system 

to the required level of detail to answer the most important strategic and policy 

questions. The gaps in the existing model and analysis that are highlighted here, which 

are beyond the scope of the current project, can be a good place to start for the next 

project on energy systems modelling for Qatar. Thus, the model and results of the work 

so far, along with these identified gaps, provide a foundation for future work in the field. 

10.1.1 Methodology development 

QESMAT is the first quantitative representation of all the major sectors that produce 

and consume energy in Qatar: oil and gas, petrochemicals, electricity/water production, 

residential, commercial, transportation, and agriculture. QESMAT was built using data 

that was almost entirely publicly available, which means that the representation of each 

of these sectors is often a simplification. Nevertheless, the results have matched the 

actions of the state utility which is now investing in grid-scale solar PV 145 and reverse 

osmosis desalination 152. Although the results are still significant, they will certainly be 

improved by inputs from stakeholders within these sectors: utility companies, oil and 

gas producers, petrochemicals manufacturers, public transport operators and 

government departments. It is hoped that these stakeholders can recognise the 

potential of a systems-modelling approach based on the results of this model and can 
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collaborate by providing their own high-quality data, which can be used to improve the 

model and suggest tailor-made investment strategies and policies to them.  

QESMAT was developed with the aim of reaching a wider community of users: from 

specialist academics to interested citizens. QESMAT is modular – users can add 

technologies and resources to the model, change the price forecasts of hydrocarbons, or 

add new constraints on carbon emissions or air pollution. Models like QESMAT can be 

used to spark a conversation about the extent of technological transformation that is 

possible in Qatar, and the policies needed to get us there. 

A systems-modelling approach is also useful in studying the environmental impact of 

transforming energy infrastructure. In future, QESMAT can include factors that quantify 

the environmental pollution from each technology. While this is currently in place for 

carbon dioxide emissions, pollution factors for particulates, sulphur and nitrogen 

oxides, effluent discharge into the sea and waste disposed into landfills can also be 

incorporated into the model. These factors will allow us to study, for example, the 

change in particulate air pollution due to increased electric car usage – something that 

the current model cannot quantify. Once again, scientifically-minded citizens can use 

QESMAT to study how changes in the energy system can improve the health of their 

families and conserve the natural environment. Qatar’s dependence on natural gas also 

means that its fugitive methane emissions may be a hidden contributor to climate 

change. Quantifying these emissions could also be part of future work. 

Given the fast solution times of the existing linear programming model, an area of future 

study might include an extension to a mixed-integer linear programming framework. 

This will allow the implementation of discrete asset sizes, which is usually how larger 

infrastructure such as gas-fired power plants or hydrocarbons processing industries are 

installed in the real-world. As noted previously though, this by itself is unlikely to 

massively change the optimal energy system design, as all of the key assets are already 

deployed with large capacities by the model (for example, there is no deployment of a 

1000 barrel per day GTL plant). However, a mixed integer approach has a greater 

benefit in allowing the modelling of flexible processes – binary variables can be used to 

model the operation of IWPPs in electricity-maximising or water-maximising mode (as 

operated in the real world based on demands for electricity and water), or model the 

operation of processes with flexible output portfolios (such as oil refining, condensate 
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refining, or  GTL plants). These will allow for a more realistic investment plan, where 

individual plants take advantage of commodity price movements by modifying their 

production. Note that chemical processes often have non-linear relationships between 

costs, resource consumption and product outputs, so this may require some 

approximation methods as well, which will be specific to each process. This also 

includes the integrated modelling of syngas production via reforming (while adding 

alternatives to the existing steam methane reforming), which can then be fed into 

downstream processes (ammonia, methanol, hydrogen or GTL) based on economic 

maximisation. 

Another significant improvement to the model would be to model the existing 

electricity-water plants at an asset level instead of as a combined fleet. This will allow 

for the model to capture the individual efficiencies, costs and retirement dates of each 

plant, and lead to a more accurate depiction of the energy system.  

On the demand side, QESMAT currently lacks a detailed description of the energy, 

water, and other demands of industrial processes – some processes (such as 

steelmaking) are modelled as having a fixed natural gas and electricity demand (per 

unit of output), but these are not available for all processes. This is especially striking in 

the case of water demand, which is not currently included for almost all industrial 

processes but is known to form a significant component of total desalinated water 

demand in Qatar. Better data from industrial stakeholders on their utility and feedstock 

consumption will be required to plug this gap in the model. Staying on the question of 

domestic demands, QESMAT also does not model flexibility in domestic demands, such 

as how electric vehicles may be charged and used at different times of the day. This 

capability could be added by changing the parameter ‘demfrac’ (which divides annual 

demands across the six representative time slices) to a variable. This also reflects an 

aspect of people’s behaviour, where consumers shift their demands for certain 

resources to a different time of day with the right incentives (for example, by charging 

their electric vehicles when solar generation is at a maximum). Demand management 

can also be aided by energy storage. While the current focus in QESMAT is on electricity 

storage via batteries, in future, this could be augmented by thermal storage in district 

cooling systems. This aligns with the current results, which show that electricity storage 

is used to store excess solar generation to meet evening cooling demands. Better 
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capacity and cost estimates for various energy storage solutions need to be added to 

QESMAT to make the long-term evolution of the energy system more realistic. This is 

discussed further in the next sub-section. 

QESMAT currently only optimises profits for a central decisionmaker, which limits the 

usability of its results. An extension of modelling consumer behaviour would also allow 

policymakers to study the adoption of technologies at the individual level – rooftop PV, 

electric vehicles, home batteries, etc. This could be done by adopting an alternative 

objective function that maximises producer and consumer surplus, as done in other 

energy systems models like TIMES. Of course, considering that Qatar’s domestic sector 

plays only a small part in the national energy system, and that the need of the 

consumers is trumped by the interest of the government, the real-world energy system 

is always likely to favour the central decisionmaker.  

It would also be interesting to link QESMAT to a macro-economic model, especially 

considering the importance of Qatari LNG in the global market. This can be used to 

study how changes in Qatar’s export strategy will affect global gas prices, and how those 

will in turn affect future export policy. This can build on research efforts within the 

department to study global gas trade through game theory 142. The current work has 

also illustrated the impact of hydrocarbon price volatility on the energy system through 

a stochastic modelling of uncertainty. This can be developed further, by incorporating 

uncertainties in the costs of new technologies such as battery storage and CCS into 

QESMAT. This may involve a different approach to uncertainty analysis, perhaps using 

Monte Carlo simulations. Understanding uncertainty is key to developing effective 

policies, across multiple sectors of the energy system, on a long-term timescale.  

10.1.2 Scenario development 

The results so far highlight the uncertain parameters that have the biggest impact on 

the techno-economics of the Qatari energy system. These include variations in 

commodity prices, long-term technical and cost trajectories of emerging technologies, 

and future domestic demands for energy and water. Stochastic optimisation may be 

unable to handle all of these uncertainties at once due to the ballooning of the size of the 

problem, but alternative frameworks such as Monte Carlo analysis might be used. By 

running the optimisation problem over a randomly sampled uncertain parameter space, 
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we could assess which technologies, and which resources, appear across a majority of 

them, and use this to inform a short-term investment plan. The effective 

implementation of this strategy will depend on keeping the solution time of the 

optimisation problem as small as possible. 

An alternative to a randomly sampled parameter space is to build specific storylines of 

how the uncertain parameters will evolve in the future – commodity price forecasts, 

technology cost curves, domestic demographics and energy use, etc. While it will be 

challenging to assign probabilities to individual storylines to determine a practical 

investment plan, scenario-building can still be useful to Qatari policymakers to assess 

the challenges and opportunities within the current energy system given global and 

societal changes in energy use. 

A good example of this is the re-emergence of hydrogen as a fuel for a post-carbon 

world. As explored in Chapter 7, Qatar may emerge as a low-cost hydrogen producer in 

the long-term, given favourable global prices and low-cost production and 

transportation technologies. QESMAT could be used to explore this further, using inputs 

from industrial stakeholders to create a more realistic ‘storyline’ for hydrogen, and then 

see if an investment in hydrogen production is in Qatar’s long-term interests. 

10.1.3 Beyond energy systems 

A cross-sectoral transformation of Qatar’s energy system, and the end of its 

hydrocarbon era, will have a major impact on the social, political and economic systems. 

Qatar has been a ‘rentier’ state for most of its existence as a modern nation. The 

discovery and subsequent production of oil, and later gas, along with the ‘protection’ 

offered by first the British, and then the Americans, has led to the country’s reliance on 

hydrocarbon production as the main source of income, and a unique relationship 

between citizen and state – the distribution of hydrocarbon ‘rent’ in the form of 

subsidies, cash grants, land, public-sector employment, pensions, healthcare, education 

and social status, in exchange for political acquiescence and limitations on individual 

freedoms. This relationship between the citizen and the rentier state is replicated to 

varying degrees across all countries of the Arabian Gulf. It was the era of the 

hydrocarbon economy that led these countries to define their national borders, grant 

citizenship to certain groups (while withholding it from others), pass labour laws, and 
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regulate immigration. One can argue that the creation of a national identity that could 

supersede tribal loyalties was itself aided by the payments made by the rulers to their 

subjects. 

Thus, although Gulf states have repeatedly announced diversification plans and grand 

national strategies that provide a generous revenue stream for strategy consultants, the 

reality of the Arabian Gulf’s political economy undermines the possibility of genuinely 

shifting away from hydrocarbons to power their domestic economies. Citizens who have 

become used to the generous handouts from their governments are not going to happily 

accept a change in circumstances – unless an alternative compensation can be provided. 

Some policies described in this section can provide these alternatives, and thus help 

maintain the bargain between citizens and rulers in a rentier state. 

The model shows that a gradual reduction in hydrocarbon exports – going to zero by 

2050 – can be achieved if the economic gains from energy exports are carefully saved 

and invested. The country’s sovereign wealth fund, the Qatar Investment Authority, will 

be the key vehicle for these investments, which can target a range of common-sense 

assets around the world, and even devote a small part to emerging fields such as 

renewable energy, advanced healthcare and technology. The wealth fund can use its 

financial muscle to catalyse investment in emerging sectors such as clean energy, 

technology, and advanced healthcare. Sustainable investments can be a force for good, 

while also providing large upside potential when new, cutting-edge companies can 

displace older competitors or create new markets. This will be particularly relevant 

within the new energy sector – investments in renewable energy production, battery 

storage and advanced transportation and household technologies can catalyse 

decarbonisation and mitigate the worst effects of climate change. 

Qatar’s rulers have historically obtained their political mandate by emphasising their 

Islamic duty to be caretakers of their citizens’ welfare – involving citizens in economic 

planning is part of this mandate. Economic disclosure and financial accountability are 

not merely goals in themselves, however. Knowing what we know about the dangers of 

climate change and the risks faced by petrostates in a decarbonised world, it is clear 

that the current state of affairs, where state largesse is funded by ever-increasing 

hydrocarbon exports, is unsustainable. In the future, the sovereign wealth fund can 

potentially become a sustainable source of wealth – it must satisfy the country’s 



296 
 

spending requirements with a regular income stream, without eating into its capital to 

do so. This will allow Qatar to finally wean itself off hydrocarbon revenues. 

The alternative is a dystopian future where Qatar keeps producing hydrocarbons, for 

lower and lower revenues, as it maintains its position as the least-cost producer in the 

market. However, the effects of climate change render the country completely 

uninhabitable – it must buy land in a colder country and resettle its citizens there, 

risking a complete breakdown in its political and social systems. There is a strong 

national incentive to avoid such an outcome by making the necessary changes. 

QESMAT suggests that, at moderate-to-high commodity prices, energy exports over the 

next three decades can fund a portfolio of $1 trillion by 2050 (in 2020 equivalent 

dollars). Assuming an annual rate of 5% above inflation, the portfolio’s yearly returns 

can be used to fund a $100,000 income for every citizen – without relying any further on 

hydrocarbon exports. This can potentially reduce public sector employment and free up 

citizens to pursue their own interests, while still being guaranteed a high income. A 

complete transformation of the energy system by integrating large amounts of 

renewables and greener technologies can be achieved in an economically feasible way.  

These goals will only be achieved by engaging the wider public. Thus, public science 

communication is critical. While this includes public lectures, school workshops, and 

open-access publishing, it is also necessary to disseminate research results through 

traditional and new media. There is evidence for Qatari citizens’ engagement on 

environmental issues and their desire for the government to do more on climate change 

59.  

The history of the Arabian Gulf in the 20th century illustrates how state formation was 

intimately tied to the discovery and production of hydrocarbons. The peculiarities of the 

Gulf states: citizen-ruler relations, labour rights, state largesse, policing, border 

disputes, unsustainable infrastructure, urban design, centralised decision-making, 

reliance on Western states for security/legitimacy, and limitations on individual 

freedoms, among others, can all be traced back to the development of the Gulf’s 

hydrocarbon industry. Thus, although a whole spectrum of advocates, from state-

backed master planners (usually foreign consultants) to dissident activists, have called 
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for reforms to the countries’ political and economic systems, they have been unable to 

untangle the states’ dependence on their hydrocarbon wealth. 

If it were not for Qatar’s small homogeneous population, large hydrocarbon reserves 

and existing financial wealth, a low-carbon transition would be impossible. Qatar’s 

challenges are easier than its neighbours – Saudi Arabia is struggling to satisfy a large 

and restless youth population, the UAE does not have large hydrocarbon resources 

(especially gas), Bahrain is struggling to reconcile sectarian differences, and Oman does 

not have large financial wealth. Qatar has the oppotunity to forge a new citizen-state 

contract, where the political system is maintained through economic transfers from the 

ruler to their subjects, the economic system is made more transparent to allow citizens 

to engage in financial planning for their descendants, and the social system is energised 

as people can commit to their professional and personal interests, while getting more 

time for themselves and their community. The end of the hydrocarbon economy, a 

hundred years after it started, could be within reach, while still preserving the citizen-

state contract. This can be Qatar’s destiny – its kismet.  

Understanding the political, social and economic implications of this transition is 

beyond the scope of an energy systems model – at best, one can only forecast future 

hydrocarbon revenues under a variety of scenarios. Inter-disciplinary research will be 

required to formulate evidence-based policy to aid the wider diversification of the 

economy, with energy systems models being used to study the decarbonisation 

potential of this transition.  

The climate emergency is perhaps the defining challenge of this century. It is an 

incredibly complex problem that will require something of every human, and every 

nation (especially the most affluent ones), to preserve this planet for future generations. 
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Appendices 

A1. Technology profiles 

This section describes the calculations for the costs and resource consumption and 

production for each technology used in QESMAT. 

A1.1 Natural gas production well (ng_well) 

Description: Produces ‘sour’ natural gas, ethane and associated condensate from 

offshore wells 

Capacity and capacity factor: 875 ktoe per year, CF = 1. 

Qatargas (http://www.qatargas.com/english/operations/offshore) lists 30 wells for 2.9 

bscfd (QG2), which is 2.5 ktoe per well, operating at 350 days a year which gives 875 

ktoe. 

Invention, lifetime: 2010 (available at start of modelling period), 30 years. 

Costs: Capex - $120 million, Opex - $33,000 per ktoe 

Capex estimate from EIA (Fig 3.6, Miocene well drilling and completion cost, 

https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf), 

Opex estimate from Australian Institute of Energy well cost ($0.79/GJ) 

Resource table: Produces 1 ktoe sour gas, 0.2 ktoe condensate, 32 tons ethane 

Al Khaleej Gas produces 3,500 ktoe condensate per 18,000 ktoe gas (ratio 0.2) 

(https://www.hydrocarbons-technology.com/projects/al-khaleej/), Shell produces 32 

tons of ethane per ktoe sour gas. 

Initial set, leftover life: 166 wells, 30 years. 

Annual gas production in 2015 is 145,000 ktoe (IEA data), divided by capacity of 

individual well. 

Emissions: 150 tons per ktoe of sour gas produced. 

From an average 12 g of CO2 per MJ of gas (www.capp.ca/~/media/capp/customer-

portal/documents/215278.pdf), which is 500 tons CO2 per ktoe of gas. Assume a 30 – 
70 split between production and processing emissions.  

http://www.qatargas.com/english/operations/offshore
https://www.eia.gov/analysis/studies/drilling/pdf/upstream.pdf
https://www.hydrocarbons-technology.com/projects/al-khaleej/
http://www.capp.ca/~/media/capp/customer-portal/documents/215278.pdf
http://www.capp.ca/~/media/capp/customer-portal/documents/215278.pdf
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A1.2 Gas-fired power plant (ng_elec) 

Description: Combined-cycle power plant producing electricity 

Capacity and capacity factor: 8,600 GWh, CF = 1 

1 GW plant operating 8,600 hours per year. 

Invention, lifetime: 2010 (available at start of modelling period), 30 years. 

Costs: Capex - $1 billion, Opex - $2,000 per GWh, Fixex - $10 million per plant per year 

For combined cycle power plants, assuming $2/MWh for variable O&M as fuel is ‘free’, 

while fixed O&M is ~$10/MW/year 

(https://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.2.pdf )  

Resource table: Produces 1 GWh of electricity, consuming 0.215 ktoe natural gas (at 

40% efficiency) 

Initial set, leftover life: 3 GW (Kahramaa), 20 years  

Emissions: 420 tons of CO2 per GWh (combusting 0.215 ktoe gas, 

https://www.eia.gov/tools/faqs/faq.php?id=73&t=11) 

https://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.2.pdf
https://www.eia.gov/tools/faqs/faq.php?id=73&t=11
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A1.3 Solar photovoltaic power plant (sol_pv) 

Description: Flat-plate solar PV producing electricity from sunlight. 

Capacity and capacity factor: 8.6 GWh, CF = 0.6 during ‘morning’ time slice (8 AM to 4 

PM), zero otherwise.  

1 MW plant operating 8600 hours per year 

Source: Qatar Solar Test Facility 5 year report (4.8 kWh/day/kW, which is 0.6 * 8 hours 

of the morning). 

Invention, lifetime: 2010, 30 years. 

Costs: CAPEX: $1/Watt (installed), dropping to $0.5/Watt by 2050. Fixex: $20,000 per 

MW. Opex 0. 

https://www.greentechmedia.com/articles/read/doe-officially-hits-sunshot-1-per-

watt-goal-for-utility-scale-solar#gs.kuwRWiQ 

https://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.2.pdf Table 2 solar PV 

fixed tilt fixed and operating o&m costs. 

Resource table: Produces 1 GWh of electricity 

Initial set, leftover life: 0, 0. 

Emissions: 40 tons of diffuse emissions per GWh of solar electricity. 

https://cngsolarengineering.com/lifetime-greenhouse-emissions-of-solar-pv-systems-

vs-coal-powered-

systems/#:~:targetText=While%20coal%2Dpowered%20technology%20used,used%2

012%20CO2%20eq%2FkwH. Currently 55 g/kWh, which is 55 tons/GWh, but this is 

steadily improving as technology improves. 

  

https://www.greentechmedia.com/articles/read/doe-officially-hits-sunshot-1-per-watt-goal-for-utility-scale-solar#gs.kuwRWiQ
https://www.greentechmedia.com/articles/read/doe-officially-hits-sunshot-1-per-watt-goal-for-utility-scale-solar#gs.kuwRWiQ
https://www.eia.gov/outlooks/aeo/assumptions/pdf/table_8.2.pdf
https://cngsolarengineering.com/lifetime-greenhouse-emissions-of-solar-pv-systems-vs-coal-powered-systems/#:~:targetText=While%20coal%2Dpowered%20technology%20used,used%2012%20CO2%20eq%2FkwH.
https://cngsolarengineering.com/lifetime-greenhouse-emissions-of-solar-pv-systems-vs-coal-powered-systems/#:~:targetText=While%20coal%2Dpowered%20technology%20used,used%2012%20CO2%20eq%2FkwH.
https://cngsolarengineering.com/lifetime-greenhouse-emissions-of-solar-pv-systems-vs-coal-powered-systems/#:~:targetText=While%20coal%2Dpowered%20technology%20used,used%2012%20CO2%20eq%2FkwH.
https://cngsolarengineering.com/lifetime-greenhouse-emissions-of-solar-pv-systems-vs-coal-powered-systems/#:~:targetText=While%20coal%2Dpowered%20technology%20used,used%2012%20CO2%20eq%2FkwH.
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A1.4 Gasoline vehicle (car_oil) 

Description: Petrol-powered passenger vehicle 

Capacity and capacity factor: 50,000 passenger-km per year, CF = 1.0 

Invention, lifetime: 2010, 10 years 

Costs: Capex - $10 per car (set as non-zero to reduce technology-switching within the 

same year) 

Resource table: Uses 1.32e-7 ktoe gasoline per passenger-km produced. 

9 L/100 km (https://www.trademe.co.nz/motors/new-cars/buyers-guide/which-car). 

45 MJ/kg. 0.75 L/kg. 4.184e7 MJ/ktoe. 

Initial set, leftover life: 450,000 cars, 10 years. 

Assuming per capita demand of 8000 km/y (based on IEA historical data on gasoline 

consumption in Qatar), at a car capacity of 50,000 pass-km/y per car. Population 2.8 

million. 

Emissions: 0.00025 tons of CO2 (diffuse) per passenger-km.  

https://science.howstuffworks.com/science-vs-myth/everyday-myths/does-hybrid-

car-production-waste-offset-hybrid-benefits2.htm 40 kg CO2 per 160 km 

 

https://www.trademe.co.nz/motors/new-cars/buyers-guide/which-car
https://science.howstuffworks.com/science-vs-myth/everyday-myths/does-hybrid-car-production-waste-offset-hybrid-benefits2.htm
https://science.howstuffworks.com/science-vs-myth/everyday-myths/does-hybrid-car-production-waste-offset-hybrid-benefits2.htm
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A1.5 Compressed natural gas (CNG) vehicle (car_ng) 

Description: Compressed natural gas powered passenger vehicle 

Capacity and capacity factor: 50,000 pass-km per year, CF = 1 

Invention, lifetime: 2010, 10 years. 

Costs: Capex - $10 per car (set as non-zero to reduce technology-switching within the 

same year) 

Resource table: Produces 1 pass-km for every 5.25e-8 ktoe natural gas. 

Around 24 km/kg fuel efficiency - https://auto.ndtv.com/news/top-cng-cars-in-india-

757880  

Initial set, leftover life: 0, 0. 

Emissions: 0.0001 tons per pass-km. 

  

https://auto.ndtv.com/news/top-cng-cars-in-india-757880
https://auto.ndtv.com/news/top-cng-cars-in-india-757880
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A1.6 Gas-to-Liquids plant (gtl) 

Description: Complex process converting syngas (mixture of carbon monoxide and 

hydrogen) to liquid fuels (diesel, kerosene etc.). 

Capacity and capacity factor: 7600 ktoe of products per year, CF = 1. 

https://www.shell.com/about-us/major-projects/pearl-gtl/pearl-gtl-an-overview.html 

produces 140 kboe/d GTL products (previously used 155 kboe/d), 7.142 kboe/ktoe, 

365 days. 

Invention, lifetime: 2010, 30 years 

Costs: Capex - $20 billion (Shell estimate), Opex - $41,879 per ktoe. 

From Opex of $10 per barrel (Glebova, ‘Gas to Liquids’, OIES, 2013), i.e., $71429 per 

ktoe minus $150/ton H2 (syngas production cost – see st_meth_ref)* 197 tons H2 / ktoe 

product. 

Resource table: 197 tons of syngas produces 0.16 ktoe aviation fuel, 0.16 ktoe naphtha, 

0.32 ktoe diesel, 0.35 ktoe base oil. 

25000 bpd naphtha -> naphtha ktoe; 50000 bpd gas oil -> diesel ktoe; 25000 bpd gtl 

kero -> jet fuel ktoe ; 25000 bpd paraffin -> base oil ktoe ; 30000 bpd base oil -> base oil 

ktoe; all divided by 7600 ktoe (yearly capacity of GTL plant). 

Shell Pearl GTL website states 1.6 Bcfd gas per 140 kboe/d product. That’s 0.082 Bcfd 

per ktoe product, or 2.1 ktoe gas per ktoe product. Assuming 65% of the energy goes to 

the GTL step (and the rest is for internal energy use), that’s 1.38 ktoe gas, or 197 tons of 

hydrogen as syngas. (if 0.007 ktoe gas is used per ton of hydrogen as syngas – see 

st_meth_ref technology) 

Initial set, leftover life: 1 plant, 25 years. 

Emissions: 890 tons of CO2 per ktoe of product slate.  

1 ktoe product uses 0.33 ktoe fuel (75% carbon efficiency – Global Energy Assessment, 

IIASA), which at 0.23 kg CO2/kWh (Engineering Toolbox), is 890 tons (11.63e6 

kWh/ktoe).  

 

https://www.shell.com/about-us/major-projects/pearl-gtl/pearl-gtl-an-overview.html
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A1.7 Oil production well (oil_well) 

Description: Crude oil production well. 

Capacity and capacity factor. 80 ktoe crude per year. CF = 1.0. 

Crude production of 40,000 ktoe per year (IEA country statistics), and 500 wells from 

OPEC data, gives 80 ktoe per well. 

Invention, lifetime. 2010, 30 years. 

Costs. Capex - $60 million per well. Opex - $21,400 per ktoe crude in 2020 to $40,000 

per ktoe in 2050. 

https://www.businessinsider.com/how-much-it-costs-both-saudi-arabia-and-the-us-

to-produce-oil-2017-3?r=US&IR=T $3.50 per barrel for Saudi (capex), $3 per barrel for 

opex. 80 ktoe per year. 30 years. 7142 barrels per ktoe. Opex increases as oil reserves 

decline. 

Resource table: Produces 1 ktoe of crude oil. 

Initial set, leftover life. 500 wells, 20 years.  

http://www.opec.org/library/Annual%20Statistical%20Bulletin/interactive/current/F

ileZ/Main-Dateien/Section3.html  Table 3.5. Qatar has 500 wells. 

Emissions: 272 tons of CO2 per ktoe crude. 

Global Energy Assessment Technology Portfolio (Chapter 12). 6.5 kg CO2 per GJ crude. 

41868 GJ per ktoe. 

  

https://www.businessinsider.com/how-much-it-costs-both-saudi-arabia-and-the-us-to-produce-oil-2017-3?r=US&IR=T
https://www.businessinsider.com/how-much-it-costs-both-saudi-arabia-and-the-us-to-produce-oil-2017-3?r=US&IR=T
http://www.opec.org/library/Annual%20Statistical%20Bulletin/interactive/current/FileZ/Main-Dateien/Section3.html
http://www.opec.org/library/Annual%20Statistical%20Bulletin/interactive/current/FileZ/Main-Dateien/Section3.html
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A1.8 Oil refinery (oil_ref) 

Description: Plant converting crude oil and condensates into value-added products. 

Capacity and capacity factor: 3700 ktoe, CF = 1 

QP Refineries can take in 80,000 bpd crude, 27,000 bpd North Field condensate, 30,000 

bpd Dukhan condensate (QP annual report 2014). Total 137,000 bpd = 7000 ktoe. 

Invention, lifetime: 2010, 30 years. 

Costs: Capex – $1.5 billion per refinery, Opex - $28,000 per ktoe oil products 

Global Energy Assessment Technology Portfolio – Capex - $20,000 per bpd; 3700 ktoe is 

75,500 bpd. Opex - $4/bbl 

(https://www.eia.gov/finance/performanceprofiles/refining_marketing.php)  

Resource table: 0.68 ktoe crude oil and 0.45 ktoe condensate are fed into the refinery, 

and produce 0.4 ktoe gasoline, 0.22 ktoe each of aviation fuel and diesel, 0.1 ktoe fuel 

oil, 31 tons of LPG.  

QP Refinery 1 outputs 4200 ktoe oil products for 4800 ktoe of input (1.13 ktoe input per 

ktoe output). QP refinery 2 can process 40% condensate and 60% crude oil feed – 

assuming the same split applies to the modelled refinery. QP Refinery produces 1.75e6 

tpa gasoline, 920,000 tpa jet fuel, 960,000 tpa diesel, 440,000 tpa fuel oil and 130,000 

tpa LPG (31 tons per ktoe products). 

Initial set, leftover life: 2 (QP Refinery 1 and 2), 20 years 

Emissions: 419 tons of carbon dioxide per ktoe of oil products. 

GEA Technology Portfolio – 10 kg CO2 per GJ product, i.e., 419 tons CO2 per ktoe (41868 

GJ to ktoe). 

 

https://www.eia.gov/finance/performanceprofiles/refining_marketing.php
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A1.9 Hybrid vehicle (car_hyb) 

Description: Passenger vehicle with an internal combustion engine (gasoline) and 

supplementary motor/battery (like a Toyota Prius). 

Capacity and capacity factor: 50,000 pass-km per year, CF = 1 

Invention, lifetime: 2010, 10 years. 

Costs: Capex - $10 (to reduce technology-switching between time slices). 

Resource table: Produces 1 pass-km by consuming 6.6e-8 ktoe of gasoline. 

Assuming the hybrid car has double the fuel efficiency of the average gasoline-powered 

vehicle, driven predominantly in an urban environment. 

Initial set, leftover life: 0, 0. 

Emissions: 0.00014 tons of CO2 per pass-km. 

https://science.howstuffworks.com/science-vs-myth/everyday-myths/does-hybrid-

car-production-waste-offset-hybrid-benefits2.htm   

23 kg CO2 per 100 miles  

  

https://science.howstuffworks.com/science-vs-myth/everyday-myths/does-hybrid-car-production-waste-offset-hybrid-benefits2.htm
https://science.howstuffworks.com/science-vs-myth/everyday-myths/does-hybrid-car-production-waste-offset-hybrid-benefits2.htm
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A1.10 Electric vehicle (car_elec) 

Description: All-electric (battery powered) passenger vehicle. 

Capacity and capacity factor: 50,000 pass-km per year, CF = 1. 

Invention, lifetime: 2020, 10 years. 

Costs: Capex - $10 (to reduce technology-switching between time slices). 

Resource table: 2e-7 GWh of electricity is consumed per pass-km produced. 

http://www.eprg.group.cam.ac.uk/wp-

content/uploads/2013/01/EEJan13_EconomicsEVs.pdf 

0.2 kWh per km for Nissan Leaf BEV. 

Initial set, leftover life: 0, 0. 

Emissions: 0.00007 tons of CO2 per pass-km. 

http://shrinkthatfootprint.com/electric-cars-green 

Manufacturing emissions 70 g of CO2 per km. Tailpipe emissions zero.  

http://www.eprg.group.cam.ac.uk/wp-content/uploads/2013/01/EEJan13_EconomicsEVs.pdf
http://www.eprg.group.cam.ac.uk/wp-content/uploads/2013/01/EEJan13_EconomicsEVs.pdf
http://shrinkthatfootprint.com/electric-cars-green
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A1.11 Air conditioner (AC) 

Description: Individual air conditioner. 

Capacity and capacity factor: 1.03e8 BTU per year, CF = 1. 

12,000 BTU unit running 8760 hours. 

Invention, lifetime: 2010, 10 years. 

Costs: $10 per unit (borne by government – a symbolic non-zero cost to reduce 

technology switching between time slices). 

Resource table: 1 BTU = 3e-10 GWh of electricity (conversion). 

Initial set, leftover life: 750,000 units, 10 years. 

2015 cooling demand of 7.7e13 BTU (using our population-based forecasting method) 

met with AC units. 

Emissions: 0 
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A1.12 Diesel freight vehicle (fre_oil) 

Description: Freight vehicle powered by diesel engine. 

Capacity and capacity factor: 43,000 kg, CF = 1 

Carrying capacity of a standard 40-foot shipping container of 2 TEU (Wikipedia). 

Invention, lifetime: 2010, 10 years. 

Costs: $10 per unit (borne by government – a symbolic non-zero cost to reduce 

technology switching between time slices). 

Resource table: Consumes 2.55e-8 ktoe diesel per kg of freight. 

43 MJ/kg * 0.83 kg/L * 2.388e-8 ktoe/MJ * 0.03 L/kg freight. The last parameter is based 

on dividing IEA data on diesel use in road transport in Qatar (assuming all for freight) 

by the total population and per capita freight demand (~52,000 kg per year). 

Initial set, leftover life: 3.46 million units, 10 years.  

Total freight demand of ~1.5e11 kg (our forecast) divided by capacity. 

Emissions: 9.3e-7 tons of CO2 per kg freight. 

https://en.wikipedia.org/wiki/Energy_efficiency_in_transport#Automobiles  Fuel 

economy (UK freight) 0.4 MJ/ton-km, 50 km, 2.7kg CO2/L diesel , 0.83 kg diesel / L 

diesel, 43 MJ/kg  

https://en.wikipedia.org/wiki/Energy_efficiency_in_transport#Automobiles
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A1.13 Electric freight vehicle (fre_elec) 

Description Freight vehicle powered by electric battery and motors. 

Capacity and capacity factor: 43,000 kg, CF = 1 

Carrying capacity of a standard 40-foot shipping container of 2 TEU (Wikipedia). 

Invention, lifetime: 2020, 10 years. 

Costs: $10 per unit (borne by government – a symbolic non-zero cost to reduce 

technology switching between time slices). 

Resource table: 2.04e-7 GWh per kg freight. 

From diesel fuel efficiency (ktoe/kg freight), converting to GWh (*11.63), multiplying by 

diesel truck efficiency (48%) and dividing by electric truck efficiency (estimated at 

70%). 

https://www.transportenvironment.org/sites/te/files/publications/20180725_T%26E

_Battery_Electric_Trucks_EU_FINAL.pdf 

Initial set, leftover life: 0, 0.  

Emissions: Assume half the CO2 emissions from diesel freight. 

https://www.transportenvironment.org/sites/te/files/publications/20180725_T%26E

_Battery_Electric_Trucks_EU_FINAL.pdf 

 

https://www.transportenvironment.org/sites/te/files/publications/20180725_T%26E_Battery_Electric_Trucks_EU_FINAL.pdf
https://www.transportenvironment.org/sites/te/files/publications/20180725_T%26E_Battery_Electric_Trucks_EU_FINAL.pdf
https://www.transportenvironment.org/sites/te/files/publications/20180725_T%26E_Battery_Electric_Trucks_EU_FINAL.pdf
https://www.transportenvironment.org/sites/te/files/publications/20180725_T%26E_Battery_Electric_Trucks_EU_FINAL.pdf
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A1.14 Liquefied natural gas plant (lng) 

Description: Plant that liquefies natural gas by cooling it to -160 oC, reducing the 

volume by 600 times, and making it profitable to ship over long distances. 

Capacity and capacity factor: 9700 ktoe, CF = 1 

RasGas Train 6 capacity of 7.8 million tons per annum of LNG, converted to ktoe 

(http://www.qatargas.com/english/operations/lng-trains) 

Invention, lifetime: 2010, 30 years. 

Costs: Capex – $1.9 billion per plant, Opex - $95,000 per ktoe LNG 

Brownfield $500/tpa (Songhurst, 2014 https://www.oxfordenergy.org/wpcms/wp-

content/uploads/2018/10/LNG-Plant-Cost-Reduction-2014%E2%80%9318-

NG137.pdf). 7.8 MTPA capacity. - 2 billion$ (capex of the front end sweetening and 

purification process – subtracting the capex of ng_ref – natural gas refinery) 

https://seekingalpha.com/article/3714566-cheniere-energys-sabine-pass-sales-

contracts-affect-bottom-line  2.4$/mmbtu liquefaction + shipping costs 

Resource table: 1.088 ktoe natural gas consumed per ktoe LNG produced. 

IEA energy industry ‘own’ use in Qatar is 13,000 ktoe, with gas production of 146,000 

ktoe. Assuming all of this goes into LNG production. 

Initial set, leftover life: 8, 20 years. 

Approximately 77 MTPA exported every year.  

Emissions: 410 tons of CO2 produced per ktoe LNG produced. 

https://www.cmu.edu/ceic/assets/docs/publications/phd-

dissertations/2007/paulina-jaramillo-phd-thesis.pdf 

Total emissions of liquefaction, flaring, transport: 23 lb CO2/MMBTU LNG -> 410 

tons/ktoe 

  

http://www.qatargas.com/english/operations/lng-trains
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2018/10/LNG-Plant-Cost-Reduction-2014%E2%80%9318-NG137.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2018/10/LNG-Plant-Cost-Reduction-2014%E2%80%9318-NG137.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2018/10/LNG-Plant-Cost-Reduction-2014%E2%80%9318-NG137.pdf
https://seekingalpha.com/article/3714566-cheniere-energys-sabine-pass-sales-contracts-affect-bottom-line
https://seekingalpha.com/article/3714566-cheniere-energys-sabine-pass-sales-contracts-affect-bottom-line
https://www.cmu.edu/ceic/assets/docs/publications/phd-dissertations/2007/paulina-jaramillo-phd-thesis.pdf
https://www.cmu.edu/ceic/assets/docs/publications/phd-dissertations/2007/paulina-jaramillo-phd-thesis.pdf
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A1.15 Integrated (gas-fired) water and power plant (iwpp_msf) 

Description: Gas-fired power plant that also uses thermal energy to desalinate 

seawater. 

Capacity and capacity factor: 8600 GWh, CF = 1 

1 GW power plant, running 8600 hours in a year.  

Invention, lifetime: 2010, 30 years 

Costs: Capex – $1.31 billion per GW, Fixex - $1e7 per GW per year, Opex - $2750 per 

GWh. 

Umm al Houl power plant cost $3.15 B for 2.4 GW. 

http://www.gdnonline.com/Details/75944/Umm-Al-Houl-energy-project-key-to-

development-in-Qatar  

EIA - Fixed O&M $10/kW/year (same as ng_elec) 

Same as ng_elec for power plant (EIA - $2000 per GWh) + 15% of total cost of MSF 

(https://desline.com/Geneva/Banat.pdf ) = 0.15 * 0.5 *1e6 $/Mm3, converted to $/GWh 

based on 90 Mm3/8600 GWh. 15% represents half of the capex of an MSF plant 

(assuming the rest is shared with power plant). MSF cost assumed to be $0.5/m3. 

Resource table: Uses 0.265 ktoe natural gas per GWh of electricity, also produces 0.014 

Mm3 of water. 

Based on Kahramaa 2017 report on overall gas consumption, electricity and water 

production. 452 million MMBTU gas is used to produce 43,000 GWh electricity and 600 

Mm3 water. 

Initial set, leftover life: 10 plants, 20 years.  

Kahramaa 2017 report – total IWPP capacity of 10 GW. 

Emissions: 370 tons of CO2 per GWh.  

EIA estimate – 117 lb CO2 per MMBTU gas, converted to GWh electricity at 50% 

efficiency.  

 

http://www.gdnonline.com/Details/75944/Umm-Al-Houl-energy-project-key-to-development-in-Qatar
http://www.gdnonline.com/Details/75944/Umm-Al-Houl-energy-project-key-to-development-in-Qatar
https://desline.com/Geneva/Banat.pdf
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A1.16 Reverse osmosis desalination plant (desal_RO) 

Description: Membrane-based desalination plant powered by electricity. 

Capacity and capacity factor: 57 Mm3 per year, CF = 1 

https://www.desalination.biz/news/0/Qatars-first-big-seawater-RO-plant-is-nearly-

complete/8683/ 164000 m3/d 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $500 million in 2020 to $400 million in 2050, Opex - $240,000 per Mm3 

http://www.lenntech.com/processes/desalination/energy/general/desalination-

costs.htm  40% of total cost (0.6$/m3 by Kazmerski Karaghouli) -> 0.24$/m3 

http://www.waterworld.com/articles/2015/03/reverse-osmosis-desalination-kick-

started-in-qatar-with-ras-abu-fontas-a3-project.html  Capex $500 million  

Resource table: 5 GWh electricity to produce 1 Mm3 of desalinated water for seawater 

RO. 

(Kazmerski and Karaghouli, review of desalination processes and energy consumption 

https://www.sciencedirect.com/science/article/abs/pii/S1364032113000208) 

Initial set, leftover life: 1, 30 years.  

Emissions: 0. 

  

https://www.desalination.biz/news/0/Qatars-first-big-seawater-RO-plant-is-nearly-complete/8683/
https://www.desalination.biz/news/0/Qatars-first-big-seawater-RO-plant-is-nearly-complete/8683/
http://www.lenntech.com/processes/desalination/energy/general/desalination-costs.htm
http://www.lenntech.com/processes/desalination/energy/general/desalination-costs.htm
http://www.waterworld.com/articles/2015/03/reverse-osmosis-desalination-kick-started-in-qatar-with-ras-abu-fontas-a3-project.html
http://www.waterworld.com/articles/2015/03/reverse-osmosis-desalination-kick-started-in-qatar-with-ras-abu-fontas-a3-project.html
https://www.sciencedirect.com/science/article/abs/pii/S1364032113000208
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A1.17 Condensate refinery (condens_ref) 

Description: Plant that converts gas-associated condensate into refined fuels. 

Capacity and capacity factor: 7400 ktoe per year of condensate, CF = 1 

150,000 bpd capacity 

https://qp.com.qa/en/QPActivities/Pages/SubsidiariesAndJointVenturesDetails.aspx?a

id=36 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $3 billion per refinery.  Opex - $28,000 per ktoe product. 

Assume same Capex and Opex as oil refinery ($20,000 per bpd – GEA Technology 

Portfolio, $4/bbl opex - EIA) 

Resource table: 1 ktoe of condensate produces 0.34 ktoe aviation fuel, 0.4 ktoe 

naphtha, 0.16 ktoe diesel and 39 tons of LPG. 

Laffan refinery produces 9,000 bpd LPG, 24,000 bpd diesel, 52,000 bpd aviation fuel, 

61,000 bpd naphtha (QP annual report 2014). Divided by capacity. 

Initial set, leftover life: 2, 30 years. 

Laffan Refineries 1 and 2, same capacity for each. 

Emissions: 420 tons of CO2 per ktoe of condensate processed. 

Assume same as oil refinery (GEA Technology Portfolio – 10 kg CO2/GJ). 

 

https://qp.com.qa/en/QPActivities/Pages/SubsidiariesAndJointVenturesDetails.aspx?aid=36
https://qp.com.qa/en/QPActivities/Pages/SubsidiariesAndJointVenturesDetails.aspx?aid=36
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A1.18 Natural gas sweetening plant (ng_ref) 

Description: Plant converting ‘sour’ natural gas (coming from offshore) into ‘sweet’ 

natural gas, by separating out hydrogen sulphide. It also removes associated carbon 

dioxide from the natural gas. 

Capacity and capacity factor: 18,000 ktoe, CF = 1 

Al Khaleej Gas project 1 and 2 of 2 Bscfd capacity (total). 

http://www.qatargas.com/english/operations/domestic-market 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $4 billion, Opex - $28,000 per barrel. 

Barzan cost 10 billion QR for 1.4 bcf/d (http://www.reuters.com/article/qatar-barzan-

cost/update-1-qatar-barzan-gas-project-to-cost-10-3-bln-minister-

idUSL5E7M10OH20111101 ) 

https://oilandgas-investments.com/2009/natural-gas/what-is-the-break-even-price-

for-natural-gas-producers/ $0.7/MMBTU ($0.9/tcf) opex 

Resource table: Converts 1 ktoe of ‘sour’ gas into 0.95 ktoe of ‘sweet’ gas and 12.33 

tons of sulphur. 

18000 ktoe per year of gas. Sulfur: 222,000 tpa (from RasGas Train 6: 1450 Mmscfd 

sour gas -> 466 tons sulfur per day) . 

AKG 2 produces 1250 Mmscfd sales gas for an inlet capacity of 1500 Mmscfd sour gas. 

http://www.qatargas.com/english/operations/domestic-market 

Initial set, leftover life: 8, 20 years. 

Assume all natural gas produced in Qatar (145,000 ktoe) passes first through an ng_ref.  

Emissions: 350 tons of CO2 per ktoe sour gas processed. 

Assume 70% split of total CO2 emissions of natural gas extraction and processing.   

http://www.qatargas.com/english/operations/domestic-market
http://www.reuters.com/article/qatar-barzan-cost/update-1-qatar-barzan-gas-project-to-cost-10-3-bln-minister-idUSL5E7M10OH20111101
http://www.reuters.com/article/qatar-barzan-cost/update-1-qatar-barzan-gas-project-to-cost-10-3-bln-minister-idUSL5E7M10OH20111101
http://www.reuters.com/article/qatar-barzan-cost/update-1-qatar-barzan-gas-project-to-cost-10-3-bln-minister-idUSL5E7M10OH20111101
https://oilandgas-investments.com/2009/natural-gas/what-is-the-break-even-price-for-natural-gas-producers/
https://oilandgas-investments.com/2009/natural-gas/what-is-the-break-even-price-for-natural-gas-producers/
http://www.qatargas.com/english/operations/domestic-market
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A1.19 Steel production plant (steel_prod) 

Description: Plant to convert iron ore into steel using heat energy from natural gas. 

Capacity and capacity factor: 3 Mtpa, CF = 1 

Qatar Steel annual production capacity. https://www.qatarsteel.com.qa/vision-mission-

and-values/our-production-facilities/ 

Invention, lifetime: 2010, 30 years 

Costs: Capex - $2.1e8 per plant, Opex - $1.5e8 per million tons 

https://www.steelonthenet.com/cost-bof.html Capex $70/ton, Opex $150/ton (raw 

material, labour etc. – not fuel, electricity or gases). 

Resource table: 1 million tons of steel requires 50 GWh of electricity and 200 ktoe of 

natural gas. 

https://www.energy.gov/sites/prod/files/2013/11/f4/theoretical_minimum_energies.

pdf  

Assuming 9 GJ/ton of steel, with an energy split between gas and electricity of 98% to 

2%. 

Initial set, leftover life: 1, 20 years.  

Emissions: 540,000 tons of CO2 per million tons of steel. 

Assuming 1 ktoe natural gas produces ~2400 tons of CO2, and 210 ktoe gas (electricity 

from gas). https://blogs.shell.com/2011/09/19/naturalgas/ 

https://www.qatarsteel.com.qa/vision-mission-and-values/our-production-facilities/
https://www.qatarsteel.com.qa/vision-mission-and-values/our-production-facilities/
https://www.steelonthenet.com/cost-bof.html
https://www.energy.gov/sites/prod/files/2013/11/f4/theoretical_minimum_energies.pdf
https://www.energy.gov/sites/prod/files/2013/11/f4/theoretical_minimum_energies.pdf
https://blogs.shell.com/2011/09/19/naturalgas/
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A1.20 Cement production plant (cement_prod) 

Description: Plant producing cement using energy from natural gas. 

Capacity and capacity factor: 5 Mtpa, CF = 1. 

https://www.qatarcement.com/eng/overview.html 15,500 tpd 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $5e8, Opex – $3e7 per million tons of cement 

http://www.globalcement.com/news/item/1087-how-much-is-an-indian-cement-

plant-worth $100 per ton capex 

http://marketrealist.com/2014/08/must-know-cost-elements-cement/ 

Raw material cost (opex) is assumed to be 30% of sale price ($100/t). 

Resource table: Produces 1 million tons of cement using 120 ktoe of natural gas. 

http://www.climatetechwiki.org/technology/energy-saving-cement  

5 GJ/ton of cement clinker – average US plant 

Initial set, leftover life: 1, 20 years.  

Emissions: 324,000 tons of CO2 emissions per million tons of cement. 

Assuming 1 ktoe natural gas produces ~2700 tons of CO2 

 

https://www.qatarcement.com/eng/overview.html
http://www.globalcement.com/news/item/1087-how-much-is-an-indian-cement-plant-worth
http://www.globalcement.com/news/item/1087-how-much-is-an-indian-cement-plant-worth
http://marketrealist.com/2014/08/must-know-cost-elements-cement/
http://www.climatetechwiki.org/technology/energy-saving-cement
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A1.21 Aluminium production plant (alumin_prod) 

Description: Plant producing aluminium from its ore by using energy from natural gas, 

converted into electricity at on-site gas-fired power plant. 

Capacity and capacity factor: 640,000 tpa, CF = 1 

https://www.qatalum.com/Media/News/Pages/Qatalum-at-full-production.aspx 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $3.84e9, Opex - $960 per ton. 

https://iea-etsap.org/E-

TechDS/PDF/I10_AlProduction_ER_March2012_Final%20GSOK.pdf Capex 5000 euro 

per ton ($6000 per ton of capacity) 

https://agmetalminer.com/2009/02/27/cost-build-up-model-for-primary-aluminum-

ingot-production raw material, chemicals, labor, etc. cost $960 per ton   

Resource table: Produces 1 ton of aluminium by consuming 0.0028 ktoe natural gas. 

Qatalum has a 200 Mmscfd gas line, which is 1820 ktoe, for the total production 

capacity. 

Initial set, leftover life: 1, 20 years.  

Emissions: 7.56 tons of CO2 per ton of aluminium. 

Assuming 2700 tons of CO2 per ktoe. 

  

https://www.qatalum.com/Media/News/Pages/Qatalum-at-full-production.aspx
https://iea-etsap.org/E-TechDS/PDF/I10_AlProduction_ER_March2012_Final%20GSOK.pdf
https://iea-etsap.org/E-TechDS/PDF/I10_AlProduction_ER_March2012_Final%20GSOK.pdf
https://agmetalminer.com/2009/02/27/cost-build-up-model-for-primary-aluminum-ingot-production
https://agmetalminer.com/2009/02/27/cost-build-up-model-for-primary-aluminum-ingot-production
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A1.22 Solar cells production plant (solar_prod) 

Description: Solar-grade polysilicon manufacturing 

Capacity and capacity factor: 8000 tpa polysilicon, CF = 1. 

http://taiyangnews.info/business/qstec-launches-polysilicon-facility/ 

Invention, lifetime: 2010, 30 years 

Costs: Capex - $1e9, Opex - $25000 per ton 

https://www.sunwindenergy.com/news/qatar-solar-technologies-secures-qatar-

financing-us1-billion-polysilicon-plant 

Capex - $1e9 for QSTech 

http://www.polyplantproject.com/pdf/productioncostreductionsogpolysilicon.pdf  

Opex $25 per kg 

Resource table: 50 GWh electricity is needed per ton of polysilicon 

https://www.nrel.gov/docs/fy19osti/72134.pdf 

50 kWh/kg for Siemens process, solar grade 

Initial set, leftover life: 1, 20 years.  

Emissions: 30 tons CO2 per ton polysilicon 

http://www.smartgreenscans.nl/publications/Glockner-and-deWildScholten-2012-

Energy-payback-time-and-carbon-footprint-of-Elkem-Solar-Silicon.pdf 

30 kg CO2 per kg polysilicon 

http://taiyangnews.info/business/qstec-launches-polysilicon-facility/
https://www.sunwindenergy.com/news/qatar-solar-technologies-secures-qatar-financing-us1-billion-polysilicon-plant
https://www.sunwindenergy.com/news/qatar-solar-technologies-secures-qatar-financing-us1-billion-polysilicon-plant
http://www.polyplantproject.com/pdf/productioncostreductionsogpolysilicon.pdf
https://www.nrel.gov/docs/fy19osti/72134.pdf
http://www.smartgreenscans.nl/publications/Glockner-and-deWildScholten-2012-Energy-payback-time-and-carbon-footprint-of-Elkem-Solar-Silicon.pdf
http://www.smartgreenscans.nl/publications/Glockner-and-deWildScholten-2012-Energy-payback-time-and-carbon-footprint-of-Elkem-Solar-Silicon.pdf
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A1.23 Urea production plant (urea_prod) 

Description: Plant converting ammonia to urea. 

Capacity and capacity factor: 3.7 Mtpa, CF = 1 

QAFCO capacity 

https://www.qp.com.qa/en/QPActivities/QPOperations/Pages/QPOperations.aspx 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $3.2e9 per plant, Opex - $7e6 per million tons of urea. 

$600 million for 2000 tpd urea plant (https://ammoniaindustry.com/ammonia-plant-

cost-comparisons-natural-gas-coal-or-electrolysis/)  - $4.2e9 for ammonia plant of 2 

Mtpa (enough ammonia for 3.7 Mtpa urea) 

Opex - $7 per ton (total minus ammonia production opex – 22 – 0.58*26 = 7 – Yara 

calculator https://www.yara.com/siteassets/investors/057-reports-and-

presentations/other/2018/fertilizer-industry-handbook-2018.pdf/). 

Resource table: 81.4 GWh electricity, 3.3 ktoe natural gas, 0.57 million tons of 

ammonia and 733,000 tons of carbon dioxide are needed to produce 1 million tons of 

urea. 

34 Mtpa ammonia + 44 Mtpa co2 to 60 Mtpa urea. (stoichiometric) . 3.3 ktoe gas per 

Mtpa urea (steam energy 0.033 GCal/ton urea). 81.4 GWh Elec per Mtpa urea (0.07 GCal 

per ton urea) 

(https://www.researchgate.net/publication/283619940_AMMONIA_UREA_PLANT_ENE

RGY_CONSUMPTION_CALCULATION ) 

Initial set, leftover life: 1, 20 years.  

Emissions: N/A 

  

https://www.qp.com.qa/en/QPActivities/QPOperations/Pages/QPOperations.aspx
https://ammoniaindustry.com/ammonia-plant-cost-comparisons-natural-gas-coal-or-electrolysis/
https://ammoniaindustry.com/ammonia-plant-cost-comparisons-natural-gas-coal-or-electrolysis/
https://www.yara.com/siteassets/investors/057-reports-and-presentations/other/2018/fertilizer-industry-handbook-2018.pdf/
https://www.yara.com/siteassets/investors/057-reports-and-presentations/other/2018/fertilizer-industry-handbook-2018.pdf/
https://www.researchgate.net/publication/283619940_AMMONIA_UREA_PLANT_ENERGY_CONSUMPTION_CALCULATION
https://www.researchgate.net/publication/283619940_AMMONIA_UREA_PLANT_ENERGY_CONSUMPTION_CALCULATION
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A1.24 Polyethylene production plant (polyeth_prod) 

Description: Plant converting ethylene to polyethylene 

Capacity and capacity factor: 2 Mtpa, CF = 1 

QCHEM .45 + QCHEM2 .35 + QAPCO .78 + Qatofin .45 (QP Annual report 2014 capacities 

in million tons of polyethylene) 

Invention, lifetime: 2010, 30 years 

Costs: Capex - $2.2e9, Opex - $8e7 per million tons 

http://www.novachem.com/ExWeb%20Documents/joffre/PE1_Fact_Sheet.pdf $1 per 

pound capex 

Opex - $80 per ton 

https://www.sciencedirect.com/science/article/pii/S136403211600229X very small 

costs for labour/other materials etc. 

Resource table: 1195 ktoe natural gas and 1 million tons of ethylene gives 1 million 

tons of polyethylene 

http://www.polydynamics.com/GREENHOUSE_GASES_INTERNET_VERSION_WORLD_B

ANK.pdf 

Energy cost (ethane/naphtha to polyethylene – 50 MJ/kg process energy) 

Initial set, leftover life: 1, 20 years.  

Emissions: 3.23e6 tons of carbon dioxide per million tons of polyethylene 

Assuming 2700 tons of CO2 per ktoe natural gas. 

http://www.novachem.com/ExWeb%20Documents/joffre/PE1_Fact_Sheet.pdf
https://www.sciencedirect.com/science/article/pii/S136403211600229X
http://www.polydynamics.com/GREENHOUSE_GASES_INTERNET_VERSION_WORLD_BANK.pdf
http://www.polydynamics.com/GREENHOUSE_GASES_INTERNET_VERSION_WORLD_BANK.pdf
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A1.25 Methyl tertbutyl ether production plant (MTBE_prod) 

Description: Plant producing methyl tertbutyl ether from methanol and butane (LPG) 

(isomerised to isobutane and dehydrogenated to isobutene – not modelled). 

Capacity and capacity factor: 640,000 tpa, CF = 1 

QAFAC capacity 1830 tpd https://www.qafac.com.qa/mtbe 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $3.2e8, Opex - $350 per ton 

$25000/bpd (merchant plant costs) -> $500,000/(ktoe/y) 

https://www.eia.gov/outlooks/steo/special/pdf/mtbe.pdf Assuming MTBE has the 

same density as light crude oil. 

Opex – assumed same as methanol (see A1.28) opex (full production chain). 

Resource table: 0.66 tons LPG and 0.36 tons methanol are required to produce 1 ton of 

MTBE. 

88.15:58.12 ratio of MTBE to butane. 88:32 ratio of MTBE to methanol. 

Initial set, leftover life: 1, 20 years.  

Emissions: 0 

  

https://www.qafac.com.qa/mtbe
https://www.eia.gov/outlooks/steo/special/pdf/mtbe.pdf
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A1.26 Ammonia production plant (ammonia_prod) 

Description: Plant producing ammonia from nitrogen (from air separation) and 

hydrogen (from steam reforming of natural gas). 

Capacity and capacity factor: 3.4 Mtpa ammonia, CF = 1 

QAFCO capacity 

https://www.qp.com.qa/en/QPActivities/QPOperations/Pages/QPOperations.aspx 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $6.8e9 per plant, Opex - $0. 

Capex - $2e9 per Mtpa. 

https://www.jetro.go.jp/ext_images/jetro/activities/contribution/oda/model_study/e

arth_infra/pdf/h23_saitaku_23e.pdf  

Opex – assume all operating costs are covered by steam methane reforming and urea 

production. 

Resource table: 87.2 GWh electricity and 111,700 tons of hydrogen (syngas) per 

million tons of ammonia 

https://www.researchgate.net/publication/283619940_AMMONIA_UREA_PLANT_ENE

RGY_CONSUMPTION_CALCULATION 0.075 GCal per ton of ammonia.  

2 tons hydrogen for 17 tons of ammonia (stoichiometric) 

Initial set, leftover life: 1, 20 years.  

Emissions: 2.2e6 tons of CO2 per million tons of ammonia. 

Assume 1 ktoe gas produces 2700 tons of CO2. 87.2 GWh of electricity needs 18.7 ktoe 

which produces 50,000 tons of CO2. 

111,700 tons of hydrogen as syngas has 1.8 million tons of carbon dioxide. 

https://www.qp.com.qa/en/QPActivities/QPOperations/Pages/QPOperations.aspx
https://www.jetro.go.jp/ext_images/jetro/activities/contribution/oda/model_study/earth_infra/pdf/h23_saitaku_23e.pdf
https://www.jetro.go.jp/ext_images/jetro/activities/contribution/oda/model_study/earth_infra/pdf/h23_saitaku_23e.pdf
https://www.researchgate.net/publication/283619940_AMMONIA_UREA_PLANT_ENERGY_CONSUMPTION_CALCULATION
https://www.researchgate.net/publication/283619940_AMMONIA_UREA_PLANT_ENERGY_CONSUMPTION_CALCULATION
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A1.27 Ethylene production plant (ethylene_prod) 

Description: Plant producing ethylene by cracking ethane (co-produced from natural 

gas) and naphtha. 

Capacity and capacity factor: 2.6 Mtpa ethylene, CF = 1. 

RLOC 1.3 + QAPCO .8 + QChem .545 (QP annual report 2014) 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $2.6e9, Opex - $8e7 

245,000 tpa plant for $248 million (1000 $/ton) – capex 

245000 tpa costs 20M$/y to operate. so 1 Mt will cost 80M – opex 

http://joshuamayourian.com/static/ethylene.pdf  

Resource table: 1 million tons of ethylene is produced from 1470 ktoe of naphtha and 

625,000 tons of ethane. 

Assume ethylene is made from 50% ethane (80% conversion) and 50% naphtha (34% 

conversion efficiency - http://blogs.platts.com/2016/01/19/saudi-ethane-price-

competitiveness/ ) 

Initial set, leftover life: 1, 20 years.  

Emissions: 471,000 tons of CO2 per million tons of ethylene 

Assume 2700 tons of CO2 per ktoe of naphtha, which is 15% combusted in the mass 

balance. 

  

http://joshuamayourian.com/static/ethylene.pdf
http://blogs.platts.com/2016/01/19/saudi-ethane-price-competitiveness/
http://blogs.platts.com/2016/01/19/saudi-ethane-price-competitiveness/
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A1.28 Methanol production plant (methanol_prod) 

Description: Plant producing methanol from syngas (produced by the steam reforming 

of methane). 

Capacity and capacity factor: 875,000 tpa methanol, CF = 1. 

QAFAC capacity https://www.qafac.com.qa/about-us. 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $4.37e8, Opex – $332 per ton. 

Capex $500/tpy (http://www.gasprocessingnews.com/features/201510/small-scale-

methanol-technologies-offer-flexibility,-cost-effectiveness.aspx ) 

Opex: $1.6/MMBTU - 

(https://web.anl.gov/PCS/acsfuel/preprint%20archive/Files/22_7_CHICAGO_08-

77_0095.pdf ) linear regression at 0 fuel cost. 216 MMBTU/ton. $350/ton - $150/ton H2 

(syngas) * .122 ton H2 / ton methanol 

Resource table: 0.122 tons of hydrogen (as syngas) produces 1 ton of methanol. 

(stoichiometric) 

Initial set, leftover life: 1, 20 years.  

Emissions: 2.4 tons of CO2 per ton of methanol. 

CO2 to H2 weight ratio in syngas – 15.2 : 1.  

Thus, 0.122 tons of hydrogen produces 1.8 tons of CO2. 

Process is 70% carbon efficient – rest goes to CO2. 740 ktoe natural gas goes into 

producing 832000 tons of methanol. Of this, 220 ktoe is burnt as fuel – each ktoe 

producing 2700 tons of CO2. That’s 0.71 tons of CO2 per ton of methanol. 

 

https://www.qafac.com.qa/about-us
http://www.gasprocessingnews.com/features/201510/small-scale-methanol-technologies-offer-flexibility,-cost-effectiveness.aspx
http://www.gasprocessingnews.com/features/201510/small-scale-methanol-technologies-offer-flexibility,-cost-effectiveness.aspx
https://web.anl.gov/PCS/acsfuel/preprint%20archive/Files/22_7_CHICAGO_08-77_0095.pdf
https://web.anl.gov/PCS/acsfuel/preprint%20archive/Files/22_7_CHICAGO_08-77_0095.pdf


337 
 

A1.29 Melamine production plant (melamine_prod) 

Description: Plant producing melamine from urea. 

Capacity and capacity factor: 60,000 tpa, CF = 1 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $1.3e8, Opex – $200 per ton 

Capex: inflation from 1995 to 2017 (60%) 

(https://www.icis.com/resources/news/1995/08/21/24388/melamine-plant-to-cost-

40-m/) 

Opex - $200/ton (40% of total cost) 

(http://www.creonenergy.ru/upload/iblock/c12/eberhardt_lurgi.pdf)  

Resource table: 2.86 tons of urea per ton of melamine (stoichiometric). 

Initial set, leftover life: 1, 20 years.  

Emissions: 0 

https://www.icis.com/resources/news/1995/08/21/24388/melamine-plant-to-cost-40-m/
https://www.icis.com/resources/news/1995/08/21/24388/melamine-plant-to-cost-40-m/
http://www.creonenergy.ru/upload/iblock/c12/eberhardt_lurgi.pdf
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A1.30 Alpha olefins production plant (alphaolefin_prod) 

Description: Plant producing linear alpha-olefins from the oligomerisation of ethylene. 

Capacity and capacity factor: 345,000 tpa, CF = 1. 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $3.45e8, Opex – $350 per ton, Fixex - $80 million per plant. 

Capex: 250M$ for 250000 tpa. $1000/tpa  http://www.chemicals-

technology.com/projects/prairie/  

Opex: Assume same as methanol (full production chain). 

Fixex: $10 mill for 45000 tpa plant 

http://repository.upenn.edu/cgi/viewcontent.cgi?article=1050&context=cbe_sdr  

Resource table: 1.1 tons of ethylene are used to produce 1 ton of linear alpha-olefins 

(90% conversion). 

Initial set, leftover life: 1, 20 years.  

Emissions: 0 

  

http://www.chemicals-technology.com/projects/prairie/
http://www.chemicals-technology.com/projects/prairie/
http://repository.upenn.edu/cgi/viewcontent.cgi?article=1050&context=cbe_sdr
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A1.31 Steam methane reformer (st_meth_ref) 

Description: Plant producing syngas (a mixture of carbon monoxide and hydrogen) 

from natural gas. Syngas is a feedstock for GTL, methanol, ammonia and hydrogen 

production. 

Capacity and capacity factor: 100,000 tpa hydrogen, CF = 1. 

Invention, lifetime: 2010, 30 years. 

Costs: Capex – 0, Opex - $150 per ton of hydrogen 

(https://www.epfl.ch/research/domains/transportation-center/wp-

content/uploads/2019/07/FullReportMA3.pdf ) 0.15$/kg h2 (eq 3.4 -> operating cost 

independent of feed cost) 

Resource table: 1 ton of hydrogen (as syngas) requires 4.5 tons of water and 0.007 

ktoe of natural gas (2 tons for stoichiometry, 3.6 tons for energy). 

13,000 kJ/m3 energy needed (3.6 tons of natural gas). 1:4 CH4 to H2 ratio (2 tons of 

natural gas) + 2:1 H2 to H2O ratio. gives .007 ktoe nat gas per ton H2. Needs 4.5 tons 

water per ton H2.  

Initial set, leftover life: 0, 0.  

Emissions: 0 

Captured in syn_to_h2co2 if we assume that syngas is used for hydrogen production. 

Then, 0.007 ktoe natural gas is assumed to produce 15.2 tons of CO2. For other routes, 

the CO2 emissions are added to the downstream processes (GTL, ammonia and 

methanol). 

https://www.epfl.ch/research/domains/transportation-center/wp-content/uploads/2019/07/FullReportMA3.pdf
https://www.epfl.ch/research/domains/transportation-center/wp-content/uploads/2019/07/FullReportMA3.pdf
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A1.32 Hydrogen vehicle (car_h2) 

Description: Passenger vehicle powered by electricity produced from a hydrogen fuel 

cell. 

Capacity and capacity factor: 50,000 pass-km, CF = 1. 

Invention, lifetime: 2025, 10 years. 

Costs: Capex - $10 (small non-zero cost to minimise technology switching between time 

slices). 

Resource table: 0.00001 tons of hydrogen per pass-km. 

70 miles per kg fuel (https://www.edmunds.com/fuel-economy/8-things-you-need-to-

know-about-hydrogen-fuel-cell-cars.html)  

Initial set, leftover life: 0, 0. 

Emissions: 7e-5 tons of CO2 per pass.-km. 

Assume same emissions from manufacturing as an electric car. 

  

https://www.edmunds.com/fuel-economy/8-things-you-need-to-know-about-hydrogen-fuel-cell-cars.html
https://www.edmunds.com/fuel-economy/8-things-you-need-to-know-about-hydrogen-fuel-cell-cars.html
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A1.33 Hydrogen freight vehicle (fre_H2) 

Description: Freight truck powered by electricity from a hydrogen fuel cell. 

Capacity and capacity factor: 43,000 kg, CF = 1 

Standard 40 ft. shipping container (Wikipedia) 

Invention, lifetime: 2025, 10 years. 

Costs: Capex - $10 (small non-zero cost to minimise technology switching between time 

slices). 

Resource table: 7.14e-6 tons of hydrogen per kg of freight. 

Calculated from diesel freight truck efficiency, but assuming hydrogen trucks have 60% 

fuel efficiency. 

Initial set, leftover life: 0, 0.  

Emissions: 4.5e-7 tons of CO2 per kg freight. 

Assume same as electric freight truck. 
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A1.34 Public transit system (metro) 

Description: Electricity-powered train system delivering subsidised transportation 

solution. 

Capacity and capacity factor: 3.5e9 pass-km, CF = 1 

Assuming 500,000 passenger trips per day (http://www.railway-

strategies.com/2016/12/13/qatar-rail-integrated-project/) * 350 days * 20 km per trip 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $3.6e10 in 2020 dropping to $3e10 by 2050, Opex - $0.19 per pass-km, 

Revenue - $0.2 USD per pass-km. 

http://www.railway-technology.com/projects/doha-metro/ $36B  

Opex - 300 km * 2.2 M$/(km.yr) / (500,000 * 350 * 20 pass-km/yr) 

(http://www.sciencedirect.com/science/article/pii/S1877042813021927 ) 

Resource table: 1.2e-7 GWh electricity per pass-km. 

0.12 kWh/pass km (http://www.uitp.org/sites/default/files/cck-focus-papers-

files/Energy%20Efficiency%20-

%20Contribution%20of%20Urban%20Rail%20Systems.pdf)  

Initial set, leftover life: 1, 30 years.  

Emissions: 3e-5 tons of CO2 per pass-km. 

Assume half of electric car emissions. 

  

http://www.sciencedirect.com/science/article/pii/S1877042813021927
http://www.uitp.org/sites/default/files/cck-focus-papers-files/Energy%20Efficiency%20-%20Contribution%20of%20Urban%20Rail%20Systems.pdf
http://www.uitp.org/sites/default/files/cck-focus-papers-files/Energy%20Efficiency%20-%20Contribution%20of%20Urban%20Rail%20Systems.pdf
http://www.uitp.org/sites/default/files/cck-focus-papers-files/Energy%20Efficiency%20-%20Contribution%20of%20Urban%20Rail%20Systems.pdf
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A1.35 Hydrogen producing electrolyser (electrolyzer) 

Description: Device that converts water (perhaps from treated sewage effluent) into 

hydrogen and oxygen. 

Capacity and capacity factor: 30 tons of hydrogen per year, CF = 1. 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $300,000 in 2020 to $200,000 in 2050 per electrolyser, Opex - $400 per 

ton 

Capex - $.5 per kg (table 3 

https://www.hydrogen.energy.gov/pdfs/14004_h2_production_cost_pem_electrolysis.p

df) * 30 tons per year * 20 years 

Opex - $.4/kg – same reference as capex 

Resource table: 0.053 GWh per ton of hydrogen 

40 kWh elec per kg H2 (theoretical - 

https://en.wikipedia.org/wiki/Electrolysis_of_water), with 75% efficiency  

Initial set, leftover life: 0, 0.  

Emissions: 0 

 

https://en.wikipedia.org/wiki/Electrolysis_of_water
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A1.36 Hydrogen fuel cell (fuel_cell) 

Description: Device converting hydrogen into electricity, with a water by-product. 

Capacity and capacity factor: 8.6 GWh, CF = 1. 

1 MW fuel cell operating 8600 hours a year. 

Invention, lifetime: 2010, 10 years. 

Costs: Capex - $50,000 in 2020 dropping to $30,000 in 2050. Opex – 0. 

$50/kW elec http://www.iop.org/resources/topic/archive/fuel/index.html , $50,000 

for 1 MW cell  

Resource table: 60 tons of hydrogen produce 1 GWh of electricity. 

Theoretical limit is 0.04 GWh per ton of hydrogen, assume 50% efficiency (~0.017 

GWh). 

Initial set, leftover life: 0,0  

Emissions: 30 tons of CO2 per GWh of electricity 

Assume a small footprint on the scale of electric batteries life-cycle emissions.  

https://theicct.org/sites/default/files/publications/EV-life-cycle-GHG_ICCT-

Briefing_09022018_vF.pdf   

http://www.iop.org/resources/topic/archive/fuel/index.html
https://theicct.org/sites/default/files/publications/EV-life-cycle-GHG_ICCT-Briefing_09022018_vF.pdf
https://theicct.org/sites/default/files/publications/EV-life-cycle-GHG_ICCT-Briefing_09022018_vF.pdf
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A1.37 Carbon capture and underground storage (ccs) 

Description: Plant collecting point sources of carbon dioxide, transporting them to a 

centralised location, and then injecting the carbon dioxide underground into salt domes, 

saline aquifers and other sites for long-term geological storage. 

Capacity and capacity factor: 100,000 tpa. CF = 1. 

Invention, lifetime: 2030, 30 years. 

Costs: Opex - $50 per ton 

https://www.power-technology.com/features/carbon-capture-cost/ 

Resource table: Consumes 1 ton of carbon dioxide (point source). 

Initial set, leftover life: 0, 0. 

Emissions: -1 ton of carbon dioxide. 

  

https://www.power-technology.com/features/carbon-capture-cost/
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A1.38 Enhanced oil production well (oil_well_eor) 

Description: Oil production well complemented by carbon dioxide injection. 

Capacity and capacity factor: 80 ktoe per year, CF = 1 

Same as a standard oil well. 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $5e8 per well, Opex - $164,000 in 2020 dropping to $100,000 in 2050. 

Opex - oil_well_eor: $20/bbl ($143000) + oil_well_opex ($21000) 

(https://webstore.iea.org/insights-series-2015-storing-co2-through-enhanced-oil-

recovery) 

Capex – CCS - $100 per ton, 1870 tons per ktoe, 80 ktoe per year, 30 years. 

Resource table: Produces 1 ktoe of crude by injecting 1870 tons of captured carbon 

dioxide 

oil_well_eor: same as above 272 tons CO2 / ktoe - EOR 0.3 tons co2/bbl (2143 tons co2 

/ bbl) (https://webstore.iea.org/insights-series-2015-storing-co2-through-enhanced-

oil-recovery)  

Initial set, leftover life: 0, 0.  

Emissions: N/A 

 

https://webstore.iea.org/insights-series-2015-storing-co2-through-enhanced-oil-recovery
https://webstore.iea.org/insights-series-2015-storing-co2-through-enhanced-oil-recovery
https://webstore.iea.org/insights-series-2015-storing-co2-through-enhanced-oil-recovery
https://webstore.iea.org/insights-series-2015-storing-co2-through-enhanced-oil-recovery
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A1.39 District cooling plant (dist_cool) 

Description: Centralised plant providing chilled water to surrounding buildings to 

satisfy air conditioning demand. 

Capacity and capacity factor: 2.48e13 BTU per year, CF = 1 

240,000 tons of refrigeration by 2017, converted to BTU per hour, times 8600 hours per 

year http://www.gulf-times.com/story/520168/Qatar-Cool-QIMC-sign-deal-for-

district-cooling  

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $1e8, Opex – 0. 

http://enersion.com/cost-of-the-current-cooling-technology/ $400 per ton 

Resource table: 1.8e-10 GWh per BTU of cooling. 

Assume district cooling is 40% more efficient than ACs (http://www.stellar-

energy.net/what-we-do/solutions/district-cooling.aspx)  

Initial set, leftover life: 1, 25 years.  

Emissions: 0 

http://www.gulf-times.com/story/520168/Qatar-Cool-QIMC-sign-deal-for-district-cooling
http://www.gulf-times.com/story/520168/Qatar-Cool-QIMC-sign-deal-for-district-cooling
http://enersion.com/cost-of-the-current-cooling-technology/
http://www.stellar-energy.net/what-we-do/solutions/district-cooling.aspx
http://www.stellar-energy.net/what-we-do/solutions/district-cooling.aspx
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A1.40 Treated sewage effluent production (tse_prod) 

Description: Plant converting domestic sewage into low-quality water that can be used 

for irrigation, district cooling and electrolysis applications.  

Capacity and capacity factor: 1 Mm3, CF = 1. 

Invention, lifetime: 2010, 30 years. 

Costs: Capex – 0, Opex - $800,000 

$0.8 per m3. 

(https://www.researchgate.net/publication/316335736_Reuse_of_treated_sewage_effl

uent_TSE_in_Qatar_and_its_impact_on_sustainability_and_the_environment) 

Resource table: 1 GWh of electricity is used to produce 1 Mm3 of treated sewage 

effluent. 

1 Mm3 uses 1 GWh of electricity 

(https://www.researchgate.net/publication/316335736_Reuse_of_treated_sewage_effl

uent_TSE_in_Qatar_and_its_impact_on_sustainability_and_the_environment) 

Initial set, leftover life: 117, 20 years. 

Kahramaa statistics report TSE capacity 117 m3. 

Emissions: 0 

  

https://www.researchgate.net/publication/316335736_Reuse_of_treated_sewage_effluent_TSE_in_Qatar_and_its_impact_on_sustainability_and_the_environment
https://www.researchgate.net/publication/316335736_Reuse_of_treated_sewage_effluent_TSE_in_Qatar_and_its_impact_on_sustainability_and_the_environment
https://www.researchgate.net/publication/316335736_Reuse_of_treated_sewage_effluent_TSE_in_Qatar_and_its_impact_on_sustainability_and_the_environment
https://www.researchgate.net/publication/316335736_Reuse_of_treated_sewage_effluent_TSE_in_Qatar_and_its_impact_on_sustainability_and_the_environment
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A1.41 Concentrated solar power plant (sol_csp) 

Description: Plant producing electricity from thermal energy produced by 

concentrating sunlight. 

Capacity and capacity factor: 8.6 GWh, CF = 0.5 in all time slices 

Assume a 1 MW plant operating 8600 hours per day, but with an effective capacity of 

half that in all time slices, as solar CSP allows energy storage within the system itself. 

https://www.nrel.gov/docs/fy11osti/51253.pdf 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $1e7, Opex – 0. 

sol_csp: $10 per watt (http://helioscsp.com/concentrated-solar-power-capex-costs-fall-

by-almost-half/), assumed to drop to $7 per watt by 2050. 

Resource table: Produces 1 GWh of electricity. 

Initial set, leftover life: 0, 0.  

Emissions: 0 

 

https://www.nrel.gov/docs/fy11osti/51253.pdf
http://helioscsp.com/concentrated-solar-power-capex-costs-fall-by-almost-half/
http://helioscsp.com/concentrated-solar-power-capex-costs-fall-by-almost-half/
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A1.42 Methanol-to-Gasoline plant (m2g) 

Description: Plant converting methanol to gasoline, allowing the production of gasoline 

from solid (coal) or gaseous (natural gas) feedstocks. 

Capacity and capacity factor: 392 ktoe per year gasoline, CF = 1 

5000 tpd methanol yields 16,000 bpd (2.24 ktoe per day) of m2g gasoline, then 2500 

tpd (QAFAC size) methanol gives 1.12*350=392 ktoe per year 

(http://sycomoreen.free.fr/docs_multimedia/MTGexoonmobil.pdf) 

Invention, lifetime: 2010, 30 years. 

Costs: Capex - $2.18e8, Opex – 0. 

M2G plant is half the capital cost of methanol plant 

(http://sycomoreen.free.fr/docs_multimedia/MTGexoonmobil.pdf)  

Resource table: 2230 tons methanol gives 1 ktoe gasoline. 

1ktoe gasoline = 7.14 kbbl gasoline which needs 2.23 ktons methanol 

(http://sycomoreen.free.fr/docs_multimedia/MTGexoonmobil.pdf)  

Initial set, leftover life: 0, 0.  

Emissions: 0. 

  

http://sycomoreen.free.fr/docs_multimedia/MTGexoonmobil.pdf
http://sycomoreen.free.fr/docs_multimedia/MTGexoonmobil.pdf
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A2. Resource profiles 

A2.1 Electricity (elec) 

Description: Electricity produced from gas-fired power stations or renewable sources 

such as solar PV. 

Domestic demand: Calculated based on per capita basis for commercial use, household 

population basis for residential use, and a fixed amount for agricultural use. 18000 – 

26000 GWh in 2020, 50000 – 75000 GWh in 2050 (lower and upper bounds). 

Export limits, production limits: Maximum export of 10,000 GWh in 2020 to 40,000 

GWh in 2040. Production limit on solar energy based on land availability and capacity 

factor – 154,800 GWh per year. 

Elasticity and subsidy: -0.4 (https://robjhyndman.com/papers/Elasticity2010.pdf) 

0.66 - https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf - electricity 

cost 6 c/kWh, Kahramaa sells at 2 c/kWh and assuming Qatar can export electricity at 6 

c/kWh  

Maximum storage: 10,000 GWh per year which is a 5.9 GW battery storage capacity 

(when allowing all storage to be used in one season – summer or winter). 

Storage cost - $100,000 per GWh in 2020 dropping to $50,000 GWh in 2050. 10 c/kWh -

> 100,000 $/GWh (https://www.mckinsey.com/business-functions/sustainability-and-

resource-productivity/our-insights/the-new-economics-of-energy-storage), expected 

to drop further in the future. 

Export revenue: $80/MWh in 2020 to $30/MWh in 2050 – assuming electricity prices 

drop as renewables penetration increases worldwide. 

https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf 

  

https://robjhyndman.com/papers/Elasticity2010.pdf
https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf
https://www.mckinsey.com/business-functions/sustainability-and-resource-productivity/our-insights/the-new-economics-of-energy-storage
https://www.mckinsey.com/business-functions/sustainability-and-resource-productivity/our-insights/the-new-economics-of-energy-storage
https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf
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A2.2 Aviation Fuel (avia_HC)  

Description: Kerosene produced from oil refining, condensate refining or GTL 

processes, suitable for jet engines in aircraft. 

Domestic demand: Based on capacity of Hamad International Airport, calculated to be 

3800 ktoe annually from 2025 onwards. 

Export limits, production limits: Maximum export of 100,000 ktoe annually, 

production constrained by gas/oil extraction. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 10,000 ktoe – for any liquid hydrocarbon. 

Storage cost - $0.1 per ktoe (small, non-zero). 

Export revenue: Set at 126% of the crude price 

https://www.eia.gov/dnav/pet/pet_pri_spt_s1_d.htm   

 

 

  

https://www.eia.gov/dnav/pet/pet_pri_spt_s1_d.htm


353 
 

A2.3 Cooling service (cool) 

Description: Energy service demand for air conditioning, produced from electricity 

using air conditioners or district cooling systems. 

Domestic demand: 5.8e13 – 9e13 BTU in 2020, 1.1e14 – 1.7e14 BTU in 2050. Based on 

total population for commercial/government cooling demands and household 

population for residential demand. 

Export limits, production limits: Maximum export 0, no production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 0 

Storage cost - 0 

Export revenue: 0 
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A2.4 Passenger transport service (trans_road)  

Description: Passenger transport demand in passenger – km. 

Domestic demand: Calculated from a per capita basis, from 1.7e10 – 2.5e10 pass.-km 

in 2020 to 1.79e10 – 2.69e10 pass.-km in 2050. 

Export limits, production limits: Maximum export – 0. No production limits. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 0. 

Storage cost - 0 

Export revenue: 0. 
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A2.5 Freight transport service (trans_fre) 

Description: Freight demand in kg. 

Domestic demand: Calculated on a per capita basis based on total population, from 

1.42e11 – 1.56e11 kg in 2020 to 1.5e11 – 1.65e11 kg in 2050. 

Export limits, production limits: Maximum export – 0. No production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 0. Storage cost - 0 

Export revenue: 0. 
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A2.6 Liquefied Natural Gas (liq_ng)  

Description: Natural gas cooled to -160 oC to allow international exports using ships. 

Domestic demand: 0. 

Export limits, production limits: Minimum exports based on long-term sales 

agreements: 75,000 ktoe in 2020, dropping to zero by 2040. Maximum exports of 

200,000 ktoe per year. No explicit production limit, but constrained by gas production. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 10,000 ktoe per year. Storage cost - $1000 per ktoe. Assume $1 per 

ton of oil equivalent. 

Export revenue: $3 per MMBTU above the natural gas price (to account for shipping). 
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A2.7 Desalinated water (water) 

Description: Water for domestic use. 

Domestic demand: Calculated on a per capita basis, using total population for 

‘commercial’ water use and household population for residential use. From 340 – 540 

Mm3 in 2020 to 560 – 870 Mm3 in 2050. 

Export limits, production limits: Maximum export – 0 (for strategic reasons). No 

production limit. 

Elasticity and subsidy: -0.4 (https://robjhyndman.com/papers/Elasticity2010.pdf) 

Maximum storage: 20 Mm3 per year. Kahramaa says 9 Mm3 storage available with 

mega reservoir project), plus 5 at other Kahramaa stores, 3 at IWPPs. Storage cost - 

$1/m3. (http://evidence.environment-

agency.gov.uk/FCERM/Libraries/FCERM_Project_Documents/SC080039_cost_flood_sto

rage.sflb.ashx), ~ 1e6 $/Mm3, for 100 years. 10000$/Mm3/y 

Export revenue: $1.5 per m3. 
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A2.8 Natural gas (nat_gas)  

Description: Refined (desulfurised, dehydrated) natural gas, primarily methane, for 

electricity generation and petrochemicals production.  

Domestic demand: 0. 

Export limits, production limits: Minimum exports – 18,000 ktoe in 2020, dropping to 

zero by 2040 (based on long-term pipeline sales agreement with UAE/Oman). 

Maximum exports of 200,000 ktoe. Production limit implicitly set by sour_gas 

(unrefined gas) production. 

Elasticity and subsidy: -0.1 assume same for oil and gas 

(https://www.federalreserve.gov/econresdata/ifdp/2016/files/ifdp1173.pdf) , 0 

subsidy for domestic users (industry is not included). 

Maximum storage: 5000 ktoe per year. Storage cost - 0.64$/mcf (thousand cubic feet) 

(https://en.wikipedia.org/wiki/Natural_gas_storage#Storage_economics)  - 

25,000$/ktoe 

Export revenue: $3 - $10 per MMBTU, with a 5-yearly increase of 2% until 2050, 

indicating global demand growth. 

  

https://www.federalreserve.gov/econresdata/ifdp/2016/files/ifdp1173.pdf
https://en.wikipedia.org/wiki/Natural_gas_storage#Storage_economics
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A2.9 Crude oil (crude)  

Description: Unrefined crude oil. 

Domestic demand: 0. 

Export limits, production limits: Maximum export – 50,000 ktoe. Production limit – 

35,000 ktoe in 2020, dropping to zero by 2050. This is based on continuing decline in 

Qatari crude production as its oil reserves run out. 

Elasticity and subsidy: 0, 0.  

Maximum storage: 10,000 ktoe. Storage cost - $0.1 per ktoe. 

Export revenue: $30 - $100 per barrel, with a 5-yearly price decrease of 2%, based on 

reducing global demand in the long term. 
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A2.10 Sulphur (sulfur) 

Description: Hydrogen sulphide is a by-product of natural gas production, and it is 

converted to solid sulphur. 

Domestic demand: 0. 

Export limits, production limits: Maximum export – 10,000,000 tons per year.  

Elasticity and subsidy: 0, 0. 

Maximum storage: 50,000 tons. 

Storage cost - $0.1 per ton. 

Export revenue: $70 per ton – USGS Mineral Commodities 

https://www.usgs.gov/centers/nmic/sulfur-statistics-and-information 

  

https://www.usgs.gov/centers/nmic/sulfur-statistics-and-information
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A2.11 Raw natural gas (sour_gas)  

Description: Unrefined natural gas produced from offshore wells, containing water, 

carbon dioxide, hydrogen sulphide, condensate, and other impurities. Needs to be 

‘refined’ by removing other components and retaining methane. 

Domestic demand: 0. 

Export limits, production limits: Maximum export – 0, production limit – 160,000 

ktoe in 2020 dropping to 60,000 ktoe in 2050 (voluntary decline in production). 

Elasticity and subsidy: 0, 0. 

Maximum storage: 0. 

Storage cost - $25,000 per ktoe. 

Export revenue: 0. 
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A2.12 Condensate (condensate) 

Description: Heavier hydrocarbons associated with natural gas, separated onshore and 

used as feedstock for refining. 

Domestic demand: 0. 

Export limits, production limits: 200,000 ktoe maximum per year. Production limit 

32,000 ktoe per year - implicitly set by gas production. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 10,000 ktoe. 

Storage cost - $0.1 per ktoe. 

Export revenue: 0. 

  



363 
 

A2.13 Liquefied Petroleum Gas (lpg)  

Description: A mixture of small-chain hydrocarbons (propane and butane) that is used 

as a cooking fuel, produced in an oil or condensate refinery. 

Domestic demand: 1.41e5 tons in 2020 to 2.92e5 tons in 2050 – calculated based on 

household population forecast, and historical consumption of ‘oil products’ in the 

residential sector (IEA data). 

Export limits, production limits: 1e8 tons per year. Production limit is implicit based 

on natural gas production. 

Elasticity and subsidy: -0.1 (hydrocarbon elasticity of demand - 

https://www.federalreserve.gov/econresdata/ifdp/2016/files/ifdp1173.pdf) 

Subsidy – 0.83 in 2020, dropping to zero by 2040. 

Woqod LPG refill price is 1.25 QR / kg, and 74 GB pence / L in UK, which is 7.2 riyal/kg 

(http://www.lpg-solutions.co.uk/how-will-a-supplier-calculate-the-cost-of-lpg-to-an-

end-user/ 1 kg = 2 L) 

Maximum storage: 50,000 tons per year.  

Storage cost - $30 per ton. 

Export revenue: LPG price in $/ton is 9 times the oil price in $/bbl  

https://www.opisnet.com/wp-content/uploads/2019/01/europe-lpg-report-

sample.pdf 

 

 

  

https://www.federalreserve.gov/econresdata/ifdp/2016/files/ifdp1173.pdf
https://www.opisnet.com/wp-content/uploads/2019/01/europe-lpg-report-sample.pdf
https://www.opisnet.com/wp-content/uploads/2019/01/europe-lpg-report-sample.pdf
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A2.14 Naphtha (naphtha) 

Description: A mixture of liquid hydrocarbons (five to six carbons per molecule) that is 

blended into gasoline or jet fuel, and produced in the refining and GTL processes. 

Domestic demand: 0. 

Export limits, production limits: 200,000 ktoe maximum export per year. No 

production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 10,000 ktoe. 

Storage cost - $25,000 per ktoe. 

Export revenue: Naphtha price in $ per ktoe is 9000 times the price of crude in $/bbl 

(Platts).  
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A2.15 Diesel (diesel)  

Description: Liquid hydrocarbon mixture of 9 to 25 carbon atoms per molecule, 

produced from refining or GTL processes, and used as a fuel for road vehicles 

(specifically freight trucks). 

Domestic demand: 0 (implicitly based on freight demand). 

Export limits, production limits: 200,000 ktoe maximum export per year. No 

production limit. 

Elasticity and subsidy: -0.1 (elasticity -

https://www.federalreserve.gov/econresdata/ifdp/2016/files/ifdp1173.pdf)    

Subsidy – 0.01 – subsidies were removed in 2016, but we assume a small non-zero 

subsidy to encourage domestic efficiency. 

Maximum storage: 10,000 ktoe. 

Storage cost - $0.1 per ktoe. 

Export revenue: 134% of the crude oil price. (EIA 

https://www.eia.gov/dnav/pet/pet_pri_spt_s1_d.htm)  

  

https://www.eia.gov/dnav/pet/pet_pri_spt_s1_d.htm
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A2.16 Gasoline (gasoline)  

Description: Liquid hydrocarbon mixture of molecules with 4 to 12 carbon atoms, 

produced in the refining process, and used as a fuel for road vehicles (primarily 

passenger transport). 

Domestic demand: 0 (implicitly constrained by road transport demand). 

Export limits, production limits: 200,000 ktoe maximum export per year. No 

production limit. 

Elasticity and subsidy: -0.1 (elasticity -

https://www.federalreserve.gov/econresdata/ifdp/2016/files/ifdp1173.pdf)    

Subsidy – 0.01 – subsidies were removed in 2016, but we assume a small non-zero 

subsidy to encourage domestic efficiency. 

Maximum storage: 10,000 ktoe. 

Storage cost - $0.1 per ktoe. 

Export revenue: 134% of the crude oil price. (EIA 

https://www.eia.gov/dnav/pet/pet_pri_spt_s1_d.htm)  

 

 

  

https://www.eia.gov/dnav/pet/pet_pri_spt_s1_d.htm
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A2.17 Fuel Oil (fuel_oil) 

Description: Heavy hydrocarbons refined from crude oil used as marine fuel. 

Domestic demand: 0 (marine fuel demand is not included in QESMAT). 

Export limits, production limits: Maximum 200,000 ktoe export per year. No 

production limits, but implicitly constrained by oil production. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 10,000 ktoe. 

Storage cost - $0.1 per ktoe. 

Export revenue: Same as crude price. 
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A2.18 Steel (steel)  

Description: Steel made from imported iron ore in a furnace fuelled by natural gas and 

powered by electricity. 

Domestic demand: 0 (not included in QESMAT). 

Export limits, production limits: Maximum export of 50 million tons per year (based 

on Middle Eastern steel demand – Gulf News). No production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 0.2 million tons per year. 

Storage cost - $0.1 per million tons (small non-zero cost). 

Export revenue: $250 – 400 per ton, stays constant from 2020 to 2050. 

(https://gensteel.com/steel-building-prices/forecast)  

 

https://gensteel.com/steel-building-prices/forecast
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A2.19 Cement (cement) 

Description: Construction material produced from locally sourced limestone and sand, 

fuelled by domestic natural gas. 

Domestic demand: 0 (not modelled in QESMAT). 

Export limits, production limits: Maximum export of 50 million tons per year. No 

production limits. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 0.2 million tons per year. 

Storage cost - $0.1 per million tons (small non-zero cost). 

Export revenue: $50 - $100/ton  

(https://ycharts.com/indicators/us_producer_price_index_cement_and_concrete_produ

ct_manufacturing_yearly) 

  

https://ycharts.com/indicators/us_producer_price_index_cement_and_concrete_product_manufacturing_yearly
https://ycharts.com/indicators/us_producer_price_index_cement_and_concrete_product_manufacturing_yearly
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A2.20 Aluminium (aluminium) 

Description: High-grade aluminium produced from imported bauxite using gas-fired 

electricity. 

Domestic demand: 0. 

Export limits, production limits: Maximum export of 10 million tons of aluminium 

every year, no production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 20,000 tons. 

Storage cost - $0.1 per ton. 

Export revenue: $1000 - $1900 per ton 

(https://www.lme.com/en-GB/Metals/Non-ferrous/Aluminium#tabIndex=0) 

 

  

https://www.lme.com/en-GB/Metals/Non-ferrous/Aluminium#tabIndex=0
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A2.21 Polysilicon (solar_cells) 

Description: Intermediate product used to make solar cells, made from silicon 

processed at high temperatures. 

Domestic demand: 0. 

Export limits, production limits: Maximum export 100,000 tons per year. No 

production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 20,000 tons. 

Storage cost - $0.1 per ton (small, non-zero cost). 

Export revenue: $18/kg (http://pv.energytrend.com/pricequotes.html) 
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A2.22 Ethane (ethane) 

Description: Hydrocarbon with 2 atoms of carbon, associated with natural gas, 

separated and used as a petrochemical feedstock. 

Domestic demand: 0. 

Export limits, production limits: Maximum export: 1e9 tons per year. Production limit 

implicitly set by gas production (5.12e6 tons per year). 

Elasticity and subsidy: 0, 0. 

Maximum storage: 100,000 tons in a year. 

Storage cost - $30 per ton (gas). 

Export revenue: Price in $/ton is 20 times the gas price in $/MMBTU 

$100/ton when gas is $5 per MMBTU http://blogs.platts.com/2016/01/19/saudi-
ethane-price-competitiveness/    
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A2.23 Ethylene (ethylene)  

Description: Hydrocarbon with 2 atoms of carbon and a double bond, produced by 

‘cracking’ ethane, and used as a feedstock for polyethylene (plastic) manufacturing. 

Domestic demand: 0. 

Export limits, production limits: Maximum export 50 million tons per year. No 

production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 0.2 million tons 

Storage cost - $30 per ton (gas), or $30 million per million tons. 

Export revenue: $600 - $2000 per ton 

http://www.businesskorea.co.kr/news/articleView.html?idxno=32779#:~:targetText=

Ethylene%20prices%20posted%20US%241%2C418,and%20US%241%2C250%20last

%20year. 

 

 

  

http://www.businesskorea.co.kr/news/articleView.html?idxno=32779#:~:targetText=Ethylene%20prices%20posted%20US%241%2C418,and%20US%241%2C250%20last%20year.
http://www.businesskorea.co.kr/news/articleView.html?idxno=32779#:~:targetText=Ethylene%20prices%20posted%20US%241%2C418,and%20US%241%2C250%20last%20year.
http://www.businesskorea.co.kr/news/articleView.html?idxno=32779#:~:targetText=Ethylene%20prices%20posted%20US%241%2C418,and%20US%241%2C250%20last%20year.
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A2.24 Polyethylene (polyethylene) 

Description: Generic name for a group of polymers made from ethylene and used in 

various applications. Commonly known as plastic. 

Domestic demand: 0 (not modelled in QESMAT). 

Export limits, production limits: Maximum export of 50 million tons per year, no 

production limit.  

Elasticity and subsidy: 0, 0. 

Maximum storage: 0.2 million tons in a year. 

Storage cost - $0.1 per million tons (small, non-zero cost). 

Export revenue: $780 - $2600 per ton. 

30% more than the ethylene price. https://www.plasticstoday.com/resin-pricing 

  

https://www.plasticstoday.com/resin-pricing
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A2.25 Methanol (methanol)  

Description: A small hydrocarbon used as a fuel or feedstock, produced from natural 

gas via steam reforming.  

Domestic demand: 0, 0. 

Export limits, production limits: Maximum export 10 million tons per year. No 

production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 100,000 tons per year. 

Storage cost - $0.1 per ton 

Export revenue: Price per ton is 80 times the gas price in $/MMBTU 

https://www.methanex.com/our-business/pricing $400 per ton when gas is at $5 per 

MMBTU. 

 

 

https://www.methanex.com/our-business/pricing
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A2.26 Methyl Tert Butyl Ether (MTBE) 

Description: Fuel additive made from butane and methanol, increasingly restricted due 

to its contamination of groundwater. 

Domestic demand: 0. 

Export limits, production limits: Maximum export of 10 million tons per year, no 

production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 100,000 tons. 

Storage cost - $0.1 per ton (small, non-zero cost). 

Export revenue: Price per ton is 120 times the price of gas in $/MMBTU (Alibaba) 

  



377 
 

A2.27 Ammonia (ammonia)  

Description: Inorganic compound made from atmospheric nitrogen and hydrocarbon-

derived hydrogen, used to make fertilisers and other petrochemical products. 

Domestic demand: 0. 

Export limits, production limits: Maximum export 50 million tons per year, no 

production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 0.2 million tons in a year. 

Storage cost - $0.1 per million tons (small non-zero cost). 

Export revenue: Price in $ per ton is 45 times the gas price in $ per MMBTU 

http://marketrealist.com/2016/07/ammonia-prices-continuing-decline/  

$135 - $450 per ton, with a 5-yearly increase of 2%. 

 

  

http://marketrealist.com/2016/07/ammonia-prices-continuing-decline/
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A2.28 Urea (urea) 

Description: Chemical produced from ammonia and carbon dioxide, principally used as 

a nitrogen-releasing fertiliser. 

Domestic demand: 0 (not modelled in QESMAT).  

Export limits, production limits: Maximum export 50 million tons per year, no 

production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 0.2 million tons in a year. 

Storage cost - $0.1 per million tons. 

Export revenue: Price per ton is 48 times the price of natural gas in $/MMBTU. 

$144 - $480 per ton, increasing by 2% every 5 years. 

https://www.dtnpf.com/agriculture/web/ag/crops/article/2019/06/12/retail-urea-

prices-continue-trend  

https://www.dtnpf.com/agriculture/web/ag/crops/article/2019/06/12/retail-urea-prices-continue-trend
https://www.dtnpf.com/agriculture/web/ag/crops/article/2019/06/12/retail-urea-prices-continue-trend
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A2.29 Alphaolefins (alpha_olefins)  

Description: Petrochemical intermediates, made from ethylene, and used as 

comonomers in polyethylene production or for manufacturing of surfactants etc. 

Domestic demand: 0. 

Export limits, production limits: Maximum export of 10 million tons per year, no 

production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 100,000 tons in a year. 

Storage cost - $0.1 per ton (small, non-zero cost). 

Export revenue: Assume same price as crude oil ($/ton) 
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A2.30 Melamine (melamine) 

Description: Organic compound (C3N6H6) produced from urea and used to make 

products such as adhesives, dinnerware, fire-retardant additives, insulation, etc. 

Domestic demand: 0. 

Export limits, production limits: Maximum export 200,000 tons per year, no 

production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 100,000 tons in a year. 

Storage cost -  $0.1 per ton (small, non-zero cost). 

Export revenue: Price per ton is 2.8 times the urea price per ton  

(Alibaba) $400 - $1300 per ton.  
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A2.31 Base oil (base_oil)  

Description: Heavy oil product made from refining crude oil or from the GTL process, 

used to manufacture lubricants etc. 

Domestic demand: 0. 

Export limits, production limits: Maximum export of 100,000 ktoe, no production 

limit.  

Elasticity and subsidy: 0, 0. 

Maximum storage: 10,000 ktoe. 

Storage cost – $0.1 per ktoe (small, non-zero cost). 

Export revenue: Assume same price as crude oil. 
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A2.32 Hydrogen (hydrogen) 

Description: Light, flammable, explosive gas used as a fuel or energy carrier, produced 

from natural gas (reforming) or water (electrolysis), and considered as a promising 

low-carbon fuel. 

Domestic demand: 0. 

Export limits, production limits: Maximum export 1e9 tons per year, no production 

limit (implicitly constrained by gas production and solar PV deployment). 

Elasticity and subsidy: 0, 0.01 (like other fossil fuels). 

Maximum storage: 100,000 tons in a year. 

Storage cost - $396,000 per ton. 12$/kWh, 120 MJ/kg - > 33,333 kWh/ton 

https://www.hydrogen.energy.gov/pdfs/review15/st100_james_2015_o.pdf  

Export revenue: $3.7 per kg - 25 yen/m3 (https://www.reuters.com/article/us-japan-

hydrogen-race/norway-races-australia-to-fulfill-japans-hydrogen-society-dream-

idUSKBN17U1QA)  

Varied from $1.6 per kg to $4 per kg. 

  

https://www.hydrogen.energy.gov/pdfs/review15/st100_james_2015_o.pdf
https://www.reuters.com/article/us-japan-hydrogen-race/norway-races-australia-to-fulfill-japans-hydrogen-society-dream-idUSKBN17U1QA
https://www.reuters.com/article/us-japan-hydrogen-race/norway-races-australia-to-fulfill-japans-hydrogen-society-dream-idUSKBN17U1QA
https://www.reuters.com/article/us-japan-hydrogen-race/norway-races-australia-to-fulfill-japans-hydrogen-society-dream-idUSKBN17U1QA
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A2.33 Carbon dioxide – point sources (co2_point)  

Description: Carbon dioxide emitted from point sources such as power plants, 

refineries and other industries. These sources can theoretically be connected to a CCS 

system as they produce high-concentration CO2 streams. 

Domestic demand: 0 

Export limits, production limits: Maximum “export” of 1e12 tons per year – this 

indicates emissions. No production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 0 (CCS is not modelled as a ‘storage’ technology). 

Storage cost – N/A. 

Export revenue: 0. 
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A2.34 Carbon dioxide – mobile sources (co2_diffuse) 

Description: Carbon dioxide emitted from mobile sources such as vehicles, or the life-

cycle emissions of technologies such as solar cells (which do not emit CO2 at the point of 

use). 

Domestic demand: 0 

Export limits, production limits: Maximum “export” of 1e12 tons per year – this 

indicates emissions. No production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 0 (CCS is not modelled as a ‘storage’ technology). 

Storage cost – N/A. 

Export revenue: 0. 
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A2.35 Irrigation water (agro_water)  

Description: Water for agricultural use (irrigation and livestock), produced from 

desalination or treatment of sewage. 

Domestic demand: 161 Mm3 annually. From PhD thesis of Tareq Al Ansari. 

Export limits, production limits: Maximum export 0, no production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 10 Mm3 per year. 

Storage cost - $10,000 per Mm3 (same as water). 

Export revenue: $1.5e6 per Mm3 (same as water). 
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A2.36 Treated Sewage Effluent (trt_sewage) 

Description: Water produced from the treatment of domestic sewage and can be used 

for irrigation. 

Domestic demand: 0. 

Export limits, production limits: Maximum export 0, no production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 10 Mm3 in a year. 

Storage cost – $10,000 per Mm3 (same as water). 

Export revenue: 0. 
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A2.37 Syngas (syngas)  

Description: Mixture of hydrogen and carbon monoxide, produced from the reforming 

of natural gas, and used to produce GTL fuels, ammonia, methanol or pure hydrogen. 

Domestic demand: 0. 

Export limits, production limits: Maximum export 0, no production limit. 

Elasticity and subsidy: 0, 0. 

Maximum storage: 0. 

Storage cost – N/A. 

Export revenue: 0. 

 


