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Abstract 

As a contribution to the 2°C goal of the Paris Agreement, The Norwegian Oil and Gas 

Association aims to reduce their GHG emissions to 40% of the 2005 level by 2030 and to 

have zero emissions by 2050. Gas turbines producing electricity and mechanical work on 

offshore installations was accountable for 66.7% of the petroleum industry's GHG emissions 

in Norway in 2018, due to their low efficiency and high CO2-emission factor. 

This thesis has reviewed nine different alternatives to the conventional simple cycle gas 

turbine for power generation on offshore installations, with a goal in mind to find a more 

sustainable alternative for energy production, which will contribute to a substantial CO2-

emission reduction at an affordable cost. The 2018 energy requirements for Greater Ekofisk 

Area has been chosen as a basis for energy calculations.  

Partial electrification would contribute to the highest guaranteed CO2-emission reduction of 

20.8%, however at the highest cost of 2 995 NOK/ton CO2 reduced. Combined cycle, HAT 

cycle and fuel cells would all increase the efficiency of the power generation and contribute 

to a CO2-emission reduction of approximately 7%. Energy Efficiency Measures involving 

optimization of equipment to reduce energy loss and limiting operative time on injection 

pumps have already contributed to a CO2-emission reduction of 5.5% for the insignificant 

abatement cost of 0.73 NOK/ton CO2 reduced. Producing hydrogen through SMR and 

combusting a fuel blend of NG/H2 in gas turbines would increase the final CO2-emission level 

by 7.6%. Pre-combustion capture of CO2 from the SMR process would however decrease the 

CO2-emissions with 15.1% for an abatement cost of 584 NOK/ton CO2 reduced. The cost 

does not include transportation and final storage of CO2. Carbon capture from fuel cells by 

oxy-fuel combustion would reduce CO2-emissions with 20.8%. The technology for a medium 

ranged, compact fuel cell, capable of operating on natural gas is however still under 

development. 

Finally, floating wind turbines supplying the offshore installations with electricity stands out 

as the most suitable alternative, with potential of decreasing CO2-emissions with 20.8% for 

an abatement cost of 1 156NOK/ton CO2 reduced.  
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Abbreviations 

AC   Alternating Current 

AHAT  Advanced Humid Air Turbine 
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Nomenclature 

�̇�   Mass flow MW   Megawatt 
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V   Voltage ηel   Electrical efficiency 

Vb   Bulk volume ηth   Thermal efficiency 

W   Work ηtot   Total efficiency 

ΔG   Gibbs Free Energy change μW   Microwatt 
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1 Introduction 

The atmosphere is crucial for all life on Earth. As sunlight warm up the Earth’s surface, some 

of its energy reflects and radiates back to space as infrared radiation, or heat. Water vapour 

(H2O), carbon dioxide (CO2), methane (CH4), nitrous oxide and ozone are gases present in the 

atmosphere, which absorbs this heat, keeping the Earth warm and habitable. Gases with this 

ability are known as Green House Gases (GHGs) [1]. 

Since the beginning of the industrial revolution, the temperature of the Earth’s surface has 

been increasing rapidly, due to an increased amount of GHGs in the atmosphere. The main 

cause is the burning of fossil fuels, as it produces CO2, which is the most significant GHG due 

to its large amount. The concentration of CO2 in the atmosphere has increased from roughly 

280 parts per million (ppm) at the beginning of the industrial revolution, to 406 ppm by the 

middle of 2018 [2]. To avoid further increase in temperature, emission of GHG, specifically 

CO2, would have to be reduced.  

1.1 Climate Control  

The United Nations Framework Convention against Climate Change (UNFCCC) is an 

international environmental agreement, adopted and signed in 1992 by 156 countries, 

pledging to stabilize emissions of GHG on a 1990-level to avoid dangerous anthropogenic 

interference with the Earth’s climate system. The agreement was set to force in 1994, and 

from that year, the Conference of Parties (COP) has had annual meetings [3]. The Parties 

have since then adopted the Kyoto Protocol in 1997 and the Paris Agreement in 2015. The 

Kyoto Protocol commits industrialized countries to limit and reduce emissions of GHG to a 

specific target, individualized for each party [4]. The Paris Agreements main goal is to limit 

average global temperature rise to below 2°C (preferably 1,5°C) above pre-industrial levels 

[5]. 

1.1.1 Norway’s Environmental Commitment  

Norway is an oil and gas nation with a strong climate policy, two factors that rarely goes 

hand in hand. Still the Norwegian Oil and Gas Association support the UNFCCC and strives to 

deliver the lowest possible emissions from fossil fuel production, to both meet the growing 

energy demand and the escalating climate challenges. The Norwegian Oil and Gas 
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Association aims to reduce their GHG emission to 40% of the 2005 level by 2030, and to have 

zero emission by 2050 [6].  

The first measure was taken in 1991, when the Norwegian government introduced a CO2-fee 

for emissions related to the petroleum industry. The goal was to encourage cost efficient 

methods to reduce emission of CO2, and it was realized by improved energy efficiency [7]. 

Measures to reduce flaring, capture and storing of CO2, as well as electrification of 

installations have all contributed to Norway’s oil and gas production having only half of the 

average global CO2-emission [6]. 

In 2005, Norway introduced an emission trading system, which in 2008 were merged with 

EU’s emission trading system. This is a “cap-and-trade system”, with an upper, fixed limit of 

emission, which is sold to industries as emission allowances. With time, the upper limit will 

reduce, and the price for allowances will increase. In this manner, industries will be 

encouraged to reduce their emissions instead of buying emission allowances [8].  

For the Norwegian Oil and Gas Association to reach their goal for a zero-emission 

hydrocarbon production, further measures must be taken. The association believes that 

future technologies involving carbon capture and storage (CCS), hydrogen (H2) and offshore 

wind, among others, will be the main contributors [6]. 

1.2 CO2-Emissions Related to Oil and Gas Production 

The oil and gas industry is the second largest source of GHG emission in Norway. In 2018 the 

industry was accountable for 27% of all Norwegian GHG emissions, where 66.7% of these 

came from gas turbines on offshore installations [9]. Gas turbines are used for power 

production, either for electricity generation or mechanical work for injection and 

compression. The gas turbines on Norways offshore installations are mostly operating on a 

simple cycle, and have a nominal average efficiency of 34.7%, meaning ~65% of the energy 

consumed is wasted and released into the atmosphere as heat via flue gases [10]. 

The main contributor to GHG emissions from oil and gas production world-wide is flaring and 

venting of gas, as Norway already have taken measures to reduce this activity to the bare 

minimum, the next challenge is emissions related to gas turbines on offshore installations.  
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1.2.1 Alternatives for Power Production on Offshore Installations 

As a gas turbines primary function is to produce power, a more efficient way to deal with 

their emission is to take a step back and look at the power requirements on offshore 

installation, and alternatives beyond simple gas cycles. 

By viewing the platform as a black box in need of power, several steps have to be considered 

for the procurement of this power. Figure 1-1 shows the power production selection process 

for an offshore installation, with specific alternatives for each step. The colour of the 

background illustrates the associated CO2-emission for each level. The green colour indicates 

zero CO2-emission, the black colour shows the emissions gas turbines on Norwegian offshore 

installations are accountable for today, and grey corresponds to somewhere in between.  

 

 

Figure 1-1: Power production selection model for offshore installations 

 

Looking at Figure 1-1, energy can either be supplied as hydro power from shore without any 

CO2-emission or produced offshore for direct use.  

The offshore power production can be split into two sources, namely renewable energy from 

floating wind turbines or fuel-based energy.  
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Alternatives for fuel-based energy generation are many. This thesis will present energy 

production from combustion processes with combined cycle and Humid Air Turbine (HAT) 

cycle, and energy production from fuel cells, which do not directly involve any combustion. A 

small chapter on energy efficiency measures will also be provided, to demonstrate methods 

and results of emission reduction, with the original energy production by simple cycle gas 

turbines in place.  

As CO2 is a by-product of the combustion of the carbon fuel, emissions of CO2 will not occur 

before hydrocarbons are present. The power generation column can therefore further be 

split into two, based on the fuel type. Hydrogen as an alternative to natural gas (NG) will be 

presented.  

Lastly, measures to control the by-product of CO2 can be implemented for complete removal 

of emissions from power production on offshore installations e.g. via CCS 

 

1.3 Solutions for Reduced CO2-Emission on Offshore Installations 

This thesis aims to explore different options for CO2-emission reduction related to power 

production on offshore installations, by looking at alternatives beyond simple cycle gas 

turbines. The base of the thesis will be the Greater Ekofisk Area (GEA), located in the 

southern part of the North Sea, which includes the fields Ekofisk, Eldfisk and Embla.  

The thesis will present both alternatives available today, and new ideas that are still in a 

developing phase to ensure the most optimum solution for a high emission reduction to an 

affordable cost. The different options will be rated according to Technology Readiness Level 

(TRL), CO2-emission reduction, efficiency improvement, and cost. Weight and size of 

equipment will also be an important factor, given these elements are limited on offshore 

installations. Some alternatives will be mentioned and explained briefly, and others will be 

investigated more thoroughly, depending on availability of data and information as well as 

the time frame for this thesis work. The goal of this thesis is to find the best solution for 

emission reduction on offshore installation, by comparing different alternatives based on 

abatement cost of reduced tons of CO2. 
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2 Background 

Searching for other alternatives for power production on offshore installations, a base area 

to hypothetically place the different solutions are chosen to be the Greater Ekofisk Area, 

which includes the fields Ekofisk, Eldfisk and Embla. A structured method for rating the 

different alternatives relative to each other is also essential to lay a good foundation for 

further comparison. The options will be rated by Technology Readiness Level, CO2-emission 

reduction potential, efficiency, and cost. Lastly, a description of the conventional, simple gas 

turbine cycle is necessary, as most of the alternatives presented in this thesis originates from 

this technology. Chapter 2 will cover all three topics, providing the reader with the necessary 

background information for this thesis. 

 

2.1 Greater Ekofisk Area 

Greater Ekofisk Area lies in the southern part of the North Sea, about 300 km from shore and 

are made up by the fields Ekofisk, Eldfisk and Embla.  

The Ekofisk field consists of 9 platforms plus 3 subsea templates. The oil and gas are 

produced with water injection from the three subsea templates and the injection platform 

Ekofisk K. The platform has 2 gas turbines of 22 MW each, running pumps for injection, and 

3 turbines of 4.7 MW each for power generation. Ekofisk J is a process and transportation 

platform, serving as a hub for all three fields in the area. Oil and Natural Gas Liquids from 

Valhall and Hod, plus oil from Ula are also transferred here through pipelines before final 

transportation to UK and Germany. Ekofisk J is the largest energy producer in the GEA with 4 

compressor turbines and 2 gas turbine generators, all of 22 MW each. The platform has a 

process capacity of 21.2 million Sm3 of gas and 350 000 barrels of oil per day [10, 11]. In 

2018 the process platform handled 67.9 million barrels of oil and 1.25 billion standard cubic 

meters of gas, consuming 593 891 MWh, or 7.84 kWh/bbl of oil equivalents from the 

compressors [12].  

Eldfisk has 5 platforms whereas one of them controls the unmanned wellhead facility of 

Embla. Eldfisk E is an injection facility, providing water injection for the Eldfisk field as well as 

water support for the Ekofisk field [13, 14]. In total 4 gas turbines of 13.8 MW each are 
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operating pumps for this injection, along with a compressor of 22.7 MW used for gas lift and 

gas injection. The platform also provides the whole Eldfisk field with power, by operating 1 

gas turbine generator of 5 MW and a steam generator of 10.3 MW running on waste heat 

from the compressor and four of the turbines dedicated for injection [10]. 

As a part of the development of Ekofisk South, with the installation of Ekofisk Z in 2013, the 

platform was designed to have space and weight capacity for a possible converter station of 

120 MW [15]. An electrical cable between Eldfisk and Ekofisk is also present, installed in 

2014, allowing the two fields to transfer and share power internally [16]. Table 2-1 gives an 

overview of the turbines located in GEA, their purpose and total power capacity.  

 

Table 2-1: Gas Turbines at GEA [10] 

 Electricity Compression Injection Total Power Capacity 

Ekofisk 
2 x 22 MW 

3 x 4.7 MW 
4 x 22 MW 2 x 22 MW 190.1 MW 

Eldfisk 
1 x 5 MW 

1 x 10.3 MW 
1 x 22.7 MW 4 x 13.8 MW 93.2 MW 

 

2.1.1 CO2-Emissions and Power Requirements 

Previous studies done in 2012 by ConocoPhillips, concerning Ekofisk gas concluded a burn 

value of 10.689 MWh/1000Sm3 fuel. Burning 1000Sm3 of the gas in a gas turbine with 35% 

efficiency returns 3.74 MWh fuel and 2.21ton CO2 [15]. Based on these numbers, the CO2-

emission profile for GEA was created, from year 2000 to 2019. Figure 2-2 shows the emission 

profile for this period.  
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Figure 2-1: CO2-emission profile for GEA [12] 

In 2013 and 2016, the fields went under a shutdown, which explains the cut in CO2-emissions 

at that time. In 2015, ConocoPhillips participated in a common industry project by The 

Norwegian Oil and Gas Association concerning energy management and efficiency. As a part 

of this project the Waste Heat Recovery Unit (WHRU) on Ekofisk K was optimized, reducing 

the use of a gas turbine for heat purposes. They have strived to use only one out of two 

pipeline compressors for gas export when possible, likewise for the two oil export booster 

pumps. The water injection headers have also been modified to optimize the distribution of 

injected water for the Ekofisk field. These energy efficiency measures explain the further 

reduction of CO2-emissions from 2016 onwards [17]. Gas consumption from Ekofisk and 

Eldfisk were found in Diskos Reports under Field fuel, flare and cold vent report [12]. 

With the same procedure as for Figure 2-1, Table 2-2 was created, giving an overview of gas 

consumption, power generation and CO2-emissions from gas turbines on GEA in 2018. 

Table 2-2: Gas consumption, Energy Production and CO2-emissions from GEA in 2018 [10] 

 Gas Consumption 

[Sm3] 

Energy Production 

[MWh] 

CO2-emission 

[ton] 

Ekofisk 256 741 941 960 215 567 400 

Eldfisk 100 711 406 376 661 222 572 

Total 357 453 347 1 336 876 789 972 
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The total CO2-emission from GEA in 2018 (789 972 tons), are the number that this thesis has 

considered as a baseline for investigation of other power production alternatives to reduce 

CO2-emissions. Energy requirements are assumed to be the same as the total Megawatt 

hours for 2018; namely 1 336 876 MWh.  

 

2.2 Rating system 

This thesis will use the TRL system for assessing the maturity of different technologies for 

power production on offshore installations. The alternatives will also be rated according to 

CO2-emission reduction, efficiency improvement and cost. As size and weight are limited on 

offshore installations, compact and light equipment/systems are advantageable. It is not a 

part of the official rating system, but the dimensions will be remarked in this report.  

As insecurities around cost and a low TRL level often are connected, cost can be left out of 

the rating system for some new technology options discussed in the thesis, due to high 

uncertainties. With too high inaccuracies, all cost estimates would be purely speculative, and 

is therefore better left unreviewed.  

 

2.2.1 TRL 

All new technologies go through a research and development phase before being deployed 

for commercial use. TRL are used to assess the maturity of a particular technology and 

determine the progress with nine different rating levels. TRL 1 being the lowest and TRL 9 

the highest [18]. Table 2-3 gives a detailed description of each level.  
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Table 2-3: TRL Level Description [18] 

Phase TRL Level Description 

R
e
s
e

a
rc

h
 

1 Basic principles observed and reported. 

2 Technology concept and/or application formulated. 

3 
Analytical and experimental critical function and/or characteristic proof-

of-concept. 

D
ev

el
o

p
m

en
t 4 Technology basic validation in a laboratory environment. 

5 Technology basic validation in a relevant environment. 

6 Technology model or prototype demonstration in a relevant environment. 

D
ep

lo
ym

en
t 

7 Technology prototype demonstration in an operational environment. 

8 
Actual technology completed and qualified through test and 

demonstration. 

9 Actual technology qualified through successful mission operations. 

 

2.2.2 CO2-Emission Reduction 

CO2-Emission reduction will be measured as percentage of the emission from gas turbines on 

GEA. From ConocoPhillips’ report, burning 1000Sm3 of natural gas in the turbines generates 

3.74 MWh of energy and produces 2.21 tons of CO2. The amount of CO2 produced per MWh 

generated is then: 

𝐶𝑂2𝐺𝑇
=

2.21 𝑡𝑜𝑛

3.74 𝑀𝑊ℎ
= 0.59 𝑡𝑜𝑛

𝑀𝑊ℎ⁄  
(2.1) 

Where 𝐶𝑂2𝐺𝑇
, is the amount of CO2 produced per MWh generated in a gas turbine.  

The CO2 emission reduction for alternative power production would then be calculated as: 
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% 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = −
𝐶𝑂2𝑥

𝐶𝑂2𝐺𝑇

∙ 100% + 100% 
(2.2) 

Where 𝐶𝑂2𝑥
, is the CO2-emission factor per generated MWh for option x.  

For instance, reviewing an option with the same amount of CO2-emission per MWh 

generated will equal 0% emission reduction, 0.295 tons of CO2 per MWh equals 50% 

emission reduction and 0 ton/MWh equals 100% emission reduction.  

 

2.2.3 Efficiency 

Efficiency of power generation can be split into electrical efficiency and total efficiency and is 

denoted by 𝜂. The electrical efficiency is the power output divided by the energy input via 

fuel flow: 

𝜂𝑒𝑙 =
𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡

𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
=

𝑊𝑜𝑢𝑡

𝑄𝑖𝑛
 

(2.3) 

The total efficiency, also known as the fuel utilization factor, is the sum of power output and 

the utilized heat in the exhaust gas (e.g. in Combined Heat and Power plants) to the energy 

input via fuel flow: 

𝜂𝑡𝑜𝑡 =
𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 + 𝑈𝑡𝑖𝑙𝑖𝑧𝑒𝑑 𝐻𝑒𝑎𝑡

𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
=

𝑊𝑜𝑢𝑡 + 𝑄𝑜𝑢𝑡

𝑄𝑖𝑛
 

(2.4) 

A higher efficiency cycle will influence both the power output and the required energy input 

of fuel amount. Less specific CO2 (i.e. CO2-emission per unit of power output) will be 

produced as more of the fuel will transform into power or other energy products such as 

heat through innovative or combined cycles and cogenerations, and thus less fuel will be 

needed for the same amount of power output. Burning less fuel will further reduce the CO2 

output. 

As some of the alternatives presented in this thesis is based on a cogeneration cycle, the 

efficiency rating will be based on the total efficiency. From this point, efficiency refers to 

total efficiency unless stated otherwise.  

The efficiency improvement compared to the base case is calculated as: 
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𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 =
𝜂𝑥 − 𝜂𝐺𝑇

𝜂𝐺𝑇
∙ 100% (2.5) 

 

2.2.4 Cost 

The cost of the emission reduction technology is an important factor when comparing and 

choosing between the available options. However, the main focus of this thesis is to study 

the effect of CO2-emission reduction technology. Cost estimations will therefore be 

simplified and done without regards to discount rates and inflation. Although these factors 

play an important role in future investment decisions, the technical background of the 

author and time restrictions limits the capacity of investigating this further.  

As the different alternatives have different emission reduction potential, looking at the total 

investment cost would be insufficient. The rating system will therefore be based on the 

abatement cost of reduced tons of CO2. For an option to be profitable purely from an 

economical point of view, the abatement cost would have to be lower than the emission 

cost of CO2, meaning the total cost of one emission allowance from EUs emission trading 

system and Norway’s CO2-fee for the petroleum industry.  

In February 2020, the price for one emission allowance was 274 NOK/ton CO2 [19], adding in 

the Norwegian CO2-fee for 2020, which is 1.15 NOK/Sm3 gas burned, or 491 NOK/ton CO2 

emitted [20], the price of releasing one ton of CO2 into the atmosphere is 765 NOK. 

An abatement cost equal to or lower than 765 NOK would therefore make the investment 

beneficial from both an economical and environmental point of view.  
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2.2.5 Rating System Table 

Every option covered in this thesis will be rated according to the factors introduced in this 

subchapter and are to be inserted into Table 2-4. 

Table 2-4: Rating table 

Alternative TRL 

% CO2-

Emission 

Reduction 

Efficiency 
Abatement 

Cost 
Comments 

      

      

      

 

2.3 Gas Turbines 

A gas turbine is a combustion engine designed to convert fuels such as natural gas to 

mechanical energy, either for direct use or as an intermediate for electricity. With their low 

weight and volume, their multi-fuel capability and rapid start-up and load changes,  they are 

extremely versatile and can be applied in everything from a single unit in a domestic 

household to multiple machineries in a big gas power plant, in aviation, marine vessels and 

automotive applications. Gas turbines for power generation on offshore installations is a 

natural choice, as the need for both mechanical work and electricity is present, and the fuel 

is easily available [21]. 

 

2.3.1 The Gas Cycle  

A simple gas turbine cycle consists of a compressor, a combustion chamber, and an 

expander. Atmospheric air is compressed to a high pressure in the compressor and diverted 

to the combustion chamber. Here it mixes with the fuel and combusts, generating a hot, 

high pressure exhaust gas. This gas expands in the turbine and generates mechanical work 

by rotating a shaft which is further used to drive the compressor, thereby finishing the cycle. 
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The surplus of the mechanical work is further converted to electricity through a generator 

[22]. See Figure 2-2 below for schematics of a simple gas cycle. 

 

Figure 2-2: Schematics of a simple gas cycle [23] 

 

The efficiency of a simple gas turbine cycle is not very high. Typical values are between 30-

40%, depending on the fuel, engine, workload and operating temperatures [24]. The 

remaining energy from the fuel (~60%) is thermal energy released into the atmosphere 

unless recovered.  

Typical gas turbine outlet temperature is somewhere between 450-650°C [22]. By installing a 

regenerator, the heat from the exhaust gas is transmitted to the delivery air from the 

compressor before entering the combustion chamber. Less fuel is then required to reach the 

same turbine inlet temperature, and the efficiency will increase [21]. Another possibility is to 

exploit the waste heat beyond the gas turbine, by installing a WHRU. For a gas turbine on an 

offshore installation, the heat could be utilized to warm up living quarters or used in 

separation processes for oil and gas. This would have a positive impact on the efficiency as 

the waste heat will contribute to a higher utilization of the fuel, as shown in equation (2.4). 

As the efficiency increases, the emission level per unit of useful energy produced, decreases. 

The efficiency of a gas turbine also depends on the load level. On offshore installations more 

than half of the gas turbines run at 50-60% load, and a few at 70-80%. This is practiced as an 

insurance in case one of the turbines malfunctions, then one could easily increase the load 
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on the remaining ones to generate the same power output as before. Figure 2-3 shows how 

the efficiency varies with different load levels for certain gas turbine models [25]. 

 

Figure 2-3: Load Level vs. Efficiency [25] 

TRL 

Gas turbines has been a well-known technology since the first unit was built in Paris in 1903 

and is rated with TRL 9.  

CO2-Emission Reduction 

As gas turbines serves as the basis for CO2-emission reduction potential, CO2-emission 

reduction is given as 0%.  

Efficiency 

Average nominal efficiency for the gas turbines on GEA is 34.7% [10]. 

Cost 

As gas turbines are already installed on GEA, the investment cost is set to 0 NOK, and 

abatement cost is set to be equal to the CO2-emission cost, namely 765 NOK/ton.  
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Summary Rating 

Alternative TRL 

CO2-

Emission 

Reduction 

Efficiency 

Improvement 

Abatement 

Cost 
Comments 

Gas 

Turbines 
9 0% 0% 765 NOK/ton Base case 
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Power Production 

Starting with the first column in the model of alternatives for power production presented in 

Chapter 1; offshore installations could either get power supplied from shore or it could be 

generated offshore for direct use. Chapter 3 is a detailed study of the first option, namely 

Power from Shore and a Partial Electrification of GEA with technological background, 

advantages/disadvantages and an economical evaluation of feasibility.  
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3  Power from Shore 

Power from Shore (PFS) is a carbon-free energy alternative on offshore installations in 

Norway. Clean hydropower from shore is supplied to offshore installations in cables on the 

seabed, eliminating the need for electricity generating gas turbines. The first use of this 

technology on the Norwegian Continental Shelf (NCS) was on Troll A in 1996. A 69 km long 

20 MW AC cable from shore to the platform provided the entire field with its energy demand 

[26]. The success of the operation led to a new obligation for all licensees operating on the 

NCS, to study the possibility for implementing PFS when presenting a Plan for Development 

and Operation (PDO). As of today, PFS have been installed on 7 different offshore fields on 

the NCS and 5 more installations are under development [27]. 

3.1 Technology 

A PFS solution is a complex system, requiring submarine cables, transformers, and converter 

stations both offshore and onshore. This section aims to give a detailed description of the 

power transmission process, in addition to the components mentioned above.  

3.1.1 Power Transmission 

For a better understanding of power transmission in submarine cables, a brief introduction 

into electric power is necessary.  

Power (P) is the product of voltage (V) and current (I).  

𝑃 = 𝑉 ∙ 𝐼 (3.1) 

Voltage is defined as the difference in electric potential between two points. The current is 

the flow of electrons pushed or pulled in a conductor (wire) by voltage. The flow of electrons 

in a conductor produces heat due to friction, known as resistance (R). The resistance, along 

with the current is accountable for energy losses along the way when transporting 

electricity. The energy loss is related as: 

𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑙𝑜𝑠𝑠 = 𝑅 ∙ 𝐼2 (3.2) 
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When transmitting power, the usage of high voltage is advantageous [28]. It allows one to 

reduce the current for the same amount of power, as seen in equation (3.1), which leads to 

considerably reduced transport losses, shown by equation (3.2). 

Power can be transmitted with two different currents, alternating current (AC) or direct 

current (DC). The AC transmission alters in strength and direction periodically, creating a 

sinewave. One wave equals one period, the number of periods per second is called the 

frequency and is measured in Hertz (Hz). 50 and 60 Hz are standardized frequencies used by 

consumers. The DC transmission is a steady flow of electrons in one direction, without any 

frequency [29].  

For power transmission, AC has the advantage that it is much easier and less expensive to 

raise and lower voltages between generation, transport, and consumption. However, the 

transmission loss for AC is more complicated, as it not only depends on RI2 (which is the case 

for DC) but also the relationship between voltage and current, known as the impedance. For 

a given current, the transmission loss for AC exceeds DC, so for larger distances with high 

power transmission, it is beneficial to choose a Direct Current, more specifically, a High 

Voltage Direct Current (HVDC) solution [29]. 

For power transmission to offshore installations, the distance is a key factor along with 

power requirements when choosing between AC or DC solution. When distance and power 

requirements call for a DC cable, converters both onshore and offshore will have to be 

installed, to transform the AC to DC for transporting, and back again for consumption. This 

increases the cost significantly.  

Aker Kværner has developed a schematic (Figure 3-1) for the two different transmission 

technologies, and when it is most beneficial to choose one over the other. The chart is split 

into HVDC and AC power transfers, based on power requirements and distance to the 

installation. Examples of previously installed PFS solutions for some offshore installations on 

the NCS are also included in the figure [30]. 
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Figure 3-1: Schematic for AC/DC solution based on effect and distance [30] 
 

3.1.2 Cables 

The cables in a HVDC power transmission to offshore installations needs to be both resistant 

and durable. A cable breach on the seabed could take over a month to repair, resulting in full 

production stop for the same amount of time. The power amount and transmission distance 

also calls for the conductor material to be efficient, to limit the losses as much as possible. 

Copper and aluminium are both possible options. Aluminium has 2/3 of the electric 

conductive properties copper holds, but if weight is of importance, aluminium holds only 1/3 

of coppers mass. For electrification on offshore installations, the cables would be placed on 

the seabed, and weight would not be a concern. Copper is therefore the best option for 

conductive material [31].  Insulation, reinforcement, armouring, and outer servings are also 

constituents in a HVDC cable but will not be discussed further here.  

A power transmission will not take place unless a closed circuit is present. Installation of PFS 

to an offshore platform will therefore require two sets of cables in parallel, with a certain 

distance to each other to avoid electromagnetic disturbance. To protect the cables from 

taking potential damage on the seabed, they are buried in trenches or covered with rocks.  
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3.1.3 Transformers 

Transformers are used to convert high-voltage power to low-voltage power and vice versa 

using electromagnetic induction. The basic principle involves two or more coils of insulated 

wire wound on a steel core. When voltage is introduced to the primary coil, an 

electromotive force induces the electrons in the secondary coil to move also, as they are 

connected through the steel core. The voltage ratio between the input and output coil 

depends on the number of windings around the steel core, for each coil. Figure 3-2 

illustrates the principle of raising and lowering the voltage in transformers. When the 

primary winding is lesser than the secondary, the voltage increases as for the step-up 

transformer in the figure. To reduce the voltage the number of winding has to be higher for 

the primary coil than for the secondary, as for the step-down transformer [32].  

 

 

Figure 3-2: Illustration of Step-Up and Step-Down Transformers [33] 

 

3.1.4 Converter Stations 

Converters are necessary for transforming onshore AC power to DC for transportation and 

back to AC for consumption. For electrification of an offshore installations with HVDC 

technology, one converter will be installed onshore to ship off the power, and one offshore 

to receive it. This technology is often referred to as an AC-DC-AC converter [34]. 
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HVDC LCC 

HVDC classic, also known as HVDC Line Commutate Converter (LCC) works on a thyristor-

based technology, meaning different phased Alternating Current is converted into one Direct 

Current by passing the AC power through a section of valves activated in a specific order for 

a Direct Current to be produced, as illustrated in Figure 3-3 [35].  

   

   

Figure 3-3: Illustration of a 6-phase rectifier (screenshot) [35] 

 

To convert the DC back to AC, a 6-pulse inverter is used. Figure 3-4 illustrates the process 

step by step. 3 sets of full wave inverters are joined in parallel, and in 6 pulses the power is 

sent through different paths to create three phases of AC power: red, yellow and blue. With 

each pulse, one phase will receive the positive side of the DC power, one will receive the 

negative side and the last one will not be conducting [35].  
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Figure 3-4: Illustration of a 6-pulse inverter (screenshot) [35] 

 

For the input voltages and phases to be accurate, the HVDC LCC requires a strong and stable 

AC system. To strengthen the AC system, AC & DC harmonic filters are used to mitigate 

voltage distortions and interferences in the connected AC network. These filters are big and 

heavy and demands space that offshore installations do not have. The filters have been one 

of the limiting factors, along with the complexity of control (specifically during start-up), as 

to why HVDC technology has not been implemented by the oil and gas industry until the 

invention of Voltage Source Converters (VSC) by ABB in 1997 [36].  

 

HVDC VSC 

In 1997 ABB introduced the HVDC Light as an alternative to HVDC Classic. The phase 

commutate converter technology was replaced with a Voltage Source Converter, eliminating 

the need for filters, thereby reducing the size of the equipment on the offshore side with 50-

60% [36].  

The VSC operates with Pulse Width Modulation (PWM), a transistor-based technology using 

Insulated Gate Bipolar Transistor cells. By opening and closing the cells, one can control what 

path the power takes in the circuit, thereby manipulating the current into either AC or DC 

[37].   
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A demonstration of a PWM inverter is showed below, where the DC power is switched on 

and off repeatedly, creating the pattern of Figure 3-5. A cycle is the interval of one full 

repetition, illustrated by the yellow line. The duty cycle represents how much of the period 

the signal is high compared to low. Output voltage is then calculated by the max voltage 

times the duty cycle [38]: 

𝑉𝑜𝑢𝑡 = 5𝑉 ∙ 0.50 = 2.5𝑉  

 

Figure 3-5: PWM pattern 

By switching the power on and off rapidly, and varying the duty cycle, different voltages are 

produced, and the output voltage will appear as the blue AC sinewave in Figure 3-6 [36]. 

 

Figure 3-6: Principle of PWM [36] 

The VSC has several advantages for offshore power supply compared to the HVDC LCC. The 

VSC has components that can interrupt the current by themselves, unlike the LCC requiring a 

current to commutate against. VSC can therefore feed power into a passive network, 

enabling a black start in case of a short circuit. PWM allows for the magnitude and phase of 

the voltage to be controlled freely and almost instantaneously, permitting full control of the 

power transmission. Lastly the essential filters needed for HVDC LCC is eliminated with the 

use of PWM, reducing the size of the module with 50-60% as mentioned earlier [36].   
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3.2 Advantages with PFS solutions 

The advantages with replacing gas turbines with power from shore are many. The GHG 

emissions from burning the fossil fuel are avoided, which will eliminate the CO2-emission 

cost. It will also free the previously consumed gas up for sale, generating an extra income. 

The total effect requirement will be less for an PFS solution compared to gas turbines, as the 

efficiency of the gas turbines generally lies between 30 and 40%, resulting in a waste of 

energy.  

Gas turbines require a lot of maintenance, which always demands for maintenance 

personnel to be present. With a PFS solution, the need for offshore staff will be reduced as it 

requires less maintenance, which when needed, often is remotely controlled. The hazard of 

working near gas-fired rotating equipment is eliminated, along with the noise and vibration 

that gas turbines expel. Lastly a PFS solution would free up space and weight capacity on the 

offshore installations, as the module is lighter and more compact compared to gas turbines 

[39].  

A downside to the PFS solution is the possibility of a power shortage/breach, or a cable 

breach. Given the cable is buried under the seabed, this would be unlikely, but must be 

accounted for. Repairing a cable at the seabed could take up to a month, resulting in a full 

production stop for the same amount of time [40].  

 

3.3 Partial Electrification  

As mentioned in Chapter 2.3, the mechanical work from gas turbines can either be used 

directly or converted to electricity via a generator. The mechanical work is used for driving 

pumps for injection and compression, whilst the electricity is used for heating, lights, and 

other power requirements. When electrifying an offshore installation, the term fully 

electrified speaks to replacing both the gas turbines generating electricity and the ones 

performing mechanical work. Partial electrification refers to replacing the turbines 

generating electricity only [30].  
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3.4 PFS on GEA 

GEA has 17 gas turbines divided on three different platforms, 6 of these are for electricity 

generation whilst the remaining 11 are providing mechanical work [10]. For all power 

generation on the GEA to be replaced by PFS (i.e. a full electrification), the pumps and 

compressors would need to undergo extensive modifications as the system is set for 

mechanical drive. This would require a much more detailed study and lead to a considerably 

higher abatement cost. This study will therefore be limited to partial electrification as 

alternative power supply on GEA.  

 

3.4.1 Energy Calculation 

GEA’s energy consumption from gas turbines for 2018 (Table 2-2) corresponded to 

1 337GWh. The turbines generating electricity produced 20.88% of this (i.e. ~280 GWh). For 

the system to be able to handle peak consumptions, which can be up to 30% higher than 

normal usage, and to account for transmission losses, a PFS system with 50 MW capacity is 

studied as an alternative for GEA. Table 3-1 below shows the updated gas consumption, 

energy production and CO2-emission for GEA, if a PFS solution had been installed. The gas 

consumption has been reduced, but the total energy requirements (MWh) is assumed to be 

the same, as the gas turbines producing electricity have been replaced by hydro power.  

Table 3-1: Gas Consumption, Energy Production and CO2-emissions for GEA with PFS  

 Gas Consumption 

[Sm3] 

Energy Prod. 

[MWh] 

CO2-Emission 

[ton] 
[%] 

Base Case 357 453 347 1 336 876 789 972  

PFS 282 816 114 1 336 876 625 024  

Reduction 74 637 233  164 948 20.9% 

By installing a PFS system on GEA, close to 75 million Sm3 of gas would have been freed up 

from the gas turbines and made available for sale. The CO2-emission would have been 

reduced by nearly 165 000 tons per year.  
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3.4.2 TRL 

Voltage Source Converters was introduced in 1997 by ABB. Today the functionality is still the 

same, but with a higher performance and reduced energy losses. The VSC is rated with TRL 9 

from Table 2-3. 

 

3.4.3 CO2-Emission Reduction 

The CO2-Emission Reduction is calculated by Eq. (2.1) and (2.2) with the numbers from Table 

3-1. PFS is assumed green, hydro power without any CO2-emission, however, as the 

reduction potential only stands for ~21% of the CO2-emission generated from gas turbines, 

the remaining CO2-emission must be included in the equation.  

 

𝐶𝑂2𝑃𝐹𝑆
=

625 024 𝑡𝑜𝑛

1 336 876 𝑀𝑊ℎ
= 0.4675 𝑡𝑜𝑛

𝑀𝑊ℎ⁄  

 

% 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = −
0.4675

0.59
∙ 100% + 100% = 20.8% 

 

3.4.4 Efficiency 

The efficiency of a PFS system is calculated with respect to energy losses in the converters 

and cables under transmission. The power transmission losses are assumed to be the same 

in this thesis as for ConocoPhillips’ evaluation of PFS on GEA, namely 8%, i.e. 3% for the 

converter stations and 5% for the cable system [15]. Total efficiency for the PFS solution 

amounts to 92%, but is only true for the electricity generation, which is ~21% of total power 

requirements. To calculate the efficiency for total power generation, the gas turbines driving 

the pumps and compressors needs to be included.  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  0.2088 ∙ 92% + 0.7912 ∙ 34.7% = 46.66% 

Efficiency improvement is calculated with Eq. (2.5) 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 =
46.66% − 34.7%

34.7%
∙ 100% = 34.5% 
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3.4.5 Cost 

Cost estimates for Electrification of GEA are based on 2 separate 300km 50 MW DC cables 

from Lista in Agder Kommune, Southern Norway, to the Ekofisk Z platform, and two HVDC 

converters connected to each end of the cable. Expected lifetime of the fields are set to 

current production licence which expires in 2049, production and power requirements are 

based on that of 2018 and assumed to be continuous.  

Price of future gas and electricity are highly uncertain, due to time restrictions this will not 

be forecasted, but calculated with three different prices. The average price from 2018, the 

average price from 2019 and average price from February 2020. The CO2-emission cost will 

be set constant at the 2020 level (765NOK/ton CO2). 

Previously studies have been made on PFS for GEA by both the Norwegian Petroleum 

Directorate (NPD) and ConocoPhillips. Kraft fra Land [30] was published by NPD in 2008, and 

Power from shore to the Ekofisk Area [15] was published by ConocoPhillips in 2012. The cost 

estimation presented in this thesis will be based on those two reports, in addition to the 

study of electrification of Johan Castberg from 2016 [41]. The cost estimation of the 

converter station is based upon the module provided for Johan Sverdrup by ABB [42].  

 

Equipment and Installation 

The power requirement of GEA in 2018 called for a 50 MW power supply to cover the 

electricity demand of the area. Cost estimates of the converter stations and associated 

construction are based on Johan Sverdrup’s 100 MW HVDC system supplied by ABB. The 

contract was worth 1.1 billion NOK, and included design, engineering, procurement, 

installation and start-up of the two converter stations [42]. In very general terms, price of 

HVDC system and Power Rating are related with the formula [43]: 

𝑃𝑟𝑖𝑐𝑒2 = 𝑃𝑟𝑖𝑐𝑒1 ∙ √
𝑃𝑜𝑤𝑒𝑟 𝑅𝑎𝑡𝑖𝑛𝑔2

𝑃𝑜𝑤𝑒𝑟 𝑅𝑎𝑡𝑖𝑛𝑔1
 

(3.3) 

It is therefore, assumed the acquisition and EPC for a 50 MW converter, including full 

installation and start up both onshore and offshore to be:  
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𝑁𝑂𝐾 = 1.1 ∙ 109𝑁𝑂𝐾 ∙ √
50𝑀𝑊

100𝑀𝑊
= 777 817 460 𝑁𝑂𝐾 

Procurement and EPC of DC cables are based on the study of electrification of Johan 

Castberg in the Barents Sea [41]. In this study 80% of the sea cable were to be buried under 

the seabed, and the remaining 20% were to be covered with rocks, the same assumptions 

are made for this thesis. Time spent on the different activities related to installation of the 

cable are stipulated from the values provided by the study from Johan Castberg. Total cost 

of cable installation adds up to 1 614 400 000 NOK. Table 3-2 gives a more detailed 

description of cost estimates related to installation of cables.   

In addition, an administrative post for project management is calculated from the total 

equipment and installation cost, it is assumed to be 10% and to cover the whole project 

from start to finish.  

Table 3-2: Cost Estimate Converter Module & Sea Cables 

Description Norm Quantity Estimated Cost 

 NOK/unit km days NOK 

HVDC Light Converter 

Module 
777 817 460   777 817 460 

Procurement Sea Cables 2 550 000 600  1 530 000 000 

EPC 1 000 000 600 37 37 000 000 

Trenching 600 000 480 54 32 400 000 

Rock Dumping incl. supply 

boats 
1 000 000 120 15 15 000 000 

SUM    2 392 217 460 

Project Management (10%)    239 221 746 

Total        2 631 439 206  
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Modifications 

As part of the Ekofisk South development in 2013, the new drilling platform Ekofisk Z was 

installed. Although PFS was not implemented during this construction, the platform is 

designed with space and weight capacity for a 120 MW converter station and J-tubes for 

pulling cables, in case a PFS solution were to be implemented at a later stage [15]. In 2014 an 

AC cable was installed between Eldfisk S and Ekofisk Z with a 20 MW capacity, for more 

efficient power generation and distribution. Embla is already getting their power from Eldfisk 

through a similar cable.  

For a PFS solution to be implemented, modifications on Ekofisk Z are necessary, involving 

preparations for installation, hook-up and integration. Adjustments related to PFS 

implementation on the other platforms at GEA are also required, but not of the same extent 

[15].  

A time estimate for these modifications are hard to provide, as very few fields has gone 

through this upgrade. Valhall was in 2011 fully electrified, as part of a major upgrade of the 

entire field. A new combined production and accommodation platform replaced two old 

installations and included a HVDC module with power reception for PFS. Production stop 

was estimated to be 3 months in the original PDO. However, 6 months passed from when 

the old production platform was shut down until the new platform started producing. Thus 

was the actual loss of income doubled [44].  

In NPDs report Kraft fra Land from 2008, a time estimation for installation of the power 

reception module was set to 11 days for Ekofisk and 8 Days for Eldfisk. This was based on the 

HVDC module being installed on a new Power host platform with a bridge connected to 

Ekofisk, where further distribution to Ekofisk and other fields would take place [45].  

ConocoPhillips’ own report on Power from Shore has reserved a 6 months installation 

window for the new system to be integrated at Ekofisk Z [15]. As the reception module 

would be installed separately from the current power sources, namely the gas turbines, a lot 

of preparation could be done without shutting the power off and thereby avoiding a 

production stop for the same amount of time. The report has no statements or assumptions 

regarding production stop, so this thesis will calculate the effect of 11 days, 3 months and 6 

months for the final abatement cost.  
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The average saleable oil and gas production per day from GEA in 2018 was 1 486 817 bbl and 

334 844 028 Sm3 [12], the average oil and gas price were 568NOK/bbl and 2.21NOK/Sm3 [46, 

47], respectively. The Norwegian tax for the petroleum industry amounts to 78% of the total 

company profit [48]. For simplicity, the income from saleable production is calculated as 22% 

of the average oil and gas price from 2018. Average total income per day amounts to NOK 

348 510 407. Table 3-3 shows the loss of income related to production stop for 11, 90 and 

180 days. 

Table 3-3: Loss of income due to production stop 

Production Stop  

[days] 

Loss of income (incl. tax) 

[NOK] 

11 3 833 614 472 

90 31 365 936 586 

180 62 731 873 172 

 

Operating Costs 

ConocoPhillips’ study of implementing a PFS solution estimated the operating and 

maintenance cost of the facilities to be 7.8 million NOK per year, and for the first three years 

an additional cost of 2.2 million NOK to cover subsea inspection of the cable system. 

Expenses related to operation of gas turbines generating electricity amounts to 20.2 million 

NOK per year, which will be deducted from the total cost of implementing PFS. These 

numbers are assumed to be the same today and are included in this thesis estimates. Table 

3-4 shows that savings by switching to a PFS solution accumulates to 353 million NOK. 
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Table 3-4: Operating Cost of PFS and Gas Turbines 

 
Operating Cost 

[kNOK/year] 
Years 

Total Cost 

[NOK] 

PFS 7 800 29 226 200 000 

PFS 2 200 3 6 600 000 

Gas Turbines 20 200 29 - 585 800 000 

Total   - 353 000 000 

 

Energy Costs 

From Chapter 2.2.4, the price of releasing one ton of CO2 into the atmosphere in Norway is 

set to NOK 765. Implementing PFS would reduce CO2-emissions with 164 948 tons and cut 

the emission cost by NOK 126 185 220 per year. For a life expectancy of GEA to 2049, the 

CO2-emission reduction accumulates to 4 783 492 tons of CO2, which would end up saving 

3 659 371 380 NOK in emission costs, assuming that PFS had been implemented from the 

year 2020.  

With a PFS solution, 280 750 MWh of power would be supplied to GEA every year through 

cables. The 300km transmission distance will however result in a transmission loss of 8%, so 

the purchased electricity would amount to ~109% of power requirement, which equals to 

306 017 MWh. 75 million Sm3 a year of gas, previously used in gas turbines would now be 

available for sale, this amount minus tax would be deducted from the final cost of the PFS 

system.  

As the gas and electricity prices are fluctuating variables, 3 different calculations are done 

for the abatement cost, with the average price of gas and electricity for 2018, 2019 and 

February 2020. Numbers are shown in Table 3-5 below, where power is viewed as an 

expense, while cost of CO2-emission and excess gas are counted as extra income. Electricity 

prices are taken from SSB [49], and gas prices from YCHARTS [47].  
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Table 3-5: Energy Costs by switching to a PFS solution 

 Quantity Unit Price [NOK/unit] Total Cost [kNOK/year] 

   2018 2019 2020 2018 2019 2020 

Power 306 017 000 kWh 0.316 0.322 0.318 96 640 98 537 97 313 

CO2 164 984 ton 765 765 765 -  126 185 -   126 185 -  126 185 

Gas 74 637 233 Sm3 2.211 1.495 0.956 -    36 301  -    24 550 -    15 698 

Profit      65 846 52 198 44 570 

The difference in gas prices between 2018 and February 2020 underlines the uncertainty of 

cost estimates for future investments. The cold winter of 2018 resulted in EU overbuying gas 

for the winter of 2019. The winter of 2019 was however milder than anticipated, a lot of gas 

ended up in storage and the price took a heavy fall [50].   

If we were to disregard the total investment cost and just look at the cost associated with 

power, gas and CO2-emissions; a minimum of 44 million NOK would be saved each year, 

assuming a PFS solution had been installed.  

 

Abatement Cost 

The Abatement cost is calculated with the formula:  

 

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑃𝐹𝑆 − 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑔𝑎𝑠 𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠 𝑖𝑛𝑐𝑙. 𝐶𝑂2 𝑐𝑜𝑠𝑡

𝐶𝑂2 − 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 
 

 

Total estimated cost of implementing PFS on GEA, including the abatement cost is 

summarized in Table 3-6 below. Due to uncertainties in both energy prices and estimated 

production stop during installation, a total of 9 different abatement costs are calculated. 

Table 3-6 refers to 2018 energy prices, and gives the cost for 11, 90 and 180 days of 

production stop. Cost estimates with energy prices from 2019 and Feb. 2020 can be found in 

Table 0-1 and Table 0-2 in the Appendix.  
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Table 3-6: Cost Estimate of PFS solution ref. 2018 

Description Unit Production Stop [days] 

  11 90 180 

Equipment & Installation NOK          2 392 217 460         2 392 217 460         2 392 217 460  

+ Project Management NOK             239 221 746            239 221 746            239 221 746  

+ Operating Cost PFS NOK             232 800 000            232 800 000            232 800 000  

+ Production stop NOK          3 833 614 472      31 365 936 586      62 731 873 172  

+ Energy Cost PFS NOK          2 802 564 889         2 802 564 889         2 802 564 889  

Total Cost PFS NOK          9 500 418 567      37 032 740 681      68 398 677 267  

 - Operating Cost GT NOK -           585 800 000  -           585 800 000  -           585 800 000  

 - Gas Surplus NOK -       1 052 725 792  -       1 052 725 792  -       1 052 725 792  

 - CO2 emission cost NOK -       3 659 371 380  -       3 659 371 380  -       3 659 371 380  

Total Investment Cost NOK          4 202 521 395      31 734 843 509      63 100 780 095  

CO2-emission reduction ton                 4 783 492                4 783 492                4 783 492  

Abatement cost  879                       6 634                      13 191  

  

The estimation is based on the assumptions stated under each section above. Taxes are not 

included, apart from the 78% tax of income with regards to saleable oil and gas. In addition, 

this cost estimate only covers the procurement and installation of the PFS system. All 

preparatory work both on- and offshore are neglected due to time restrictions and limited 

data.  

Onshore investments would include land acquisition, buildings, connection to power grid, 

water supply and sewage as well as control and telecommunication facilities. Offshore 

preparatory work is explained in more detail under Modifications above.  
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Table 3-7 shows the abatement costs calculated for the different scenarios, ranging from 879 

to 13 412 NOK/ton CO2. Considering the Cost of CO2-emission today is 765 NOK/ton CO2, 

none of these scenarios are profitable purely from an economical point of view, although 

with a short production stop during the installation, the numbers come close.  

Table 3-7: Summary Abatement Cost 

Energy Prices Production Stop [days] 

 11 90 180 

2018                                879                        6 634                      13 191 

2019                                961                        6 717                     13 274  

2020                             1 099                       6 855                      13 412  

 

The big span of the abatement cost is due to uncertainties in future energy prices and 

production stop during installation. Variation in future energy prices is difficult to forecast, 

which leads to uncertainties regarding future investments. 

The uncertainties regarding production stop would probably be smaller from a company’s 

point of view, as they have access to much more detailed information than this thesis is 

based on. However, unforeseen circumstances do happen, which can lead to a longer period 

of production stop than first anticipated, and thereby a larger cost. This needs to be 

accounted for when doing risk analysis of future investments.  
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Previous Studies 

The previous studies made by NPD and ConocoPhillips concluded with the abatement costs 

of 1 878 NOK/ton and 2 995 NOK/ton CO2 reduced, respectively. Although 4 years separates 

these two studies, a gap of 1 117 NOK per ton CO2 reduced, shows the big uncertainties 

associated with the cost estimates for this technology.  

As this thesis' cost estimate vary greatly in size and is missing important numbers concerning 

onshore and offshore investments, the abatement cost from ConocoPhillips’ study in 2012 

are chosen for further comparison of alternatives for emission reduction on offshore 

installations.  

3.4.6 Rating Table 

Alternative TRL 

% CO2-

Emission 

Reduction 

Efficiency 

Improvement 

Abatement 

Cost 
Comments 

Gas 

Turbines 
9 0% 0% 765NOK/ton Base case 

PFS 9 20.8% 34.5% 2 995 NOK/ton 

Abatement 

cost from 

ConocoPhillips 
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Source 

Power production for offshore installations can either happen onshore and be transmitted 

to the platform, as for PFS, or it can be generated offshore for direct use. Offshore power 

generation can further be split into two groups based on their source, namely renewables or 

fuel based. This refers to the second column in the alternative power production selection 

model for offshore installations. Chapter 4 will look closer at the renewable alternative for 

offshore power production, namely Floating Wind Turbines (FWT). A brief description of the 

structure and technology will be provided, in addition to areas of application. Lastly a 

general cost estimation for a floating wind park will be presented.   
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4 Floating Wind Turbines 

Wind turbines was accountable for 4% of Norway's total power production in 2019, with 

5.5TWh. It is expected for 16 new wind parks to be installed during 2020, raising Norwegian 

wind power production up to 11TWh a year [51]. Norway has enormous potential for wind 

power, as seen from Figure 4-1, which illustrates the annual mean wind speed in Norway. 

The figure clearly states the biggest potential for wind turbines to be offshore, with an 

average wind speed of over 11 m/s and large, unused areas.  

 

Figure 4-1: Average yearly wind speed in Norway [51] 

A great number of offshore wind turbines has been installed along the costs of Europe in the 

last 20 years. In 2019 Europe had over 5000 offshore wind turbines with a total capacity of 

22 072 MW, spread over 12 different countries [52]. The majority of these turbines are 

placed near the coastline in shallow water, with foundations that extend to the seabed. Even 

though the wind is much stronger further from the coast, the cost and technology were for a 

long time a limiting factor for harvesting wind power on deeper waters as it required usage 

of floating structures. Several pilot projects have been tested during the last 10 years, which 

are now being deployed throughout Europe.  
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6 floating wind farms, with a total capacity of 45 MW were installed as of 2019. Within the 

next 3 years this will expand to over 300 MW, with a series of new projects connecting to 

the grid, Norway's Hywind Tampen, among others [52].  

The Hywind Tampen project consists of 11 floating wind turbines in the North Sea, located 

between Snorre and Gullfaks. Contrary to the other floating wind farms in Europe, who all 

delivers power to shore, Hywind Tampen will be the first wind farm in the world to provide 

electricity for offshore installations. With a capacity of 88 MW, it is assumed to cover at least 

35% of the fields electricity demand per year, and cut CO2 emission with 200 000 tons per 

year [53].  

 

4.1 Technology 

A wind turbine converts the kinetic energy from wind into electrical energy through a rotor 

and a generator. The wind turbines need to be placed up high both to reach the wind where 

it is strongest, and to be able to maximize the blade diameter. The size of the wind turbine 

and speed of the blades often increases when placed offshore compared to on land, as the 

restrictions for disturbance and geological footprint decreases considerably. Typical hight of 

offshore wind turbines is 180 meters, with a blade diameter of 160 meters [52].  

 

4.1.1 Foundation 

When moving the wind turbines from land to sea, the stability of the structure needs to be 

improved, to cope with both higher blade speed and to withstand high waves. In addition, 

the forward and backward rocking motion can ultimately cause a reduced power output, as 

it disrupts the path of the rotor blades, which also needs to be accounted for.  

In shallow waters reaching up to 50 meters, the structure can be fixed into the seabed either 

as a monopile or a jacket/tripod. This would not be economical for waters deeper than 50 

meters, so at this depth, the turbines are placed on floating structures moored to the seabed 

[54]. Figure 4-2 illustrates the four different foundations for floating wind turbines available 

today.  
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Figure 4-2: Foundations for Floating Wind Turbines [55] 

The stability of floating wind turbines can be achieved in three different ways. The barge and 

semi-sub have a wide floater surface area and achieves stability through the equally 

distributed buoyancy force. A gravity-based stability is achieved when the center of gravity is 

as low as possible, and well under the center of buoyancy, as for the spar foundation. This 

technology requires waters deeper than 100 meters for the hull to be sufficiently 

submerged. Lastly the Tension Leg Platform (TLP) achieves stability through large external 

mooring forces, with stiff, vertical tethers [54].  

 

4.1.2 Mechanical Components 

Typical components in a wind turbine are illustrated in Figure 4-3. The blades, rotor and 

nacelle are located on top of the wind turbine tower. The nacelle contains the generator and 

all mechanical components required for power production. The blades are designed to catch 

the wind and turn the rotor. The rotor is further connected to a generator through a shaft, 

which in turns produces the electricity. For extreme conditions, with wind speed exceeding 

turbine design, a brake is activated for shutting the turbine down to avoid damage. The 

anemometer, controller, yaw -drive and -motor are components tasked with keeping the 

rotor perpendicular to the wind, for best possible utilization of the wind energy [56].  
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Figure 4-3: Typical Components of a Wind Turbine [57] 

4.1.3 Wind Energy 

The power of wind in a wind turbine can be broken down to the wind speed (U), the density 

of the air (ρ) and the area of blade disc (A), given by πr2 where r is the length of a turbine 

blade, illustrated in Figure 4-4.   

 

Figure 4-4: Wind flow past a circular disk representing the blades [56] 

Given an elemental volume of air with length δx, area A and density ρ, its mass is given as 

𝜌𝐴𝛿𝑥 and its kinetic energy 𝐾𝐸 =
1

2
𝜌𝐴𝛿𝑥𝑈0

2. The time taken for the element to cross the 

blade disk δt, is given by 𝛿𝑥 = 𝑈0𝛿𝑡.  

Total KE that passes the turbine blades represented by the disk in δt is symbolized as ΔKE 

and given by  
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𝛿(∆𝐾𝐸) =
1

2
𝜌𝐴𝑈0𝛿𝑡𝑈0

2 

Summing over all elements and taking the limit as 𝛿𝑡 → 0 ,returns 

𝑃 =
𝛿(𝐾𝐸)

𝛿𝑡
=

1

2
𝜌𝐴𝑈0

3 
(4.1) 

P represents the total power of the wind energy and indicates that the power output 

depends on the cube of the wind speed. Output power of a wind turbine is in reality much 

lower, as capturing all of the wind energy hitting the blades would cause the wind to 

decelerate to rest, thereby stopping the turbine. A theoretical limit given by Betz' law, 

indicates the maximum power extracted from the wind to be 59% of the winds kinetic 

energy, this limit applies to all turbine designs. In Introduction to Wind Turbine Technology 

by David Wood, an assumption is made for 40% of the wind energy to be converted into 

electricity taking turbine performance, efficiency of drivetrain and generator and 

aerodynamic losses into account [56].   

In addition to wind speed, wind resource surveys tend to specify the power density of the 

wind, meaning the flow of kinetic energy per swept area, denoted by Q with the unit W/m2. 

The power density is expressed as   

𝑄 =
𝑃

𝐴
=

1

2
𝜌𝑈0

3 
(4.2) 

4.2 Application 

The major downside to wind energy, as for most renewable energy, is the fact that the 

power production depends on the weather conditions. With no wind, the power production 

will stop until the conditions allow for it to start again. As of today, wind energy cannot be 

the only source of energy for an offshore installation. Instead it will work as an extra support 

when conditions allow for it. 

A possibility for smoothening the energy profile from wind power, is battery storage. By 

charging up the batteries using the surplus of energy in windy periods, the batteries could 

deliver power in periods with no or little wind, instead of the back-up gas turbines, thereby 

preventing CO2-emissions. Hydrogen production and storage through electrolysis is also an 

option, this will be described more thoroughly in Chapter 9. 
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A third possibility is to dedicate the power from the wind turbines to a consumer not in need 

for constant supply of energy, as for water injection pumps. With this application water will 

be injected only when the power supply from wind turbines is present, eliminating the need 

for gas turbines operating injection pumps.  A short description of a wind powered water 

injection concept will be given in the subchapter 4.2.1 below.  

 

4.2.1 WIN WIN 

WIN WIN is a concept by DNV GL, which stands for WINd- powered Water INjection. The 

idea is a fully stand-alone system of a floating wind turbine which supplies power to a water 

injection process. In periods with low or no wind, a battery bank provides power for critical 

safety and communication functions. The concept will deal with all aspects of the water 

injection process, namely pumping the sea water to topside, filter the water down to 

specified qualities, treat the water with chemicals stored on board the fleet, and finally inject 

the water to the reservoir. The floating foundation of the wind turbine will be unmanned, 

and remotely controlled from the host platform of the field in question. The structure can 

also easily be moved from one location to another in case new injection wells are being 

drilled in order to replace former wells.   

The WIN WIN concept is a good choice for fields and platforms with injection wells located 

far away from host platforms, or for fields with limited space and weight capacity on board 

their platforms.  

System specification consists of a 6 MW wind turbine mounted on a spar foundation with 2 

injection pumps of 2 MW each. Total injection capacity of the system is 80 000 bbl/day.  

The case study was based on a reservoir with two injection wells, located 30 km from the 

production host at 200 meters water depth and a target injection rate of 44 000 bbl/day. The 

capital expenditure of the case study was estimated to be 697 million NOK and operating 

costs 44 million NOK/year [58].  

WIN WIN is still in a developing phase. As of 2019 the concept had shown itself to be both 

cost efficient and technically feasible. As of today, the concept is ranked with TRL level 5 

from Table 2-3, awaiting a prototype development [59]. 
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The WIN WIN concept will not be studied as a possibility for GEA as their water injection 

volume amounts to over 500 000 barrels per day, requiring at least 7 floating wind turbines. 

Given the GEA's latest investment was made to a new subsea installation with 4 new 

injection wells in 2018, the sunk cost would be too high for the new concept to be profitable. 

Lastly, the relative shallow water depth of 70 meters would not be suitable for a spar 

foundation. 

 

4.3 Floating Wind Turbines on GEA 

As for the PFS system, replacing all power requirements on offshore installations with wind 

energy requires a lot of modification work, given the injection pumps and compressors 

operates on mechanical work. Wind power will therefore only be studied for the possibility 

of relieving the gas turbines generating electricity.  

Previous studies by NVE in 2012 of wind strength and direction in the area indicates a mean 

wind speed of 10.5 m/s 100 meters above the surface, with a power density (Q) of 1 223 

W/m2 [60].   

The water depth around GEA is similar to Scotland's Aberdeen Bay, where Kincardine 

Floating Offshore Windfarm are being developed with five 9.5 MW wind turbines installed 

on triangular-shaped semi-submergible foundations. The rotor blade diameter is 164 m, 

which gives a swept area of 21 124 m2 per turbine. [61]. 

These foundations will be the basis for the estimations regarding offshore wind turbines at 

GEA. The turbines chosen is the upgraded version of Kincardine's turbines with capacity of 

10 MW. The diameter and rotor swept area is the same [62]. 4 units with a total power 

capacity of 40 MW will be studied as an alternative to gas turbines producing electricity.  

The turbine has a guaranteed lifetime of 25 years [62]. Platform, moorings and anchors are 

expected to last for 29, 26 and 31 years respectively [63]. Based on this data, the floating 

wind turbine system is expected to deliver power to GEA until 2045.  
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4.3.1 Energy Calculation  

From Equation (4.1) and (4.2) the average power of wind hitting the turbines at GEA is 

𝑃 = 𝑄 ∙ 𝐴 = 1 223 𝑊
𝑚2⁄ ∙ 21 124 𝑚2 = 25 834 652 𝑊 = 25.83 𝑀𝑊 

With a turbine efficiency of 47.4%, theoretical power output from the turbine is 

𝑃𝑂𝑢𝑡𝑝𝑢𝑡 = 0.474 ∙ 𝑃 = 0.474 ∙ 25.83𝑀𝑊 = 12.24 𝑀𝑊 

The maximum capacity of the wind turbine is 10 MW, the power output cannot exceed this, 

but it proves the wind in the area to be strong enough to supply GEA with the necessary 

power on an average basis. The wind turbines would be considered to relieve the gas 

turbines producing electricity on the GEA. The power requirements would be the same as for 

PFS, namely 32 MW. Table 4-1 shows the gas consumption, energy production and CO2-

emission for the installation of 4 floating wind turbines. The gas consumption will however 

depend on the wind energy supplied and are expected to be greater in times with no wind, 

and lower in periods with higher wind speed. Either way, the numbers in Table 4-1 are 

assumed as average numbers, and will be the basis for further calculation of emission 

reduction and reduced gas consumption.   

 

Table 4-1: Gas Consumption, Energy Production and CO2-emissions for GEA with FWT 

 
Gas Consumption 

[Sm3] 

Energy 

Production 

[MWh] 

CO2-Emission 

[ton] 

[%] 

GEA Base 357 453 347 1 336 876 789 972  

GEA FWT 282 816 114 1 336 876 625 024  

Reduction 74 637 233  164 948 20.88% 
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4.3.2 TRL 

Offshore wind turbine technology has been through extensive advancements for the past 10 

years, with both higher power capacity and increased distance from shore. Wind power have 

never been supplied to offshore installations before, however the same technology is used 

for commercial offshore wind power, so the technology is rated with TRL 9 in Table 2-3. 

 

4.3.3 CO2-Emission Reduction 

The CO2-Emission Reduction for floating wind turbines would be the same as for PFS, as both 

options are without any CO2-emissions and studied for replacement of the same amount of 

power generated by gas turbines.  

The CO2-emission reduction is calculated by Eq. (2.1) and  (2.2), with the numbers from Table 

4-1. Wind turbines produce power without any CO2-emission, however, as the reduction 

potential only speaks to ~21% of the CO2-emission generated from gas turbines, the 

remaining CO2-emission must be included in the equation.  

 

𝐶𝑂2𝑃𝐹𝑆
=

625 024 𝑡𝑜𝑛

1 336 876 𝑀𝑊ℎ
= 0.4675 𝑡𝑜𝑛

𝑀𝑊ℎ⁄  

% 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = −
0.4675

0.59
∙ 100% + 100% = 20.8% 

 

4.3.4 Efficiency 

Efficiency of a wind turbine is hard to determine, as it depends on the wind, and varies for 

different wind speed. Efficiency will in this context refer to the ratio between expected 

annual production from operator and annual production at full capacity, thus including 

capacity factor, losses, and turbine performance. To get a reasonable estimation of the 

efficiency, the expected production per year was compared to the maximum capacity for 5 

different new offshore wind parks in Europe. The average number was taken to be the 

efficiency of wind turbines at GEA, namely 47.41%. Table 4-2 shows the selected offshore 

wind parks with their capacity and expected production.  

 



Source  4 Floating Wind Turbines  

46 
 

Table 4-2: Average efficiency for floating wind parks 

Floating Wind Farm Year Capacity 

[MW] 

Ideal 

Production 

[GWh] 

Expected 

Production 

[GWh] 

Efficiency 

[%] 

Hywind Tampen [64] 2022 88 770.88 384 49.81 

Hywind Scotland [65] 2017 30 262.8 135 51.37 

Kincardine [61] 2021 50 438 218 49.77 

EolMed [66] 2022 24.8 217.25 100 46.03 

Eoliennes Flottantes de 

Groix [67] 
2022 28.5 249.66 100 40.05 

Average     47.41 

 

The efficiency of wind turbines is estimated to be 47.41% To calculate the total efficiency of 

power generation on GEA, the gas turbines driving the pumps and compressors would have 

to be included, as the electricity generation only represents ~21% of total power generated.  

Total efficiency for power generation with wind turbines is then: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  0.2088 ∙ 47.41 % + 0.7912 ∙ 34.7% = 37.35% 

Efficiency improvement compared to the simple cycle gas turbine is calculated from Eq. (2.5) 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 =
37.35% − 34.7%

34.7%
∙ 100% = 7.6% 

 

4.3.5 Cost 

Cost estimation for floating wind turbines on GEA is done with the basis in Carbon Trust' 

Report for the Scottish Government Floating Offshore Wind: Market and Technology Review, 

published in 2015 [63]. A detailed cost analysis was done for the prototype, pre-commercial, 

and commercial stage of the different floating turbine concepts, with a levelized cost of 
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energy (LCOE) approach, given in £/MWh. The cost was given in 2015 figures and will be 

converted to NOK with the average exchange rate of 2015. As the technology has matured 

since 2015, it is reasonable to assume cost will be lower for an installation done in 2020.  

 

CAPEX 

The analysis brakes down the capital expenditure (CAPEX) into 7 parts, where the turbine 

has the greatest share of 41%, followed by the platform with 22% of total expenditure. 

Balance of system includes the cost of electrical infrastructure (i.e. connection to grid, 

substations, cables) in addition to project development and managing 

 

 

Figure 4-5: CAPEX breakdown for a floating wind farm 

OPEX 

Operational Expenditure (OPEX) for the different concepts was kept constant in Carbon 

Trust' report. Even though OPEX for semi-subs was assumed lower than for spar and TLP 

foundations, as the major repairs could be done more easily when the possibility of towing 

the full structure back to port is present.  The annual operational expenditure for 

commercial floating wind turbines was given as 90 000 £/MW, or 1 110 735 NOK/MW. 

 

Platform
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LCOE 

The levelized cost of energy combines the capital and operational expenditure, as well as 

yield, wind speed and power output, and returns the cost in £/MWh. With greater wind 

speed, the LCOE is reduced, as more power is generated.  

The expected lifetime of the system is 25 years, meaning the total energy generated by the 

turbines would amount to 8 760 GWh assuming they operate at full capacity.  

For a commercial, floating wind turbine with semi-sub foundation and an average wind 

speed of 10.5 m/s, the LCOE is estimated to be 84 £/MWh or 1 037 NOK/MWh. Total cost for 

floating wind system with capacity of 40 MW for 25 years amounts to 9 081 MNOK, as 

illustrated in Table 4-3.  

Table 4-3: Total Cost of Floating Wind Turbine System 

Description Quantity Unit 

LCOE 1 037 NOK/MWh 

Total Production 8 760 000 MWh 

Total Cost 9 081 369 360 NOK 

 

Gas Turbines 

From Table 4-1, the average reduction in gas consumption due to power supply from wind 

turbines is close to 75 million Sm3 per year, which further reduces the CO2-emissions with 

nearly 165 000 tons per year. With the average price of gas for 2018 and cost of CO2, an 

extra income of 4 billion NOK is generated.  

The annual operational cost for gas turbines of 20.2 million NOK per year [15] cannot be 

eliminated completely, as GEA cannot rely on wind power alone. But an assumption is made 

for this operational cost to be cut in half, as the use of gas turbines generating electricity will 

decrease considerably.  

Expected savings and income related to reduced use of gas turbines are shown in Table 4-4 

below. 
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Table 4-4: Expected savings and income related to gas turbines 

Description Quantity Unit Price [NOK/unit] Operating years Total income 

Excess Gas 74 637 233 [Sm3] 2.21 25 907 215 567  

CO2 164 948  [t] 765 25 3 154 630 500  

Operational cost 10 100 [kNOK/y] 10 100 000  25 252 500 000  

Total     4 314 346 067  

 

Abatement Cost 

The abatement cost is calculated with the formula  

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 𝑜𝑓 𝐹𝑊𝑇 − 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑔𝑎𝑠 𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠 𝑖𝑛𝑐𝑙. 𝐶𝑂2 𝑐𝑜𝑠𝑡

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 
 

Total estimated cost of installing floating wind turbines on GEA, including the abatement 

cost is summarizes in Table 4-5 below. 

Table 4-5: Cost estimate of floating wind turbines 

Description Unit Cost 

Total Cost FWT NOK         9 081 369 360  

Expected savings from GT NOK         4 314 346 067  

Total Investment Cost NOK         4 767 023 293  

CO2 emission reduction ton                 4 123 700  

Abatement cost NOK/ton                        1 156  

 

The abatement cost amounts to 1 156 NOK/ton CO2 reduced, for a floating wind park with a 

lifetime of 25 years. As the cost is higher than the cost of CO2, the investment would not be 

profitable from an economical point of view alone. It will however reduce the CO2-emission 
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from GEA with 4.1 million tons over 25 years with the additional cost of 391 NOK per ton CO2 

compared to the conventional gas turbines.  

The capital and operational expenditure are given on a general basis and not specified for 

turbines connected to GEA. In addition, the cost is given in 2015 figures, and due to inflation, 

the numbers will be somewhat higher today. From a technological point of view, the floating 

wind turbine expertise has matured since 2015, which will have a positive effect on today's 

cost, making it lower than first estimated. Taxes are neglected in the calculation, except for 

the estimated 78% tax of income from saleable gas. Necessary modifications on the 

platforms for preparation of receiving power from wind turbines are also overlooked in the 

calculation, due to limited resources and time.  

The abatement cost of 1 156 NOK/ton CO2 is therefore given with a high level of uncertainty, 

and the possibility of it being higher or lower than calculated in this thesis is great. It will 

however serve as a sufficient comparison towards other options for reducing CO2-emission 

on offshore installation, as the main focus is to look at the CO2-emission reduction potential 

for different power alternatives.  

 

4.3.6 Rating Table 

Alternative TRL 

% CO2-

Emission 

Reduction 

Efficiency 

Improvement 

Abatement 

Cost 
Comments 

Gas 

Turbines 
9 0% 34.7% 765 NOK/ton Base case 

FWT 9 20.8% 7.6% 1 156 NOK/ton  
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Power Generation 

By choosing a fuel-based source for power production, several different engines and process 

are available for power generation, the conventional simple cycle gas turbine being one of 

them. In the power production selection model, the column Power Generation will present 

two alternative combustion processes, the Combined Cycle in Chapter 5 and HAT cycle in 

Chapter 6. Chapter 7 will cover fuel cells, which produces power through electro-chemistry 

rather than combustion. Chapter 8 is a presentation of energy efficiency measures, which 

when implemented on the present simple cycle gas turbine, contribute to emission 

reduction without extensive new investments or machinery.  
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5 Combined Cycle 

A combined cycle refers to two power cycles being connected in one plant. The most 

common combined cycle plant consists of a gas- and a steam cycle, connected through a 

Heat Recovery Steam Generator (HRSG). The gas turbine, referred to as the top cycle, burns 

fuel and generates exhaust gas of high temperature. This gas is expanded in a turbine to 

create mechanical work. The remaining thermal energy in the exhaust gas is recovered in a 

HRSG to generate steam, and further expanded in the steam turbine which makes up the 

bottoming cycle, to generate additional power [68]. See Figure 5-1  for illustration of a 

simple, combined cycle. 

 

Figure 5-1: Combined cycle gas and steam turbines [69] 

 

Due to weight limitations on offshore installations, combined cycles are scarcely 

implemented. The cycles are both bulky and heavy, the main contributor being the HRSG. 

For a combined cycle to be installed offshore, the HRSG needs to be both smaller and lighter, 

which reduces the efficiency to a maximum of 50%, compared to 64% on shore [70, 71]. Still 
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much more effective than a conventional, simple cycle gas turbine, the power demand, heat 

surplus and weight limitations on the offshore installation are the limiting factors deciding of 

whether or not to install it.  

 

5.1 Technology 

This subchapter will cover the three different systems in the combined cycle. As the gas 

turbine already have been introduced in Chapter 2.3, a brief summary will be provided in 

addition to a more detailed description of the components and the thermodynamic 

processes.  

 

5.1.1 Gas Turbine 

A simple gas cycle consists of a compressor, a combustion chamber, and a turbine/expander. 

Figure 5-2 illustrates the components of a simple ideal gas cycle, along with the TS- and PV-

diagram for the thermodynamic processes.  

 

Figure 5-2: Simple cycle gas turbines, components, TS and PV diagram of cycle [69] 
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1: Air Inlet 

The air inlet sucks air from nearby area and delivers it to the compressor at ambient values. 

T1 = Ta, P1 = Pa, ɸ1=ɸa. Where ɸ is the humidity.  

2: Compressor 

Fresh air is drawn into the compressor, where temperature and pressure increase in an 

isentropic compression process, giving: 

𝑇2

𝑇1
= (

𝑃2

𝑃1
)

(𝛾−1)
𝛾⁄

= 𝜋𝑐

(𝛾−1)
𝛾⁄  

(5.1) 

Where 𝛾 =
𝑐𝑝

𝑐𝑣
⁄  is the ratio of the specific heat values at constant pressure and volume of 

the ideal gas, and 𝜋𝑐 is the pressure ratio 
𝑃2

𝑃1
 [69]. 

The specific work for the compressor is:  

𝑊𝑐 = 𝐶𝑝(𝑇2 − 𝑇1) = 𝐶𝑝(𝑇2 − 𝑇𝑎) = 𝐶𝑝𝑇𝑎 (𝜋𝑐

(𝛾−1)
𝛾⁄

− 1) 
(5.2) 

3: Combustion Chamber 

High pressure air enters the combustion chamber where fuel is burned at constant pressure. 

The combustion process releases the chemical bound energy in the fuel, under formation of 

the emission gases CO2, H2O, Nitrogen Oxide (NOx) and Carbon monoxide (CO). The 

combustion temperature influences the amount of NOx and CO. High combustion 

temperatures generates NOx, and low temperatures produces CO as a result of incomplete 

combustion. The combustion chamber must be compact and distribute the temperature 

evenly over the turbine inlet. The chamber must also allow for cooling, to protect the 

material from overheating [22, 69].  

The heat added per unit mass flow in the combustion chamber is: 

𝑄𝑖𝑛 = ℎ3 − ℎ2 = 𝐶𝑝(𝑇3 − 𝑇2) (5.3) 
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4: Turbine 

The high temperature gases generated in the combustion chamber enters the turbine, 

where they undergo an isentropic expansion process [69]. The temperature of the exhaust 

gases leaving the turbine range between 450-650°C [22]. For an ideal process, 𝑃2 = 𝑃3 and 

 𝑃4 = 𝑃1, giving: 

𝑇3

𝑇4
= (

𝑃3

𝑃4
)

(𝛾−1)
𝛾⁄

= (
𝑃2

𝑃1
)

(𝛾−1)
𝛾⁄

= 𝜋𝑐

(𝛾−1)
𝛾⁄  

(5.4) 

The specific work generated from the turbine is: 

𝑊𝑇 = 𝐶𝑝(𝑇3 − 𝑇4) = 𝐶𝑝𝑇3 (1 −
1

𝜋𝑐

(𝛾−1)
𝛾⁄

) 

(5.5) 

5: Gas cycle 

The net specific work of the cycle delivered to the load is then: 

𝑊𝑛𝑒𝑡 = 𝑊𝑡 − 𝑊𝑐 = 𝐶𝑝(𝑇3 − 𝑇4) − 𝐶𝑝(𝑇2 − 𝑇1) (5.6) 

Finally, the thermal efficiency of an ideal, simple gas cycle can be expressed as: 

𝜂𝑡ℎ =
𝑊𝑡 − 𝑊𝑐

𝑄𝑖𝑛
= 1 −

𝐶𝑝(𝑇4 − 𝑇1)

𝐶𝑝(𝑇3 − 𝑇2)
= 1 −

𝑇1 (
𝑇4

𝑇1
− 1)

𝑇2 (
𝑇3

𝑇2
− 1)

 

(5.7) 

Given the processes 1-2 and 3-4 is isentropic, 𝑃2 = 𝑃3 and 𝑃4 = 𝑃1. Using Eq. (5.1) and (5.4), 

the equation above (5.7) can be simplified to: 

𝜂𝑡ℎ = 1 −
1

𝜋𝑐

(𝛾−1)
𝛾⁄

 
(5.8) 

Where 𝜋𝑐 =
𝑃2

𝑃1
 [69].   
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5.1.2 HRSG 

The exhaust gases from the turbine in the gas cycle is further directed to the HRSG for steam 

generation. In a combined cycle, the HRSG is the largest and heaviest constituent, as the 

steam production is directly linked to the heat transfer area within the generator. The HRSG 

typically consists of 3 sections: economizer, evaporator, and superheater. Figure 5-3 shows a 

single pressure HRSG and the T-Q diagram for the thermodynamic process. 

 

Figure 5-3: Components and T-Q diagram for a single pressure HRSG [68, 69] 

The feed water is pumped into the economizer where it is heated to a temperature close to 

saturated condition. The liquid evaporates at constant pressure and temperature in the 

evaporator, before entering a drum where separation of the remaining water and steam 

takes place. The water is recirculated to the evaporator, and the dry steam is delivered to 

the superheater. The superheater heats the steam into required temperature for the steam 

turbine [22]. 

The temperature difference between water and exhaust gas should ideally be constant 

through the entire process to minimize the energy loss, but because the liquid evaporates at 

constant temperature, this is not the case. The pinch point temperature is the minimal 

temperature difference between the feed water and exhaust gas and occurs at the inlet of 

the evaporator. Typical values for onshore systems are 8-12 °C, and up to 35 °C for smaller 

scale where cost and weight limitations are important. The approach temperature is the 
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difference between economizer outlet and saturation temperature. If this was set to zero, 

steaming in the economizer could occur, leading to blockage of flow and saturation in the 

economizer [68].  

The efficiency of a HRSG, 𝜂𝐻𝑅𝑆𝐺  can be expressed as the ratio of steam production to unused 

energy from the gas turbine [68]. The heat in the exhaust gas amounts to: 

�̇�𝑒𝑥ℎ = �̇�𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉(1 − 𝜂𝐺𝑇) (5.9) 

Where LHV is the lower heating value of the fuel. Steam production from HRSG is: 

�̇�𝐻𝑅𝑆𝐺 = �̇�𝑒𝑥ℎ𝐶𝑝,𝑒𝑥ℎ(𝑇1,𝑒𝑥ℎ − 𝑇3,𝑒𝑥ℎ) (5.10) 

Finally, from Eq. (5.9) and (5.10), the efficiency of the HRSG is: 

𝜂𝐻𝑅𝑆𝐺 =
�̇�𝐻𝑅𝑆𝐺

�̇�𝑒𝑥ℎ

=
�̇�𝑒𝑥ℎ𝐶𝑝,𝑒𝑥ℎ(𝑇1,𝑒𝑥ℎ − 𝑇3,𝑒𝑥ℎ)

�̇�𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉(1 − 𝜂𝐺𝑇)
 

(5.11) 

By implementing two or three pressure levels in the HRSG, more of the heat from the excess 

gases can be captured and the total efficiency of the combined cycle would increase. Adding 

pressure levels will however increase the size and weight of the HRSG [68].  

 

5.1.3 Steam Turbine 

In the steam turbine, superheated steam expands and drives a generator to produce 

electricity. The steam is further directed to a condenser, where it condenses back to water 

before being pressurized by a pump and finally delivered back to the HRSG [22]. Figure 5-4 

shows the steam cycle and the TS-diagram for the process of the combined cycle pictured in 

Figure 5-1.  
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Figure 5-4: Components of the steam cycle with TS-diagram for the process [69] 

 

The efficiency of the process depends on the HRSG, turbine and pump, and can be expressed 

as: 

𝜂𝑆𝑇 =
�̇�𝑜𝑢𝑡 − �̇�𝑎𝑢𝑥

�̇�𝑖𝑛

 
(5.12) 

Where �̇�𝑎𝑢𝑥 is the auxiliary power used for running the pumps, feed water etc [22].   

 

5.1.4 Combined Cycle 

The total power of the combined cycle is WGT + WST, the gas turbine being the main 

contributor with about 60% of total power produced. The heat input is only from the gas 

turbine, and can be broken down to: 

�̇�𝑖𝑛 = �̇�𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉 

Where �̇�𝑓𝑢𝑒𝑙 is the fuel consumption and LHV the lower heating value of the fuel.  

The electrical efficiency of the combined cycle can finally be express as:  

𝜂𝐶𝐶 =
�̇�𝐺𝑇 + �̇�𝑆𝑇 − �̇�𝑎𝑢𝑥

�̇�𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉
 

(5.13) 
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5.2 Combined Cycle Design on Offshore Installations 

A study of optimization of combined cycles on offshore installations, with a special focus on 

the HRSG was done by Lars O. Nord and Olav Bolland at NTNU in 2012. The goal was to find 

the best design and performance of a combined cycle with limited space and weight capacity 

using process simulation. The study focused on a Once-Through heat recovery Steam 

Generator (OTSG) instead of a conventional HRSG, due to its compactness. The OTSG has no 

distinct sector for economizer, evaporator, and superheater. Instead, the OTSG uses a 

straight-through fluid path to produce wet steam, without the presence of a steam drum. 

With a once-through technology, water will only be circulated once and returned to the 

original environment. To avoid corrosion on the equipment, water needs to be free from salt 

and oxygen, among others. An offshore system would require a desalination plant for access 

to clean fresh water, in addition to a deaeration system to eliminate oxygen, carbon dioxide, 

argon and nitrogen from the water [70].  

The study found that a once through technology with a single pressure level and a pinch 

point temperature of 25°C to be the best option for a combined cycle on offshore 

installations. The combined cycle net plant efficiency was found to be 51% with a power 

output of 42.9 MW. In comparison, the net plant efficiency of the onshore dual-pressure 

drum-type HRSG was estimated to be 53.8%. The weight of the HRSG was estimated to be 

110kg, approximately 1/3 of the typical onshore HRSG [70]. 

 

5.3 Combined Cycle on GEA 

The water injection platform, Eldfisk E has four 13.8 MW gas turbines dedicated for injection 

and one 22.7 MW for compression. The waste heat from three of these turbines (1x22.7 MW 

and 2x13.8 MW) is utilized by a bottom cycle steam turbine, with a maximum power output 

of 10.3 MW. The steam turbine is the main supplier of power for the entire field, in addition 

to the unmanned platform on Embla [72]. The steam turbine was installed in 1998 and 

upgraded in 2013 due to unstable operation and frequent use of the backup generator. The 

upgrade was done on the waste heat recovery system, to be able to cover exhaust heat from 

all four injection turbines (only two at a time) in addition to the compression turbine [73]. 

Figure 5-5 shows the flow diagram of Eldfisk steam power cycle. 
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Figure 5-5: Eldfisk Steam Power Cycle [72] 

The HRSG has three inlets for the three turbines and consists of four heat transfer zones. The 

economizer, evaporator and two superheating zones. Because of the varying power demand 

of the field, the HRSG produces 10% more steam than required from the steam turbine, to 

ensure control possibilities at load changes. The surplus steam is routed directly to the 

condenser via a bypass valve. To save energy, the condenser uses injection water instead of 

seawater as a cooling medium, eliminating the need for additional seawater lift [72].  

 

5.3.1 Energy Calculation 

Reduced fuel consumption due to steam bottoming cycle on Eldfisk E, compared to the 

simple cycle gas turbine solution, amounted to 23 million Sm3 per year before upgrading the 

system [72], and 28.4 million Sm3 per year after the upgrade [73].  

To calculate the energy requirements of the combined cycle, the gas consumption, energy 

production and CO2-emission table from 2018 is used. A scenario without the combined 

cycle in place is used for comparison, where 28.4 million Sm3 is added to the total gas 

consumption, power generation stays constant. The results can be seen in Table 5-1 below.  
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Table 5-1: Gas Consumption, Energy Production and CO2-emissions for GEA with and 
without combined cycle installed 

 
Gas Consumption 

[Sm3] 

Energy 

Production 

[MWh] 

CO2-emission 

[ton] 

[%] 

Gas Turbines             385 853 347                 1 336 876              852 736   

Combined Cycle 357 453 347 1 336 876 789 972  

Reduction               28 400 000                                                62 764  7 % 

 

With a CO2-emission factor of 2.21, reduced CO2-emission is 62 764 tons per year. The steam 

turbine began operation in the last quarter of 1999, since then the CO2-emission reduction 

has accumulated to 1.1 million tons. With a life expectancy of the field to 2049, the steam 

turbine will contribute to a total of 2.9 million tons of CO2 reduced 

 

5.3.2 TRL 

Combined cycle in commercial power plants is well known technology. It is not that common 

on offshore installations due to weight limitations. Studies for design optimization for 

combined cycles on offshore installations are being done, to make the alternative more 

attractive. As of today, combined cycles are installed on three different platforms on the 

NCS, proving the technology to be possible. Offshore combined cycles are therefore rated 

with TRL 9 from Table 2-3. 

 

5.3.3 CO2-Emission Reduction 

The CO2-emission factor for GEA with combined cycle installed is 0.59 ton/MWh. Had only 

simple cycled gas turbines been used on the fields, the CO2-emission factor would have 

been: 

𝐶𝑂2𝐺𝑇
=

852 736 𝑡𝑜𝑛

1 336 876 𝑀𝑊ℎ
= 0.64 𝑡𝑜𝑛

𝑀𝑊ℎ⁄  
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Calculated from Eq. (2.1) with numbers from Table 5-1. 

The CO2-emission reduction for the installed combined cycle can then be calculated from Eq. 

(2.2), and gives: 

% 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = −
0.59

0.64
∙ 100% + 100% = 7.81% 

 

5.3.4 Efficiency 

The efficiency of the combined cycle on Eldfisk is taken as the average efficiency of the 5 gas 

turbines supplying the steam turbine with heat, listed in NPDs scheme of NOx-taxable 

equipment [10]. The efficiencies for the turbines are given with the WHRU included, and net 

efficiency for combined cycle is calculated to be 40.53%. Table 5-2 gives the efficiencies and 

average of the five turbines.  

Table 5-2: Efficiencies including WHRU for top cycle turbines on Eldfisk 

Turbine Operation Efficiency [%] 

LM – 1600 Injection 39.61 

LM – 1600 Injection 39.61 

LM – 1600 Injection 39.61 

LM – 1600 Injection 39.61 

LM – 2500 GJ Compression 44.21 

Average  40.53 % 

 

Efficiency improvement is calculated from Eq. (2.5): 

 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 =
40.53% − 34.7%

34.7%
∙ 100% = 16.8% 

 



Power Generation  5 Combined Cycle 

63 
 

5.3.5 Cost 

No cost estimation for offshore combined cycles has been found online or in literatures. 

However, the average construction cost for combined cycle in US in 2017, was set to be  

7 400 NOK/kW [74]. This cost is largely based on big industrial power plants, therefore the 

cost of a smaller offshore system, is assumed to be higher. With too high uncertainties and 

limited resources, cost estimations for offshore combined cycle would be purely speculative 

and are therefore chosen not to be studied any further. 

 

5.3.6 Rating Table 

Alternative TRL 

CO2-

Emission 

Reduction 

Efficiency 

Improvement 

Abatement 

Cost 
Comments 

Gas 

Turbines 
9 0% 34.7% 765 NOK/ton Base case 

Combined 

Cycle 
9 7.8% 16.8% - 

Cost estimate 

for offshore 

combined 

cycle has not 

been found 
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6 Evaporative Cycle 

Evaporative cycles, or Humid Air Turbine (HAT) cycles, is an advanced gas turbine cycle with 

potential to reach similar efficiency figures as combined cycle plants. In the HAT cycle, water 

is evaporated into the compressed air before entering the combustion chamber, thereby 

reducing combustion temperature and the formation of NOx. In addition, the increased mass 

flow expanded in the turbine has a positive effect on the thermal efficiency of the cycle [75]. 

Compared to the combined cycle, investment and operational costs is lower, due to the 

avoidance of the bottoming cycle. In addition, the fact that water is evaporated into the air 

stream (rather than boiling steam), lower water qualities can be used and the control of the 

process is much easier compared to combined cycle, since the humidification is self-

controlled.  

6.1 HAT cycle 

Figure 6-1 shows a HAT cycle with two stages of compression and humid air as a working 

fluid. 

 

Figure 6-1: The Humid Air Gas Turbine Cycle [76] 

In the cycle presented in Figure 6-1, the intake air is compressed in two stages in a low-

pressure- and high-pressure compressor (1-4), before entering a saturator where water 
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evaporates and mixes with the air to create humidified air (5-6). The relatively cold, 

humidified air is preheated in a recuperator by the exhaust gases from the turbine (6-7), 

before entering the combustion chamber. In the combustion chamber, the hot, humidified 

air participates in combustion of natural gas (7-8) and the exhaust gas is expanded in the 

turbine (8-9) driving a generator to produce electricity. The exhaust gases heat up the humid 

air in the recuperator before it is directed towards the economizer for preheating of water 

entering the saturator (9-11). Water enters at 1e and is heated in either the economizer (2e), 

intercooler (3e) or aftercooler (4e) before being injected at the top of the humidification 

tower (5e). For a closed water loop, excess water not evaporated in the humidification tower 

is directed down to a mixing tank [76]. Due to evaporation of water in the cycle (which is 

leaving the power cycle via exhaust gas), new water must be added to the cycle to maintain 

the mass balance, this is known as makeup water.  

Björn Nyberg and Marcus Thern at Lund University performed a thermodynamic simulation 

study on the HAT cycle and its components in 2011 [77]. They started off with simulations of 

a simple gas cycle, and step by step added components of the HAT cycle, to study the 

performance effect each part contributed with in the cycle. The efficiency increased from 

36.5% in the simple cycle to 50% with all elements of the HAT cycle in place, and makeup 

water injected solely to the intercooler.  

 

6.2 Key Components 

This chapter is based on the thermodynamic study of the HAT cycle and its components by 

Nyberg and Thern and gives a description of each component in the HAT cycle.  

6.2.1 Gas Turbine 

The compressors, turbine and combustion chamber work by the same principle as for an 

ordinary gas turbine. However, modifications are required as standard GTs are designed for 

adjacent mass flow through compressor and expander, to balance the axial forces. Adding 

water after compression results in a larger mass flow rate through the expander, requiring a 

larger turbine than the standard one. Hence, the HAT cycle requires a more complex bearing 

setup to manage the mismatch of axial forces, which is yet to be developed in a commercial 

scale [78]. 
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6.2.2 Intercooler 

The intercooler is located between the two compressors. Discharge air from the low-

pressure compressor enters the intercooler where cold water circulates to cool down the air 

in nearly isobaric conditions. When the temperature of the air decreases, the density 

increases. This lowers the compression work of the next compressor, and results in an 

increase of the total efficiency of the cycle. The energy absorbed by the water in the 

intercooler is brought back to the cycle via the humidification tower [77].  

6.2.3 Aftercooler 

The aftercooler is placed after the high-pressured compressor in the cycle and serves as a 

heat exchanger for water and dry air in preparation for the humidification tower. The 

specific work of the cycle is increased by the aftercooler, as the performance of the 

humidification tower increases, see Chapter 6.2.4, below. The efficiency of the cycle 

increases also, as the exiting temperature of the humidification tower decreases, enabling a 

higher heat exchange in the recuperator [77].  

6.2.4 Humidification Tower 

The humidification tower is the key component in the HAT cycle. The purpose of the tower is 

to increase the water content in the air passing through it, by use of simultaneous heat and 

mass transfer. Figure 6-2 shows the schematic of a humidification tower with its 

constituents. 

 

Figure 6-2: Schematic of a packed bed humidifier [79] 
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Dry, cooled air is injected at the bottom of the tower, and hot water is sprayed in through 

nozzles at the top. The packing ensures good contact between the air rising up and water 

running down, resulting in a large amount of the liquid evaporating into the gas stream. The 

evaporation in the tower is due to a natural driving force, being the temperature difference 

between the air and water. Here is where one can see the effect of the aftercooler. Without 

the prior heat exchange, the air would have been warmer than the water, resulting in 

condensing of air rather than evaporation of water, reversing the desired process [75].  

The exiting humidified air will operate close to the saturation line, as the partial pressure of 

the vaporized liquid in the stream gets higher and higher, with the increased humidification 

of the air, resulting in an increased boiling point [75].  

A droplet separator at the very top of the tower separates droplets from the exiting 

humidified gas stream, to avoid corrosion in the recuperator. The droplet separator works 

according to the density principle, i.e. the inertia difference between water and gas in the 

stream [80].  

The humidification tower will also work as a distilling tower, as impurities in the water 

stream will be left in the ejected liquid flow exiting at the very bottom of the tank. Liquid 

soluble impurities will also be scrubbed out of the gas stream, resulting in the humid air 

exiting the tank being cleaner than both the air and water entering the humidification tank 

[75].  

A pressure-drop of the water sprayed from the nozzles is expected and is compensated for 

by a water circulation pump. The pressure drop does not however, have a negative effect on 

the total efficiency of the HAT cycle, as the effect of lower compression work due to water 

circulation outweighs the work required by the pump [77].  

The efficiency-increase of the cycle due to the humidification tower is explained by both the 

higher mass flow expanded over the turbine and a higher heat exchange in the recuperator. 

The humidification process lowers the temperature of the exiting fluid, thereby increases the 

heat exchange of the recuperator [77].  
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6.2.5 Recuperator 

The recuperator is a gas-to-gas heat exchanger, where compressed, humidified air is heated 

by exhaust gases from the turbine. With a higher temperature of the humid air entering the 

combustion chamber, less fuel is needed to achieve the desired combustion temperature, 

which increases the efficiency of the cycle, while decreasing NOx Emissions. Utilization of 

exhaust gases increases the efficiency further [77].  

6.2.6 Economizer 

The economizer is the final heat exchanger of the cycle. Remaining heat from the exhaust 

gases after the recuperator, is used to pre-heat water directed to the humidification tower. 

The temperature-increase of the water benefits the performance of the humidification 

tower, yielding a higher power output. The efficiency of the cycle increases too, due to a 

higher utilization of the exhaust gases [77].  

6.2.7 Makeup Water 

As water evaporates during the cycle, makeup water must be added to maintain the mass 

balance of the system. The makeup water can be injected in either of the three gas-to-water 

heat exchangers. Studies done at Lund University have found the temperature of the 

makeup water to be of importance for the total efficiency of the cycle, as well as the 

injection point. A lower temperature has a positive effect on the heat exchanged but 

decreases the mass flow of water into the humidification tower. The improved heat 

exchange has a positive effect on the total efficiency, and the decreased mass flow a 

negative effect. For two of the three heat exchangers, the latter dominates, resulting in a 

decreased total efficiency. For the intercooler however, the decreased compression work 

due to higher heat exchange, outweighs the negative effect of mass flow to the 

humidification tower, hence total efficiency of cycle is improved [77].  

6.2.8 Flue Gas Condenser 

A flue gas condenser installed after the economizer chills the gases in order to extract water 

and recover the remaining heat. The water can be reused as makeup water after being 

demineralized, and the heat can be utilized for district heating purposes, increasing the total 

efficiency of the cycle even further [80].  
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6.2.9 Carbon Capture 

After the flue gas condenser, the CO2-concentration in the remaining exhaust gases will be 

higher than in a GT of combined cycle, making the HAT cycle a suitable candidate for carbon 

capture.  The concentration is higher due to part of the air being effectively replaced by 

steam within the cycle. Carbon capture will be studied further in Chapter 10.  

 

6.3 Footprint 

In Torbjörn Lindquist' doctorate, Evaluation, Experience and Potential of Gas Turbine Based 

Cycles with Humidification, a comparison of a mid-sized power plant of simple cycle, 

combined cycle and evaporative gas turbine (EvGT) cycle are presented. The electrical 

efficiency, footprint and power output can be found in Table 6-1. For an offshore installation 

where high-power to weight ratio dominates, the HAT cycle stands out as the best option for 

power generation with an electrical efficiency of 56% and a power output of 0.14 MW per 

square meter.  

Table 6-1: Efficiency, Footprint and Power Output of Mid-Sized simple cycle, combined 
cycle and EvGT 

Cycle Electrical 

Efficiency 

[%] 

Area 

 [m2] 

Power 

Output [MW] 

PO/Area 

[MW/m2] 

Simple Cycle 38.2 200 41 0.21 

Combined cycle 55.6 800 60 0.075 

EvGT 56.0 600 83 0.14 

  

6.4 Advanced HAT cycle 

In 2004 Hitachi began developing the Advanced HAT system (AHAT). The main difference in 

the advanced cycle is the use of Water Atomization Cooling, or an inlet air fogging, instead of 

an intercooler. Small droplets of water are sprayed into the inlet airflow to cool the air by 

evaporation. The cool air is denser, and increases the mass flow into the compressor, 
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thereby lowering the compression work. A Water Recovery System ensures for a near-zero 

make up water requirement. Figure 6-3 shows the schematics of the plant [81].  

 

Figure 6-3: Schematic diagram of AHAT system [81] 

In 2006 a 3 MW pilot plant proved the applicability of the system and flexibility with regards 

to load control. In 2008 phase II started, where the construction of a 40 MW full-scale power 

plant to investigate potential commercialization of such systems. The facility was completed 

in 2011, and tests started January 2012 to verify the practicability of the AHAT system 

further [81]. The tests verified that the key components of a medium class gas turbine can 

be applied to the AHAT system [82]. No update on the progress of development for 

commercialization has been found since 2014, however.  

 

6.5 Humid Air Turbine on GEA 

HAT cycles could be installed on GEA to increase the efficiency of the electricity generation. 

The plant is smaller and lighter compared to a combined cycle, and offers a higher total 

efficiency compared to the solutions for electricity generation on the GEA today, namely 

simple cycled gas turbines and a combined cycle.  

The basis for calculations regarding HAT on GEA is taken from the simulation study Techno-

economic evaluation of the evaporative gas turbine cycle with different CO2 capture options 

by Yukun Hu et al. at the University of Stockholm [83]. The study takes basis in a LM1600PD 
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gas turbine with a capacity of 13.78 MW. The HAT-cycle performance was studied under the 

simulation tool Aspen Plus, where the calculated electrical efficiency was 52.1% and the CO2-

emission rate was 0.38 ton/MWh. Three different EvGT cycles are studied for their 

performance and cost, with two different CO2-capture options, and one reference system 

without carbon capture. The reference study is what the calculations concerning HAT on GEA 

is based on.  

 

6.5.1 Energy Calculation 

The burn value of the fuel on GEA is 10.689 MWh/1000 Sm3 fuel. With an efficiency of 52.1% 

and CO2-emission factor of 0.38 ton/MWh, 1000Sm3 of fuel would return 5.57 MWh and 

2.12 tons of CO2. The electricity demand on the field is still set to be ~21% of total energy 

demand, namely 280 GWh. Based on these numbers, a new gas consumption, energy 

production and CO2-emission table were created for a scenario where the simple cycles and 

combined cycle generating electricity were exchanged for the HAT cycle.  

Table 6-2: Gas Consumption, Energy Production and CO2-emissions for GEA Humid Air 
Turbines 

 
Gas Consumption 

[Sm3] 

Energy 

Production 

[MWh] 

CO2-emission 

[ton] 

[%] 

Gas Turbines             357 453 347                 1 336 876                  789 972   

HAT cycle             332 931 599                 1 336 876                  729 486   

Reduction  24 521 748                    60 485  7.66% 

 

The CO2-emission reduction of HAT cycle compared to simple cycle is 60 485 tons per year, 

representing a cost of 46.3 million NOK per year in terms of CO2-fees and emission 

allowances. The excess gas would generate an extra income of close to 12 million NOK per 

year, calculated with the average gas price from 2018 of 2.211 NOK/Sm3 and 78% tax.  
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As the HAT cycle make a good candidate for carbon capture, the emissions could be reduced 

even more. This will not be studied any further, however other options on carbon capture 

are reviewed in Chapter 10.   

 

6.5.2 TRL 

Proof of concept was demonstrated by Lindquist and Thern in 2002 with a non-intercooled 

HAT unit of 600 kW. A large-scale 40 MW AHAT system power plant was built in 2011 to 

verify the practicability of the system, however no news about progress on 

commercialization has been reported.   

As of today, HAT power plants have not yet been commercialized. Two important points as 

to this is the water consumption in the cycle can be problematic and costly, depending on 

the availability of water at site. The recycled water needs to be condensed and cleaned for 

contaminants, increasing the complexity and cost. The HAT cycle also requires a suitable 

turbomachinery, to cope with the flow mismatch of the compressor and turbine due to the 

humified air, which is not developed yet [78].  

With basis in Table 2-3, and Hitachi' 40 MW pilot unit, the technology is rated with TRL 5.  

 

6.5.3 CO2-Emission Reduction 

The CO2-emission factor for the HAT cycle is calculated from Eq. (2.1) with numbers from 

Table 6-2. 

𝐶𝑂2𝐻𝐴𝑇
=

729 486𝑡𝑜𝑛

1 336 876 𝑀𝑊ℎ
= 0.55 𝑡𝑜𝑛

𝑀𝑊ℎ⁄  

With Eq. (2.2) the CO2-emission reduction can be calculated: 

% 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = −
0.55

0.59
∙ 100% + 100% = 6.8% 

The total emission reduction of the field amount to 6.8% when the gas turbines producing 

electricity is replaced by humid air turbines. 
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6.5.4 Efficiency 

The efficiency of the HAT cycle is set to be 52.1% from the base case. This is true for 

electricity generation only, which is ~21% of total power requirements. The gas turbines 

running compressors and pumps has an average efficiency of 34.7% and represents ~79% of 

the total energy production. Efficiency for total power generation is calculated to be: 

 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  0.2088 ∙ 52.1% + 0.7912 ∙ 34.7% = 38.33% 

 

Efficiency improvement can be calculated from Eq. (2.5): 

 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 =
38.33% − 34.7%

34.7%
∙ 100% = 10.5% 

 

6.5.5 Cost 

Cost estimations will not be studied for the HAT cycle, as the low TRL offers too great 

uncertainties for final installation and operation cost estimations.  

 

6.5.6 Rating Table 

Alternative TRL 

% CO2-

Emission 

Reduction 

Efficiency 

Improvement 

Abatement 

Cost 
Comments 

Gas 

Turbines 
9 0% 34.7% 765NOK/ton Base Case 

HAT 5 6.8% 10.5% - 

Too low TRL 

for cost 

estimations 
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7 Fuel Cells 

Unlike the other alternatives for fuel-based power generation presented in this thesis, fuel 

cells produce electricity without direct combustion of the fuel. The power conversion is 

through electrochemical means, with an anode and cathode to provide positive and negative 

charge and an electrolyte layer to transport ions while blocking electrons, forcing them 

round in an external circuit, which produces electricity. Air and fuel such as natural gas or 

hydrogen is consumed to produce DC electricity in addition to by-products of heat, CO2 

and/or water. As each cell only produces a low voltage (~1V), the cells are placed in series 

linked together, forming a fuel cell stack. A fuel cell system is typically made up of the fuel 

cell stack, a DC-AC converter and a fuel reformer to produce hydrogen, if required [84].  

Potential applications for fuel cells are broad, as the power range from μW in hearing aids to 

MW in grid-connected electricity production. Compared to gas turbines, fuel cells can deliver 

efficiencies of 60-80%, no noise pollution and reduced CO2-emissions. The cells can even be 

designed to capture produced CO2, thereby eliminating emissions completely [27]. Fuel cells 

on offshore installations have been evaluated for a long time but has not yet been 

implemented. This is because the fuel cells designed to operate on natural gas, which is the 

most convenient fuel offshore, operate on high temperatures. This further requires 

materials capable of withstanding excessive heat and the mechanical stresses linked to 

expansion with a rise in temperature. The increased cost and weight associated with these 

materials are problematic with respect to implementation on offshore installations.  

 

7.1 Technology 

Numerous different types of fuel cells are available on the market today, with different 

technologies for the components. Fuel cells are often divided into operation in low-, 

medium- and high- temperatures, in the range from 50°C to 1000°C. Low temperature 

operations often require clean hydrogen fuel, while higher temperatures allow for direct 

internal processing of more complex fuel such as natural gas. High temperature operations 

have the advantages of higher efficiency, less formation of CO and the opportunity to 

manage without the use of noble metals as catalysts, as the temperature alone provides a 
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sufficient reaction rate. The high temperature does however increase the size and weight of 

the system, as it requires heavy isolation.  

Solid Oxide Fuel Cell (SOFCs) is an example of a high temperature operating fuel cell capable 

of operating on natural gas. On the low temperature end, the hydrogen operating Proton 

Exchange Membrane Fuel Cell (PEMFCs) is the most known and used fuel cell worldwide. 

The PEM cell is light and compact, as it was originally developed to be used in private cars. 

The size of a PEMFC compared to the SOFC is only 10% [85].   

To be able to utilize fuel cells on offshore installations, a combination of the two fuel cells 

introduced above are being developed by Prototech AS. The new Clean Highly Efficient 

Offshore Power (CHEOP) system includes the two fuel cells, steam reformation, hydrogen 

membranes and heat transfer between the processes. The CHEOP-system, when 

commercialized, will be capable of delivering the same amount of power as a gas turbine, 

with higher efficiency and decreased CO2-emissions, noise pollution and size [86].  

The next subchapters will explain the technology behind SOFCs, PEMFCs and CHEOP more 

thoroughly.  

 

7.1.1 SOFCs 

Solid oxide fuel cells have a solid electrolyte as the name suggests. The ceramic electrolyte is 

conductive of the oxide anion O2- at high temperatures. Air is supplied to the cathode where 

it is reduced to its ionic state and further conducted to the anode. At the anode oxygen ions 

react with the fuel (H2 and CO) to produce water, carbon dioxide, heat and electrons. Lastly 

the electrons are pushed around the electrolyte in an external circuit to produce electricity 

[84]. Figure 7-1 shows the schematics of a solid oxide fuel cell.  
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Figure 7-1: Schematics of a Solid Oxide Fuel Cell [87] 

The reactions taking place in the cell are shown below [85]. 

Anode: 𝐻2 + 𝑂2− → 𝐻2𝑂 + 2𝑒− (7.1) 

Cathode: 1

2
𝑂2 + 2𝑒− → 𝑂2− 

(7.2) 

The high temperature in the cell allows for oxidation of carbon monoxide present in the 

gases from reforming of hydrocarbons. The oxidation contributes to even more electricity 

production from the cell, according to reactions below [85].  

Anode: 𝐶𝑂 + 𝑂2− → 𝐶𝑂2 + 2𝑒− (7.3) 

Cathode: 1

2
𝑂2 + 2𝑒− → 𝑂2− 

(7.4) 

The cell can run on both natural gas and hydrogen fuel. Operating temperatures are typically 

between 800-1000°C, and efficiencies of over 60% are normal [84]. 

 

7.1.2 PEMFCs 

The electrolyte in the PEM fuel cell is a thin permeable polymeric membrane. The cell 

operates on low temperatures of around 80°C and is therefore in need of catalysts to boost 

the reaction rate, placed on either side of the membrane. Within the cell, fuel is supplied to 
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the anode and split into H+ ions and electrons. The protons pass through the membrane to 

the cathode, where they react with supplied oxygen to produce water. The electrons are 

diverted around the membrane in an external circuit to produce electricity [84].  

The most effective operation of the PEMFC happens when the electrolyte is saturated with 

water, as the conductivity of the membrane depends on the degree of its hydration. If the 

temperature increases, the risk of dehydration occurs. Then the ionic resistance in the 

membrane will increase rapidly and the performance of the cell will suffer drastically. An 

excess of water will however cause flooding of the cell by blocking the pores and preventing 

gases from reaching the active layer between the electrolyte and electrodes. This too will 

result in a decreased performance of the fuel cell. Water management is therefore one of 

the greatest challenges associated with PEMFCs, and must be part of the design 

consideration, to ensure optimal efficiency and power output from the cell.  

Figure 7-2 shows the schematics of a PEM fuel cell. 

 

Figure 7-2: Schematics of a Proton Exchange Membrane Fuel Cell [87] 

Reactions taking place at the anode and cathode are shown below [85]. 

Anode: 𝐻2 → 2𝐻+ + 2𝑒− (7.5) 

Cathode: 1

2
𝑂2 + 2𝑒− + 2𝐻+ → 𝐻2𝑂 

(7.6) 

The PEMFC run on pure hydrogen, with efficiencies ranging between 40-60% [84]. 
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7.1.3 CHEOP 

The CHEOP system development started in 2015, with a goal to develop a compact 3 MW 

fuel cell stack with the size and weight equivalent of 1/10 of a 30 MW gas turbine, and 

further replace the gas turbine with the CHEOP-system containing 10 fuel cell stacks [27]. 

The system consists of the two fuel cells SOFC and PEMFC, a reformer with a hydrogen 

membrane and a heat recovery unit. Schematics of the system are shown below in Figure 

7-3 [88].  

 

Figure 7-3: Schematics of a CHEOP system [88] 

Natural gas and water enter the reformer and H2 membrane, where CO and H2 is produced 

and separated. The H2 is further converted to electricity in the high temperature PEMFC of 

180°C with total capacity of 25 MW. 15 MW of heat in the form of oil between 160-180°C 

are also produced from this cell. The CO from the reformer is directed towards the SOFC 

operating on 800°C. The high temperature allows for the carbon fuel to be oxidized as shown 

in Eq. (7.3) and (7.4), providing an additional power capacity of 7 MW. Lastly, the waste heat 

from the SOFC is recovered and utilized in the reformer. The remaining fuel from the SOFC is 

diverted out through an exhaust pipe and combusted [88].  

An illustration of how the CHEOP module might look like is shown in Figure 7-4. A 

comparison of the CHEOP and a 32 MW gas turbine are shown in Table 7-1.  
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Figure 7-4: Illustration of the CHEOP module [86] 

Table 7-1: Characteristics of a gas turbine and the CHEOP module [89] 

Description Gas Turbine CHEOP Module Unit 

Power 32 32 MW 

Weight 97 100 Ton 

Volume 530 300 m3 

Efficiency 33 60 % 

Noise ~87 Very low DB 

A simultaneous project is under development of a CHEOP Carbon Capture (CHEOP-CC) 

module, with an oxygen membrane at the cathode of the SOFC unit. This membrane will 

separate oxygen from the unused gas leaving the cathode, which will further be utilized in 

the final combustion of the unused fuel from the anode, i.e. an oxyfuel combustion. When 

the fuel is combusted with pure oxygen instead of air, the exhaust gases will only contain 

CO2 and water, and the CO2 can be separated by condensing and dehydration, further 

explained in Ch. 10.1.1 [90].  
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7.2 Fuel Cells on GEA 

When commercialized, the CHEOP system would make a good alternative to the current gas 

turbines producing electricity at GEA. The CHEOP-modules will increase the efficiency of the 

power production, thereby reducing emissions, in addition to reducing the noise pollution. 

Combined with a carbon capture unit (CHEOP-CC), CO2-emissions from power generation 

will be completely eliminated. CHEOP-CC will be studied further in Ch. 10.2.  

 

7.2.1 Energy Calculation 

The burn value of the fuel on GEA is 10.689 MWh/1000 Sm3 fuel. With an efficiency of 60% 

and CO2-emission factor of 2.21 kg/Sm3, 1000Sm3 of fuel would return 6.41 MWh and 2.21 

tons of CO2. Total energy requirement in 2018 was 1 337 GWh. The turbines producing 

electricity was accountable for roughly 21% of this (i.e. ~280 GWh). Based on these numbers, 

Table 7-2: Gas consumption, energy production and CO2-emission for GEA with the CHEOP 

system installed was created. The case for CHEOP is split into two, as the fuel cell only covers 

the electricity production. The remaining energy required for mechanical work is still 

supplied by gas turbines.  

Table 7-2: Gas Consumption, Energy production and CO2-emissison for GEA with the 
CHEOP system 

 
Gas Consumption 

[Sm3] 

Energy 

Production 

[MWh] 

CO2-emission 

[ton] 

 

[%] 

Base Case           357 453 347         1 336 876          789 972   

CHEOP 
Electricity             43 525 018            279 143             96 190   

Mechanical 282 816 114 1 057 733 625 024  

Reduction 31 112 215  68 758 8.7 % 

 

From Table 7-2, a reduction of 8.7% in total gas consumption and CO2-emissions can be 

accomplished by implementing CHEOP. As the fuel cell system allows for integration of a 
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carbon capture unit (CHEOP-CC), the emissions could be even further reduced. The CHEOP-

CC will be reviewed in Ch. 10.2.  

 

7.2.2 TRL 

Fuel cells in general are well known technology rated with TRL 9. The CHEOP technology, 

however, a combination of the SOFC and PEM technology, is still under development. The 

SOFCs has never been demonstrated in MW size before, and the process of enhancing 

power capacity while at the same time reducing its size is still undeveloped technology.   

As of today, the project has reach phase 2 which will end with a 200kW fuel cell system for 

onshore testing. Phase 1 involved building and validating a SOFC stack of 10kW, in addition 

to designing the 32 MW system for future applications. The main focus of the current phase 

is to demonstrate the system in a sufficient size before scaling up even further in phase 3 

[91]. As of today, the CHEOP technology is rated with TRL 3 from Table 2-3, while Prototech 

AS are currently working on reaching TRL 4 where the system will be validated in a 

laboratory environment.  

 

7.2.3 CO2-Emission Reduction 

The CO2-Emission Reduction is calculated by Eq. (2.1) and (2.2), with the numbers from Table 

7-2. To get the emission reduction for all power generation on GEA, emissions from gas 

turbines producing mechanical work are also included.  

 

𝐶𝑂2𝐶𝐻𝐸𝑂𝑃
=

96 190 + 625 024  𝑡𝑜𝑛

1 336 876 𝑀𝑊ℎ
= 0.54 𝑡𝑜𝑛

𝑀𝑊ℎ⁄  

% 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = −
0.54

0.59
∙ 100% + 100% = 8.6% 
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7.2.4 Efficiency 

Electrical efficiency of the CHEOP-module is stated to be 60% and are accountable for ~21% 

of total energy production. The gas turbines producing mechanical work represents the 

remaining ~79% and have an average efficiency of 34.7%. Total efficiency for power 

generation becomes:  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  0.2088 ∙ 60% + 0.7912 ∙ 34.7% = 40% 

 

Efficiency improvement compared to simple cycle gas turbines is then calculated from Eq. 

(2.5) 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 =
40% − 34.7%

34.7%
∙ 100% = 15.2% 

 

7.2.5 Cost 

As the CHEOP system is still in an early stage of development, with TRL 3, any cost 

estimation would include a lot of uncertainties as core components of the system has not 

yet been verified. Early estimations done by Prototech AS suggests the technology would be 

competitive to PFS financially, but this too is given with a high level of uncertainty [91].  

 

7.2.6 Rating Table 

Alternative TRL 

CO2-

Emission 

Reduction 

Efficiency 

Improvement 

Abatement 

Cost 
Comments 

Gas 

Turbines 
9 0% 34.7% 765 NOK/ton Base case 

CHEOP 3 8.6% 15.2% N/A 

Too low TRL 

for cost 

estimations 
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8 Energy Efficiency Measures 

This chapter will cover small energy measures already taken by ConocoPhillips on GEA to 

increase efficiency of power generation. The measures do not involve any new technology or 

expensive investments, but rather describes small actions taken with the existing power 

solution to save energy, and thereby reduce emissions.  

Five different examples of energy efficiency measures are provided, with estimated annual 

and total CO2-emission reduction, in addition to a simplified calculation of the abatement 

cost for 3 of the measures, given in NOK/ton CO2 reduced.  

The measures taken and the abatement costs presented aims at illuminating the positive 

impact of possible improvements to encourage further studies for identification of 

improvement potential at existing installations.  

 

8.1 Modification of Oil Export Pump 

One of the oil-export pumps on Ekofisk 2/7 J produced a greater pressure increase than 

required. By reducing the pressure drop from 50 to 25 bar over a valve, the power demand 

was reduced by 1 MW. This further reduced CO2-emissions with 5 500 tons per year.  

The measure was implemented in 2009, with the current production licence, which is valid 

until 2049, total CO2-emission reduction amounts to 220 000 tons. The investment cost was 

estimated to be somewhere between 0.1 to 1 MNOK [92]. The range given is wide, however 

to underline the positive effect these efficiency measures provide, the abatement cost is 

further calculated with the highest given cost of 1 million NOK to prove the investment cost 

is still insignificant compared to amount of CO2 reduced.   

 

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 
=

1 000 000

220 000
= 4.55 𝑁𝑂𝐾/𝑡𝑜𝑛 𝐶𝑂2 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 
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8.2 Upgrade of Combined Cycle System 

The original WHRU for the combined cycle on Eldfisk 2/7 E, recovered heat from two water 

injection turbines and one gas compression turbine. Unstable operation led to an upgrade of 

the system in 2013, for the WHRU to cover all four injection turbines (only two at a time) in 

addition to the compression turbine. With a higher flexibility regarding waste heat recovery, 

the power output increased by 27%, from 7.5 MW to 9.5 MW. Reduced CO2-emissions were 

estimated to be 12 000 tons per year [73]. Accumulated to the end of current production 

licence, total CO2-emission reduction amounts to 420 000 tons. Investment cost for the 

upgrade has not been found.  

 

8.3 Operations Optimization of Gas Compressor to Pipeline 

The operation philosophy regarding pipeline gas compressors was optimized in 2014. 

Previously, two compressors were running simultaneously to ensure high regularity. As of 

2014, only one compressor is operating whenever the pressure in the pipeline operated by 

Gassco is below 117 bars. The annual emission reduction due to reduced use of compressor 

is estimated to be 32 000 ton CO2. Investment cost is given as <100 000 NOK [93].  

A simplified abatement cost with the highest possible investment cost of 100 000 NOK and 

total CO2 reduction over 34 years of 1 088 000 ton are given as: 

 

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 
=

100 000

1 088 000
= 0.09 𝑁𝑂𝐾/𝑡𝑜𝑛 𝐶𝑂2 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 

 

8.4 AC Cable Between Installations 

In 2014 an AC cable with 10 MW capacity was installed between Ekofisk 2/4 Z and Eldfisk 2/7 

S. The cable provides the two fields a higher flexibility concerning power generation, as 

specific gas turbines can operate on higher load, i.e. reach a higher efficiency. The net result 

is a more optimal utilization of energy between the two fields, hence a reduced CO2-

emission [94]. Investment cost and estimated CO2-emission reduction from the power cable 

has not been found.  
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8.5 Operations Optimization of WHRU 

The WRHU on Ekofisk 2/4 K were originally connected to three of the power turbines and 

one of the gas injection turbines on the platform. The WHRU is mainly used for production 

of fresh-water and heating of living quarters, requiring operation of only one power turbine 

and one injection turbine to supply sufficient heat. An optimization of the WHRU were done 

in 2015 by blinding parts of the WHRU connected to turbines not normally in operation, to 

eliminate the heating medium from being cooled down by cold exhaust pipes. The flow rate 

of the heating medium through the WHRU was also reduced, to increase the temperature of 

the working medium.  

The measures taken increased the heating medium temperature by 7 degrees, eliminating 

the need to operate the power turbine for 9 out of 12 months, as the installation is normally 

powered through a cable from the Ekofisk Complex.  

CO2-emission reduction due to reduced use of the gas turbine is approximately 6 300 tons 

per year. Accumulated to end of current production license makes a total of 207 900 tons 

CO2 reduced. Investment cost is given as <100 000 NOK [95].  

A simplified abatement cost with the highest possible investment cost of 100 000 NOK and 

total CO2 reduction over 33 years is given as: 

 

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 
=

100 000

207 900
= 0.48 𝑁𝑂𝐾/𝑡𝑜𝑛 𝐶𝑂2 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 
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8.6 Total CO2-Emission Reduction 

Below in Table 8-1, is a summary of the energy efficiency measures with associated 

abatement cost and CO2-emission reduction with the current production licence to 2049. 

The combined annual CO2-emission reduction from the three measures given with 

investment cost, make up 5.5% of the CO2-emissions related to gas turbines on GEA in 2018. 

The abatement cost calculated for these measures is insignificant and well below the break-

even abatement cost of 754 NOK/ton CO2 reduced, proving these small measures to be both 

economically and environmentally beneficial. Total abatement cost for the measures given 

with investment values are calculated as: 

 

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 
=

1 000 000 + 100 000 + 100 000

220 000 + 1 088 000 + 207 900
= 0.73𝑁𝑂𝐾/𝑡𝑜𝑛 

 

Table 8-1: Summary of CO2-emission reduction due to energy efficiency measures and 
associated abatement cost 

Description Abatement Cost  

[NOK/ton CO2 

reduced] 

Annual CO2-emission 

reduction  

[tons] 

Total CO2-emission 

reduction  

[tons] 

Modification of oil export pump 4.55                             5 500                       220 000  

Upgrade of combined cycle system -                            12 000                       420 000  

Gas compressor to pipeline 0.09                           32 000                  1 088 000  

AC cable between installations -  - 

Upgrade of WHRU 0.48                              6 300                       207 900  

Total CO2-Emission Reduction                                     55 800 1 935 900 
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Fuel Type 

Fuel based power generation include not only different options for cycles and processes, but 

type of fuel too. The column for power generation can therefore further be split into two, 

namely carbon free fuel, or hydrocarbon fuel. CO2 is not generated as a by-product before 

the hydrocarbons are present, meaning CO2-emissions could still be avoided by choosing a 

carbon free fuel type. Chapter 9 is therefore a presentation of hydrogen as an alternative 

fuel to natural gas. The chapter will go into detail about characteristics of the fuel, 

production methods and utilization. Finally, a study of the possibility of implementing 

hydrogen production and combustion on GEA is presented.  
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9 Hydrogen 

Being an energy carrier capable of delivering and storing tremendous amounts of energy, 

hydrogen is often referred to as the future of energy. Hydrogen is the most abundant and 

simplest element on the Earth's surface and has the highest energy content of any common 

fuel by weight. When combusted with oxygen, only water is produced, making the element 

environmentally attractive as a fuel. However, the compound seldom exists by itself in 

nature. Typically, it is bound to other chemicals such as oxygen in water or carbon in 

hydrocarbons. To utilize the hydrogen for energy purposes, it will first need to be separated 

from other elements, a process referred to as hydrogen production.    

 

9.1 Production 

To produce hydrogen, three necessities are required. A hydrogen source, a separation 

method, and a primary energy source to perform the separation. By combining these three 

factors in different ways, hydrogen production methods are numerous. From steam 

methane reforming, hydrogen can be separated from natural gas by heat. In electrolysis, 

hydrogen is produced by separating water molecules into hydrogen and oxygen with 

electricity. Biological processes produce hydrogen gas by letting bacteria and microalgae 

consume plant material. Hydrogen can also be produced in several ways using sunlight [96]. 

This chapter will focus on hydrogen production from steam methane reforming, partial 

oxidation, and electrolysis, as these methods are most relevant for offshore installations.  

 

9.1.1 Production from Hydrocarbons 

Steam Methane Reforming 

In the Steam Methane Reforming (SMR) process, natural gas (CH4) reacts with steam at high 

temperature to produce CO and H2 in the following reaction. 

𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 (∆𝐻 = +206𝑘𝐽/𝑚𝑜𝑙) (9.1) 
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The reaction is endothermic, meaning heat input is required for hydrogen to be produced. 

This heat is usually generated by burning a fraction of the natural gas, or by utilization of 

waste heat. To enhance the hydrogen production and eliminate CO, the SMR is followed by a 

Water-Gas Shift (WGS) reaction, illustrated by the chemical reaction below. 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 (∆𝐻 = −42𝑘𝐽/𝑚𝑜𝑙) (9.2) 

This reaction is mildly exothermic, meaning heat is produced. The water to gas shift reaction 

is usually conducted in two stages with different temperatures. The high temperature shift 

reactor operates in the range of 350-475°C and is accountable for most of the hydrogen 

production. The second stage requires more active catalysts since the temperature is lower 

(in the range of 200-250°C) and contributes to bringing down the CO concentration to only a 

few mole% [97]. The final step is the hydrogen purification process, most often done by 

Pressure Swing Adsorption (PSA). PSA technology relies on differences in the adsorption 

properties of gases, by flowing feed gas upwards through an adsorber vessel. Hydrogen 

being a highly volatile component with low polarity, are practically non-adsorbable opposed 

to other gases such as N2, CO, CO2, H2O and hydrocarbons. In this way, clean hydrogen 

(99.99%) exits at the top of the vessel. Desorbed impurities cling on to the surface of the 

adsorber material until the vessel is depressurized and the substances can leave from the 

bottom [98].  

Partial Oxidation 

Hydrogen can also be produced from hydrocarbons using partial oxidation. In this process, 

hydrocarbons react with oxygen to form hydrogen and carbon monoxide, as for the chemical 

reaction below.  

𝐶𝐻4 +
1

2
𝑂2 ↔ 𝐶𝑂 + 2𝐻2 + 𝐻𝑒𝑎𝑡 (∆𝐻 = −35.7𝑘𝐽/𝑚𝑜𝑙) (9.3) 

The chemical reaction is exothermic, meaning heat is produced. The hydrogen to carbon 

ratio is however lower than for the SMR reaction, with the ratio 2:1 for partial oxidation and 

3:1 for SMR. As for the SMR process, the hydrogen production by partial oxidation can be 

maximized when followed by a WGS reaction and cleansed for impurities by PSA [97].  
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9.1.2 Electrolysis 

Hydrogen can also be produced from water by splitting up the molecule using electricity in 

an electrolyser. An electrolyser typically consists of an anode and a cathode separated by an 

electrolyte, in addition to a power supply. The electrolyte can either be an aqueous solution 

(acidic or alkaline) or a membrane. This subchapter will first give a background into the 

thermodynamics of water electrolysis, and further introduce two methods for water 

splitting, namely alkaline water electrolysis and Proton Exchange Membrane (PEM) water 

electrolysis.  

 

Fundaments of Water Electrolysis 

The basic water electrolysis reaction is: 

𝐻2𝑂(𝑙) + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 → 𝐻2(𝑔) +
1

2
𝑂2(𝑔) 

(9.4) 

The reaction is endothermic and the required energy for splitting the water molecule is given 

by: 

∆𝐻 = ∆𝐺 + 𝑇∆𝑆 (9.5) 

Where ΔH is the enthalpy change associated with the reaction and represents the total 

amount of energy required to decompose water into oxygen and hydrogen. ΔH is the sum of 

the electrical energy and thermal energy, represented by ΔG and TΔS respectively. ΔG is the 

Gibbs free energy change and is positive (non-spontaneous) up to 2250°C. T is the absolute 

temperature of the process, and ΔS is the entropy change, which is positive for this reaction 

[99].  

Water electrolysis technologies are classified into low temperature processes (T<150°C), 

medium temperature processes (150°C<T<600°C) and high temperature processes (T>600°C) 

From Eq. (9.5), the required electrical energy (ΔG) decreases with increasing temperature of 

the process. A high operating temperature is therefore beneficial for the process, as less 

electricity is needed, which is more costly than heat. Figure 9-1 shows the electricity input 

requirements for different temperatures in a water electrolysis process [99].  
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Figure 9-1: Temperature dependence of main thermodynamic parameters for water electrolysis [99] 
 

There are two different thermodynamic voltages used for characterization of water 

electrolysis. The free electrolysis voltage E and the thermo-neutral voltage V defined below.  

𝐸 =
∆𝐺

𝑛 ∙ 𝐹
= 1.229 𝑉 

(9.6) 

𝑉 =
∆𝐻

𝑛 ∙ 𝐹
= 1.48 𝑉 

(9.7) 

Where n is the numbers of electrons in the reaction, which is 2, and F is the Faraday 

Constant = 96 485.3365 C/mole.  

E is the standard thermodynamic voltage. At standard conditions, electrolysis will start for 

voltages above E, but the cell will consume heat from the surroundings as the voltage is too 

low to maintain isothermality. For an efficient electrolysis, the voltage needs to be higher 

than the thermoneutral voltage V. With a voltage above 1.48, current density increases, and 

the electrolysis can be carried out at high speed. This process however, requires cooling as 

the reaction will be exothermic [99, 100].  

The cell efficiency of an electrolyser measures the ratio of theoretical amount of energy to 

the real amount of energy required to split one mole of water and can be expressed as the 

thermo-neutral voltage divided by the cell voltage, U [100].  
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𝜂𝑒𝑙 =
𝑉

𝑈
∙ 100% 

(9.8) 

An efficiency of 100% can easily be obtained by running the cell on the thermo-neutral 

voltage. However, operation at this voltage yields a low current density and therefore also a 

low specific hydrogen production. To increase the productivity, thereby decreasing capital 

expenditure, a higher voltage is advantageable. Too high voltage will lead to an increasing 

share of the electricity being degraded into heat in the cell, meaning an increase in 

operational expenditure. A balance between CAPEX and OPEX must therefore be found in 

the right cell voltage. Typical electrical efficiencies for electrolysers are 60-80% for alkaline 

and 80% for PEM, with a production rate of 1-500 and 1-230 Nm3/h respectively.  [99, 100]. 

 

Alkaline Water Electrolysis 

The alkaline water electrolysis is a low-temperature electrolysis, with typical operating 

temperature between 60-80°C. The electrolysis is performed with two electrodes immersed 

in an alkaline aqueous solution of typically NaOH or KOH. When connected to a power 

supply, water is reduced at the cathode to produce hydrogen gas and hydroxyl ions, 

according to Eq. (9.9). At the anode, hydroxyl ions are oxidized to water and oxygen, as for 

Eq. (9.10).  

Cathode: 2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻− (9.9) 

Anode: 2𝑂𝐻− →
1

2
𝑂2 + 𝐻2𝑂 + 2𝑒− 

(9.10) 

As water is consumed during the process, a constant water supply is necessary to keep the 

concentration of the aqueous solution at an optimum level. Water vapour and traces of 

electrolyte can be carried away by the gas products, a purification process of the hydrogen 

gas is therefore necessary before utilization. A porous separator is placed between the two 

electrodes, to avoid the two product gases to react with each other. The schematics of 

alkaline water electrolysis are shown in Figure 9-2.  
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Figure 9-2: Schematic diagram of the alkaline water electrolysis cell [99] 

 

PEM Water Electrolysis 

The PEM cell, illustrated in Figure 9-3, consists of a thin (~0.2mm) membrane of a proton-

conductive polymer electrolyte, serving the purpose of both carrying ionic charges and 

separating the two product gases to avoid reformation of water. Catalytic layers are placed 

on either side of the membrane, which is further connected to electrodes supplying DC 

charge. Together the five constituents make up the Membrane-Electrolyte Assembly. The 

assembly is further placed between bipolar plates with channels for water and gas 

transportation, and lastly immersed in water for electrolysis to start [99, 100].  

 

Figure 9-3: Schematics of a PEM electrolysis cell [99] 
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When connected to a power supply, the water will oxidize at the anode, producing O2 

according to the half reaction in Eq. (9.11) below. The hydrated hydrogen ions are further 

transported across the PEM, and reduced at the cathode to form hydrogen according to Eq. 

(9.12).  

Anode: 𝐻2𝑂 →
1

2
𝑂2 + 2𝑒− + 2𝐻+ 

(9.11) 

Cathode: 2𝐻+ + 2𝑒− → 𝐻2 (9.12) 

The acidic hydrogen ions transported by the membrane can lead to corrosion of the 

electrodes connected to the membrane. To avoid corrosion, precious metals have to be 

used, making the PEM electrolysis cell rather expensive [99].   

 

9.2 Utilization 

Today, hydrogen is mainly used for fertilizers and petroleum refining. However, hydrogen as 

fuel for transportation purposes is a growing market. The largest potential for hydrogen is 

for fuel cells and renewable energy storage, whereas numerous studies are being performed 

today. Hydrogen can also be combusted directly in a combustion engine, thereby replacing 

natural gas, and avoiding CO2-emissions as only water is produced as a by-product. This 

however, requires modifications to the original machinery to cope for the differences in 

combustion characteristics between the two gases.   

This thesis will cover hydrogen utilization in combustion engines, fuel cells and for storage 

purposes, as these options are most relevant for energy production on offshore installations.  

 

9.2.1 Combustion engines 

Gas turbines are versatile, fuel-flexible combustion engines and can easily be modified to 

operate with different fuels, including hydrogen. However, differences in combustion 

characteristics for hydrogen and natural gas must be considered before switching the fuel. 

Table 9-1 shows the different characteristics for methane and hydrogen.  
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Table 9-1: Comparison of fuel properties [101] 

Property Units Methane Hydrogen 

Formula  CH4 H2 

Molecular Weight [gram/mol] 16 2 

LHV (per volume) [MJ/Nm3] 35.8 10.8 

LHV (per mass) [MJ/kg] 50 120 

Flame Speed [cm/s] 38.3 170 

 

Hydrogens volumetric-energy density is ~1/3 that of natural gas, meaning the gas turbine 

requires 3 times as much gas for same power output with hydrogen as fuel compared to 

natural gas. The fuel system of the turbine must therefore be adjusted to accommodate the 

increased fuel flow [102]. As the flame speed of hydrogen is higher than of natural gas, the 

fuel speed must also be increased, to balance the flame on the burner rim to prevent flash 

back. Flash back happens when the flame speed is higher than fuel speed, resulting in the 

flame propagating into the burner tube. Even though no CO2 is formed when combusting H2, 

formation of NOx is present at the high temperatures when combusting with air. To reduce 

NOx emissions, water is injected into the fuel before combustion, known as Wet Low 

Emission (WLE). This water needs to be treated for impurities, demanding extra space and 

resources [103].   

As of today, there are few commercialized gas turbines operating on 100% hydrogen, but 

most gas turbines can operate with varieties of fuel containing substantial hydrogen 

volumes. GE Power has achieved hydrogen volumes of 95% in their aeroderivative gas 

turbines, configurated with a single annular combustor (SAC) [102]. The SAC is a diffusion 

burner, meaning only fuel is supplied to the burner, therefore the mixing of oxidizer (air) and 

combustion happen simultaneously. Opposed to the pre-mixed combustion process where 

fuel and air are mixed before entering the burner for combustion [104].  
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Siemens has pledged to reach 100% H2 combustion in gas turbines by the year 2030. As of 

2019, three of their aeroderivative WLE gas turbines has burned on 100% H2 [103]. 

 

Fuel Blends 

Fuel blends of hydrogen and natural gas is a near-term alternative to 100% hydrogen 

combustion. As hydrogen and natural gas has different heating values, the reduction in CO2 

emissions would have to be calculated from the heat input ratio opposed to volume or mass 

percentage. Figure 9-4 shows the relationship between heat input and volume flow for a 

methane/hydrogen fuel mix. To reduce CO2 emissions by 50% in a combustion process by 

using a methane/hydrogen blend, 77 vol% of the fuel needs to be hydrogen [101].  

 

Figure 9-4: Relationship between mass flow (heat input) and volumetric flow for a methane/hydrogen fuel mix [101] 

 

9.2.2 Fuel cells 

A fuel cell converts fuel to electricity through chemical reactions without any combustion 

and operate best on pure hydrogen where the by-products are only heat and water. For a 

more thoroughly description of fuel cells, see Ch. 7.  
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9.2.3 Storage 

Hydrogen storage is often linked with renewable energy production, such as wind or solar 

energy, as a solution to the disadvantage of energy only being available when weather 

conditions allow for it. Hydrogen production and -storage from renewable energy sources 

would allow us to save the energy and use it when needed. There are several different 

technologies for storing hydrogen today, including pressurized and cryogenic storage, 

chemical storage and hydride storage. This subchapter will briefly discuss pressurized 

storage in compression tanks, cryogenic vessels and underground reservoirs. A common 

factor for all alternatives is the necessity to first increase the volumetric energy density of 

hydrogen, for the most efficient utilization of the storage capacity [97].  

 

Compression and Liquification  

Compression of hydrogen is usually done in two or three stages, as it requires less energy 

than for one-stage compression. Storage tanks for the high-density gas needs to be made of 

high strength materials to ensure durability and safety. Standard compression tanks today 

use a pressure of about 10-20 MPa [97].  

Liquified hydrogen has a volumetric energy density 860 times higher than of hydrogen gas at 

ambient conditions. The liquification involves cooling the gas to below -252.87°C in several 

compression stages and by use of liquid nitrogen or helium cooling. Specific containers 

known as cryogenic vessels is required for storing liquid hydrogen safely. Although liquid 

hydrogen has a much higher volumetric energy density than compressed hydrogen, a 

compressed gas is simpler and less expensive to both manufacture and handle [97].  

 

Underground Storage 

For large scale hydrogen storage, underground reservoirs and caverns are advantageous. 

Several academic studies have been performed on the possibility of storing hydrogen 

underground, either in depleted reservoirs, aquifers or salt caverns. The criteria for 

underground storage are strict, as hydrogen has a high penetrability and high reactivity on 

rock matrix. The storage facility needs to be tight, and the effect of hydrogen reactions with 

the surrounding rock and fluid needs to be examined thoroughly [105].  
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Around 30% of gas injected into a storage facility cannot be recovered. This is known as the 

cushion gas, and its role is to exercise the minimum pressure needed to prevent water 

inflow into pore spaces and to provide optimum conditions for the recoverable gas. The 

remaining ~70% is known as the working gas and can be recovered at any time [105].  

Large-scale practical experiments have been done in salt caverns with volumes of over  

500 000m3 and working gas capacity of 3.72 million kg H2 with good results. No experiments 

have been done on depleted oil fields or aquifer reservoirs however, even though these 

reservoirs tend to be bigger than salt caverns. The main reason for this is the high cost of 

hydrogen production today. Lowering the cost will result in an increased amount of 

hydrogen and thereby an increased amount of storage requirements [105]. On the NCS, a 

huge potential lies in offshore wind turbines combined with hydrogen production and -

storage, when technology allows for it to be done in an efficient and economic manner.  

 

9.3 Hydrogen on GEA 

This chapter will investigate the possibility of hydrogen production from natural gas by 

steam methane reforming. The hydrogen will be burned as fuel in the gas turbines, and the 

CO2 produced from the SMR process will be captured and stored, furthered studied in 

Chapter 10. 

The basis for calculation of natural gas consumption, hydrogen production and CO2-

emissions with respect to SMR is taken from Spallina et al. Techno-economic assessment of 

membrane assisted fluidized bed reactors for pure H2 production with CO2 capture (2016) 

[106]. The simulation study compares two membrane-based technologies for hydrogen 

production to a reference technology for hydrogen production based on SMR with and 

without CO2 capture.  

In this plant, natural gas is first preheated to convert sulphur compounds to H2S which is 

absorbed over a bed of ZnO. NG is further mixed with H2O to achieve a steam to carbon (S/C) 

ratio of 3.4 in the reformer. An adiabatic pre-reforming is carried out to remove higher 

hydrocarbons in the gas, and finally the SMR process is introduced to create syngas (H2/CO). 

The syngas is further cooled before entering a WGS reactor where more than 70% of the CO 
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in the syngas reacts with H2O to produce CO2 and H2. The gas is cooled to ambient 

temperature before entering the PSA unit, where H2 is produced with a purity higher than 

99.999%. The PSA off-gas, rich in CO, is directed towards the furnace, where it is combusted 

to provide heat for the SMR process.  

9.3.1 Energy Calculation  

The SMR is a small-scale plant with a production capacity of ~30 000 Nm3/h, a H2-yield of 

2.49 mol per mol CH4, and hydrogen production efficiency of 74%. Required heat input and 

H2/CO2 output for the SMR plant are shown in Table 9-2.  

Table 9-2: Gas Consumption, Hydrogen Production and CO2 Production from SMR [106] 

 Gas Consumption Hydrogen Production CO2 Production  

 [Nm3] [kg] [Nm3] [kg] [ton] 

Per hour 9 432  11 731   2 700      30 033                        25  

Per year    82 624 320   102 766 567        23 652 000  263 092 325              215 736  

From Table 9-1 the heating value of hydrogen is 10.8 MJ/Nm3, compared to 40MJ/Nm3 of 

NG [107]. The annual hydrogen produced in the SMR process has a total heating value of  

2 841 TJ, which corresponds to ~71 million Sm3 of natural gas. The new and old gas 

composition (vol%) are shown in Table 9-3, where the volume and heat input represent 

required amount to cover GEA's annual energy need, namely 1 336 876 MWh.  

Table 9-3: Composition, volume and heating value of NG and NG/H2 mix 

Fuel Component Content  
Volume  

[m3] 

Heating Value 

[MJ] 

Original 

NG 100 % 357 453 347   14 298 133 880 

H2 - - - 

Fuel Blend 

NG 52 %   286 418 419     11 456 736 772  

H2 48 %   263 092 325        2 841 397 108  
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With the new gas composition, an updated gas consumption, energy production and CO2-

emission table can be made shown in Table 9-4. 

Table 9-4: Gas consumption, energy production and CO2-emission table for GEA with SMR 
and a fuel mix of NG/H2 

Activity 
NG Consumption 

[Sm3] 

Energy 

Production 

[MWh] 

CO2-emission 

[ton] 

Base Case 357 453 347 1 336 876 789 972 

SMR         102 766 567           215 736  

Combustion         286 418 419              1 336 876          632 985  

Reduction -         31 731 639 (-8.88%)                                  -         58 748 (-7.44%) 

 

From Table 9-4, one can clearly see an increase in total gas consumption and CO2-emission 

by producing hydrogen through SMR for further combustion in gas turbines along with 

natural gas. A more efficient SMR process would yield a higher hydrogen flow rate, thereby 

decreasing the emission of CO2. However, a net decrease in CO2-emission could also be 

accomplished by implementing CCS. CCS would eliminate most of the CO2-emissions related 

to the SMR process (up to ~216 000 tons per year). This will be further studied in Ch. 10.3.  

 

9.3.2 TRL 

SMR has not yet been applied to offshore installations, the main cause being the size and 

weight of the process equipment's. The process is however a well-known, commercially 

available technique for hydrogen production and is rated with TRL 9 from Table 2-3.  

Gas turbines are versatile combustion engines, and experiments done by GE Power finds 

their aeroderivative turbines capable of operating with hydrogen concentrations up to 95 

vol%, when configurated with a SAC. Burning a ~50/50 NG-H2 fuel blend on GEA's gas 

turbines are therefore also rated with TRL 9.  
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9.3.3 CO2-Emission Reduction 

The CO2-Emission Reduction is calculated by Eq. (2.1) and (2.2), with the numbers from Table 
9-4.  
 

𝐶𝑂2𝐻2
=

215 736 + 632 985  𝑡𝑜𝑛

1 336 876 𝑀𝑊ℎ
= 0.64 𝑡𝑜𝑛

𝑀𝑊ℎ⁄  

% 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = −
0.64

0.59
∙ 100% + 100% = −7.6% 

 

9.3.4 Efficiency 

The H2-production efficiency is given as 74%. The gas turbine cycle efficiency for combusting 

a fuel blend of hydrogen and natural gas on GEA's gas turbines are assumed to be the same 

as with combustion of 100% natural gas, namely 34.7%. This assumption is based on the fact 

that heat input and energy output from the turbines are the same.  

From these two efficiencies, a chain conversion efficiency can be calculated to demonstrate 

the overall efficiency of fuel utilization. When neither of these are 1, energy loss is expected 

in both processes which when combined will increase the efficiency loss even further.   

The chain conversion efficiency from H2 production and combustion is: 

𝜂𝑐ℎ.𝑐𝑜𝑛 = 𝜂𝐻2
∙ 𝜂𝐺𝑇 = 0.74 ∙ 0.347 ∙ 100% = 26% 

Efficiency improvement can further be calculated from Eq. (2.5) 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 =
26% − 34.7%

34.7%
∙ 100% = −25% 

9.3.5 Cost 

Cost estimations are based on the study of Spallina et al. [106]. The SMR process plant is 

assumed to have a lifetime of 30 years. Costs were given in Euro in 2016 figures and 

converted to NOK with the average exchange rate for 2016. The investment is calculated to 

last for current production licence which expires in 2049. Cost associated with the upgrade 

on GEA's gas turbines for SAC configuration will not be reviewed.  
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Bare Erected Cost (BEC) 

The Bare Erected Cost (BEC) comprises the cost of all process equipment related to the SMR 

process facility and is given as ~360 million NOK. The largest cost is associated to the reactor 

and the heat exchanger used for cooling down the exhaust gas from the furnace. A detailed 

cost description of BEC is provided in Table 9-5 below. 

Table 9-5: Bare Erected Costs for SMR Process plant [106] 

Description Cost [NOK] % of BEC 

Reactors                98 101 344  27.3 % 

Convective cooling HEX                99 123 233  27.5 % 

Turbomachines                31 771 458  8.8 % 

H2 compressors                13 563 254  3.8 % 

Syngas coolers & heat rejection                38 738 883  10.8 % 

PSA unit                78 499 655  21.8 % 

Bare Erected Cost             359 797 827  100 % 

 

Total Overnight Cost (TOC) 

Total Overnight Cost (TOC) includes all "overnight" capital expenses incurred during the 

capital expenditure period. TOC is calculated from BEC with the methodology from Table 9-6 

below. 
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Table 9-6: Methodology for calculation of the TOC [106] 

Description Abbreviation Cost 

Bare Erected Cost BEC [NOK] 

 Total Installation Cost TIC 80%BEC 

Total Direct Plant Cost TDPC BEC + TIC 

Indirect Cost IC 14%TDPC 

Engineering, Procurement and Construction EPC TDPC + IC 

Contingencies & Owners Cost C&OC 15%EPC 

Total Overnight Cost TOC EPC + C&OC 

 

Calculation of the TOC of the SMR plant can further be seen in Table 9-7.  

Table 9-7: Total Overnight Cost [106] 

Description [NOK] 

BEC                         359 797 827  

+ TIC                         287 838 262  

= TDPC                         647 636 089  

+ IC                           90 669 052  

= EPC                         738 305 141  

+ C&OC                         110 745 771  

= TOC                         849 050 912  
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Operating Cost 

Operating and maintenance cost are divided into fixed and variable cost. Fixed costs include 

operating labour, maintenance, insurance cost, chemicals, and membrane replacement. 

Variable costs cover consumables such as cooling water and process water. Fixed and 

variable operating costs are given in Table 9-8. 

Table 9-8: Operating and maintenance costs of SMR processing plant [106] 

Description Lifetime 

[years] 

Cost 

[NOK/year] 

Total 

[NOK] 

O&M Fixed 29         61 313 340     1 778 086 860  

O&M Variable 29           5 852 637       169 726 473  

Total     1 947 813 333  

 

Energy Cost 

From Table 9-4, the increase in gas consumption due to SMR and fuel blend in gas turbines 

amounts to ~31.7 million Sm3 per year. This further increases the CO2-emissions with 58 748 

tons per year. With the average price of gas for 2018 (minus 78% tax) and cost of CO2, an 

extra loss of income of 3.34 billion NOK is expected.  

The costs related to increased gas consumption and CO2-emissions are shown in Table 9-9 
below. 
 

Table 9-9: Additional energy costs related to SMR and NG/H2 fuel blend 

Description Quantity Unit Price [NOK/unit] Operating years Energy Costs 

NG 31 731 639 [Sm3] 2.21 29      447 409 770  

CO2            58 748  [t] 765 29   1 303 333 542  

Total       1 750 743 313  
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Abatement Cost 

The abatement cost is calculated with the formula:  

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑆𝑀𝑅 + 𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡𝑠 𝑖𝑛𝑐𝑙. 𝐶𝑂2 𝑐𝑜𝑠𝑡

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 
 

Total estimated cost of an SMR process plant, including the abatement cost is summarizes in 

Table 9-10  below. 

Table 9-10: Cost estimate of SMR and NG/H2 fuel blend  

Description Unit Cost 

TOC NOK 849 050 912 

 + O&M NOK 1 947 813 333 

+ Additional Energy and CO2 Costs NOK 1 750 743 313 

Total Investment Cost NOK 4 547 607 558 

CO2-Emission Reduction ton -1 703 704 

Abatement cost NOK/ton -2 669 

 

The increase in CO2-emissions (shown by the negative sign in Table 9-10) is due to increased 

total gas consumption for production of hydrogen. The abatement cost comes out with a 

negative sign as well, meaning cost of the hydrogen production plant is 2 669 NOK per ton 

CO2 increased.  

Based on the abatement cost calculated here, investing in a SMR process plant alone for GEA 

is neither economically nor environmentally beneficial. However, SMR allows for easily pre-

combustion capture of CO2, which if implemented and combined with storage of CO2, can 

lower the net emissions with up to 216 000 tons per year, if 100% of the CO2 from the SMR 

process is captured. This will be further studied in Ch. 10.3.  
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9.3.6 Rating Table 

Alternative TRL 
CO2-Emission 

Reduction 

Efficiency 

Improvement 
Abatement Cost Comments 

Gas Turbines 9 0% 34.7% 765 NOK/ton Base case 

H2 9 -7.6% -25% -2 669 NOK/ton 

H2 production 

from SMR, 

and NG/H2 

fuel blend for 

combustion 
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CO2-Control 

The last column in the Power Production Selection Model presented in the Introduction, is 

CO2-Control. Even though power generation is conducted with hydrocarbons and the by-

product of CO2 is formed, CO2-emissions could still be limited/avoided by implementing 

Carbon Capture and Storage. Chapter 10 will go into detail about the technology of CCS and 

further study the possibilities of implementing carbon capture (CC) from fuel cells and from 

hydrogen production through SMR.  
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10 Carbon Capture and Storage 

In 1996, Norway was the first country in the world to implement CCS, at the gas-field 

Sleipner. The gas from Sleipner has a 9% CO2-content, which is much higher than the market 

specifications of maximum 2.5%. To be able to sell the gas, CO2 is removed from the natural 

gas by absorption at a processing platform before being delivered to pipelines and exported. 

The extracted CO2 is further injected to a saline formation 1 km below the seabed. At the 

course of 24 years, more than 20 million ton CO2 from the Sleipner gas has been stored in 

this formation [108].  

 

10.1 Technology 

CCS technology can be split into three sections, namely capture, transportation and storage. 

Capturing the CO2 can be done either pre-combustion or post-combustion, with different 

technologies, including oxy-fuel combustion. Transportation of CO2 from capture site to 

storage site can either be conducted through pipelines or by marine vessels. The storage 

facility needs to be both porous and permeable to allow large volumes of CO2 to be injected, 

and the reservoir must be overlain by an impermeable cap rock to avoid CO2 leakage [109].  

 

10.1.1 Capture 

Capturing the CO2 involves separating the gas from other substances, either from fuel or flue 

gases, and accumulate it for further handling. Carbon capturing in electricity generation can 

be done in at least three different ways: Pre-combustion capture, Post-combustion capture 

and oxy-fuel combustion [110].  

 

Pre-Combustion Capture 

Pre-combustion capture technology involves converting the original fuel to a mixture of H2 

and CO2 by gasification, involving partial combustion, reforming and WGS. The reactions in 

the process are shown in Table 10-1, and the schematics of the pre-combustion capturing 

are shown in Figure 10-1 [111].  
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Table 10-1: Gasification Process [111] 

Process Reaction 

Partial Oxidation 
𝐶𝐻4 +

1

2
𝑂2 → 𝐶𝑂 + 2𝐻2 

Reforming 𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2 

WGS 𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 

 

 

Figure 10-1: Schematics of pre-combustion capturing [111] 

 

The CO2 concentration in the gas stream after the gasification process is typically >20% and 

can be separated from the gas in different ways, of which the use of physical solvents 

(usually by Selecsol or Rectiso) is currently the most commercially developed. CO2 

absorption by a physical solvent is proportional to the partial pressure of the CO2, meaning 

the absorption rate is highest for CO2 at elevated pressures.  

For gasification processes at atmospheric pressure, the most common and mature 

technology is chemical absorption. Cooled gas stream enters the bottom of an absorption 

tower, and a liquid solvent (typically amine-based) is injected at the top. The solvent reacts 

with the CO2, forming a heavy solution which will sink to the bottom of the tower where it 

will be extracted and transferred to a stripper tower. Here, the solution is heated up to 

around 120°C to separate the CO2 and the liquid solvent. The solvent exits from the bottom 

of the tank to be reused. CO2 and steam are directed towards a condenser, where steam is 
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condensed and separated from the CO2 stream. Finally, the clean CO2 stream is compressed 

and transported towards final storage destination [111]. Figure 10-2 shows the schematics of 

an absorption process. 

 

Figure 10-2: Schematics of chemical absorption [111] 

Post-Combustion Capture 

In a Post-combustion capture process, the CO2 is removed from the flue gases after 

combustion of the fuel. The separation of CO2 from the remaining constituents (mainly N2) 

of the gas is the same as for atmospheric pre-combustion capturing, namely chemical 

absorption, explained above [111]. The main advantage of post-combustion capture is its 

ability to be applied to existing plants as an "end-of-pipe" technology.  

 

Oxy-fuel Combustion 

By combusting the fuel with pure oxygen instead of air, the flue gases will mainly consist of 

CO2 and H2O, as the nitrogen in the air is eliminated. The final separation before 

compression and storage of the CO2 requires only dehydration. The combustion 

temperature with pure oxygen is a lot higher than of air, as the nitrogen acts as a cooling 

substance in the process. A portion of the flue gases are therefore recirculated back to the 

combustion chamber to control the temperature [110]. 
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As for the dehydration process, most of the water will be removed by a condenser. However, 

separation of the last H2O molecules can be  very complicated and costly, depending on the 

required quality specification for CO2 with respect to transport and storage (Table 10-2 in 

Pipeline Transportation). Final purification can further be done by absorption [112].  

The main disadvantage of oxy-fuel combustion is the high energy requirement for producing 

oxygen of high purity, making the plant retrofit unattractive. 

 

10.1.2 Transport 

When transporting CO2, pressure and temperature are important factors, as they determine 

the fluids properties. Figure 10-3 shows the phase diagram for CO2, where the critical point 

can be found at PC=7.39MPa and TC=31.04°C. For most efficient transportation, a dense fluid 

is advantageable as it requires less energy to move [111].  

 

 

Figure 10-3: Phase Diagram for CO2 [113] 
 

Transporting CO2 from capture site to storage site can happen either by pipelines or marine 

vessels. For large quantities and shorter distances, pipelines are best suited. Marine vessels 

are most often used for smaller quantities and larger distances [111]. Figure 10-4 shows the 
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optimal CO2 transport solution, developed by Geske et.al. in a study, revealing cost savings 

can reach up to 40% by choosing the right transportation method with respect to quantity 

and distance [114].  

 

Figure 10-4: Optimal CO2 transport solution [111] 
 

Pipeline Transportation 

CO2 transportation in pipelines are most beneficial in a subcooled liquid phase. This phase is 

present when P>PC and T<TC. The high density and low compressibility associated with this 

phase allows for a smaller pipeline diameter, lower pressure drops and further lower energy 

requirements for transportation. To ensure the temperature stays below the critical point 

along the full length of the pipeline, thereby avoiding the gas phase, the CO2 is typically 

cooled to below 15°C before transport [111].  

Impurities in the fluid can have a negative effect on both the flow-determining properties 

and the pipelines itself. Increase in compression requirements occur with only a few mol% of 

H2 in the gas. Presence of water and hydrogen sulfide will lead to corrosion on the pipeline 

walls [111]. A recommended quality specification for pipeline transportation of CO2 has been 

published by EU Dynamis project, and are shown in Table 10-2. The specifications have 

however been criticized, as later experiments have found pipeline corrosion occurring at 
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concentration of 50 ppm in the CO2 gas. For pipeline corrosion to be completely avoided, the 

water content should be below this limit [111].  

Table 10-2: EU Dynamis recommended CO2 specification for transportation and storage 
[111] 

Component Concentration Limit Limitation 

H2O 500 ppm Prevention of free water 

H2S 200 ppm Health and Safety  

CO 2000 ppm Health and Safety 

SOx 100 ppm Health and Safety 

NOx 100 ppm Health and Safety 

O2 < 4 vol% 

< 1000 ppm 

For aquifer storage 

Technical limit, for EOR 

CH4 < 4 vol% 

< 2 vol% 

For aquifer storage 

For EOR 

N2 + Ar + H2 < 4 vol% total  Lower for H2 in view of economic value of its 

energy content 

CO2 > 95.5% Balanced with other compounds in CO2 

 

Marine Vessels 

Transport of CO2 by ships have the same efficiency principle as for pipelines, namely 

transport efficiency is maximized when the density of the liquid is as high as possible. CO2 is 

either a gas or a solid in atmospheric pressure, meaning liquifying the fluid requires 

compression above atmospheric pressure. At the triple point (520 kPa and -56.4°C), the 

density of CO2 is at its highest, namely 1200 kg/m3. Optimal vessel transport condition is 

therefore set to pressure and temperature slightly above the triple point. To avoid formation 
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of dry ice during loading, which occur when T<TTP, operating conditions are usually set in the 

range of 0.6 to 1.5MPa and -30°C to -50°C [111]. 

 

10.1.3 Storage 

The final step of the CCS process is storage. The CO2 will be pumped into the storage facility 

in a supercritical phase, where the CO2 inherits a liquid density and a reduced mobility. The 

liquid density maximizes the storage capacity and the reduced mobility minimizes the 

possibility of leakage. For the fluid to remain in supercritical phase, the hydrostatic pressure 

and temperature has to be larger than the critical pressure and temperature of CO2, which is 

the case 800 meters below the surface. Suitable CO2 storage sites are saline formations or 

former/depleting oil and gas fields. Saline formations are porous rocks containing salty water 

and are found in the subsurface all over the world. Former oil and gas fields are also a 

possible storage site, but the risk of leakages is larger in these reservoirs cap rocks, as they 

have been penetrated by numerous production-, injection- and exploration wells. CO2 

injection as an alternative to natural gas injection in operative oil and gas fields are also a 

possibility, for Enhanced Oil Recovery (EOR). In that way, energy rich natural gas can be 

utilized, and a storage site is made available for the damaging CO2 [111]. 

 

Trapping 

After injection, CO2 is trapped underground with one or more of five different trapping 

mechanisms. The most common trap mechanisms are stratigraphic and structural trapping, 

which is the same mechanism oil and gas are trapped by. When injected, the liquid naturally 

floats upwards, until stopped by an impermeable layer of rock known as a cap rock. 

Naturally occurring structures in the subsurface, as anticlines or fault seals, and stratigraphic 

traps such as pinchouts or unconformities, surrounded by caprocks makes it possible for the 

CO2 to accumulate in such places, forming CO2 reservoirs [109]. Figure 10-5 illustrates these 

trapping mechanisms.   
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Figure 10-5: Structural and Stratigraphic Trapping of CO2 [111] 

 

In saline aquifers, the pore spaces of the rock contain water. When CO2 is injected and starts 

rising up towards a cap rock, the water will be expelled from the pore spaces and replaced 

by CO2. When injection of CO2 stops, water will return from the surrounding rocks and begin 

to move back to the pores. The CO2 will be immobilized by the added pressure of the water, 

and become trapped by the mechanism known as residual trapping [109].  

With time, the injected CO2 will dissolve into the fluid surrounding it, be water or oil. This is 

known as solubility trapping. The dense fluid will further sink into the bottom of the 

reservoir where it may react chemically with the surrounding rocks to form stable minerals. 

The product of this reaction is the most secure form of storage, known as mineral trapping. 

It is a slow process however, and can take thousands of years [109]. Table 10-3 summarizes 

the trapping mechanisms, the indicative specific capacity and effective timescale for 

trapping of CO2. 
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Table 10-3: Indicative Specific Capacities of Trapping Mechanisms [111] 

Trapping Mechanism Indicative specific capacity 

[kgCO2/m3] 

Effective timescale  

[years] 

Structural Trapping 50 – 200 10 to 1 000 

Stratigraphic Trapping 50 – 200 10 to 1 000 

Residual Trapping 10 – 50 10 to 1 000 

Solubility Trapping 1 – 20 100 to >1 000 

Mineral Trapping 1 – 100 1 000 to >10 000 

 

Storage Capacity 

The storage capacity of a reservoir depends on several factors, the pore volume being the 

most important one. Pressure communication between other reservoirs, the compressibility 

of the rock and fluids and the solubility of the CO2 are other elements that play a part in the 

total storage capacity. If the reservoir is not pressure communicating with other reservoirs, 

the capacity primarily depends on how high pressure it can withstand without fracturing. If 

the rock and fluid have a high compressibility, the reservoir can withstand higher pressure 

[109].  

The amount of CO2 to be stored in a saline aquifer is given by the formula: 

𝑀𝐶𝑂2
= 𝑉𝑏 ∙ 𝜑 ∙

𝑛

𝑔
∙ 𝜌𝐶𝑂2

∙ 𝑆𝑒𝑓𝑓 (10.1) 

 

Where 𝑀𝐶𝑂2
 is the amount of CO2 in tonnes, 𝑉𝑏  is the bulk volume, 𝜑 is the porosity of the 

rock, 
𝑛

𝑔
 the net to gross ratio, 𝜌𝐶𝑂2

 the density of CO2 and 𝑆𝑒𝑓𝑓 the fraction of stored CO2 

relative to the pore volume [109].  

An evaluation of theoretical storage capacity in the North Sea was done by NPD in 2011, 

with a step-wise-approximation by the maturation pyramid shown in Figure 10-6. The 
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technical maturity of the storage volume increases with higher levels of the pyramid, as well 

as the suitability for storage.  

 

Figure 10-6: Methodology of evaluation of geological volumes suitable for injection and storage of CO2 [109] 

 

Areas with capacity for 1.1 Giga ton (Gt) of CO2 have already been demonstrated to be 

effective and safe storage for CO2 through injection projects (Sleipner Area) or detailed 

evaluation. The estimated storage capacity in aquifers and future abandoned hydrocarbon 

fields amounted to 43Gt and 24Gt, respectively, with a storage efficiency ranging between 

0.8% and 5.5% for the different areas. Further evaluation and data are however required to 

define whether these areas are suitable, secure storage sites, thereby increasing the level of 

technical maturity with respect to the pyramid [109]. 
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10.2 CHEOP-CC at GEA 

This chapter will study the possibility of a carbon capture unit integrated in the CHEOP fuel 

cell system presented in Ch. 7.2. The unused fuel from the SOFC in the initial CHEOP-system 

contains a lot of carbon in the form of CH4, CO and CO2. This is originally combusted with air 

to prevent CH4 and CO from entering the atmosphere. In the CHEOP-CC system, this final 

combustion is replaced with an oxyfuel combustion process, thereby eliminating nitrogen 

from the end products, meaning only CO2 and water is present in the exhaust gas. Carbon 

separation can further be done by dehydration. The oxyfuel combustion is made possible by 

an oxygen membrane designed by fuel cell technology to separate out oxygen from the 

unused gas in the cathode [90]. The additional oxygen membrane will consume around 5% 

of total electricity generated by the system, this will however be compensated for by adding 

extra fuel cells to each stack. Capacity of the CHEOP-CC will still be 32 MW [91]. The energy 

penalty does not include final compression of the CO2 before transportation, due to lack of 

information and immature TRL, this will not be studied any further.  

 

10.2.1 Energy Calculation 

As the oxygen membrane demands 5% of the electricity generated in the fuel cell, the 

efficiency will drop by 3%, and an increased gas consumption to reach the desired power 

output is expected. The burn value and CO2-emission factor of the fuel is still 10.698 MWh 

and 2.21 ton per 1000Sm3, respectively. With an efficiency of 57% in the fuel cell system, 

1000Sm3 fuel would return 6.09 MWh and 2.21 tons CO2. Electricity demand on GEA for 

2018 was ~21% of total energy requirement, namely ~280GWh. Based on these numbers a 

new gas consumption, energy production and CO2-emission table were created. Table 7-2 

can be seen below.  
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Table 10-4: Gas Consumption, Energy production and CO2-emissison for GEA with the 
CHEOP-CC system 

 Gas Consumption 

[Sm3] 

Power 

[MWh] 

CO2-emission 

[ton] 

 

[%] 

Base Case          357 453 347       1 336 876          789 972   

CHEOP-

CC 

Electricity            45 815 809          280 744             (101 253)   

Mechanical          282 816 114  1 056 132 625 024  

Reduction 28 821 424  164 948 20.9 % 

 

CO2-emissions from electricity production are placed in brackets, as this will be captured and 

stored and is therefore not considered as emissions. From Table 7-2, a total reduction in 

CO2-emissions with the CHEOP-CC system installed amounts to 164 948 tons per year, a 

reduction of 20.9% compared to the base case of simple cycle gas turbines. The emission 

reduction is however expected to be less than calculated above, as the captured CO2 must 

be compressed before transportation for final storage, which will require additional energy 

hence additional CO2 emission not included here.  

 

10.2.2 TRL 

The CHEOP-CC system is developed alongside the original CHEOP, and is currently rated with 

the same TRL, namely TRL 3, from Table 2-3. More information about the technology level is 

available in Ch. 7.2.2.  
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10.2.3 CO2-Emission Reduction 

The CO2-Emission Reduction is calculated by Eq. (2.1) and (2.2), with the numbers from Table 

7-2. Only the CO2 produced by the gas turbines are included, as the CHEOP-CC will capture 

any CO2 produced while generating electricity.   

 

𝐶𝑂2𝐶𝐻𝐸𝑂𝑃−𝐶𝐶
=

625 024  𝑡𝑜𝑛

1 336 876 𝑀𝑊ℎ
= 0.47 𝑡𝑜𝑛

𝑀𝑊ℎ⁄  

% 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = −
0.47

0.59
∙ 100% + 100% = 20.8% 

 

10.2.4 Efficiency 

Electrical efficiency of the CHEOP-module is stated to be 57% and are accountable for ~21% 

of total power production. The gas turbines producing mechanical work represents the 

remaining ~79% and have an average efficiency of 34.7%. Total efficiency for power 

generation becomes:  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  0.2088 ∙ 57% + 0.7912 ∙ 34.7% = 39.4% 

Efficiency improvement compared to simple cycle gas turbines is then calculated from Eq. 

(2.5) 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 =
39.4% − 34.7%

34.7%
∙ 100% = 13.4% 

 

10.2.5 Cost 

As for the CHEOP system in Ch.7.2, cost estimations will not be studied any further due to 

the low TRL rating of the technology.  
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10.2.6 Rating Table 

Alternative TRL 
CO2-Emission 

Reduction 

Efficiency 

Improvement 
Abatement Cost Comments 

Gas Turbines 9 0% 34.7% 765 NOK/ton Base case 

CHEOP 3 8.6% 15.2% N/A 

Too low TRL 

for cost 

estimation 

CHEOP-CC 3 20.8% 13.4% N/A 

Too low TRL 

for cost 

estimation 
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10.3 H2 w/CC at GEA 

This subchapter is a continuation of Ch. 9.3. The same hydrogen production plant is studied 

for pre-combustion capture of the CO2 produced in the SMR process. The basis for 

calculation of gas consumption, CO2-production and economics are based on the same paper 

as for Ch. 9.3, namely Spanilla et al. Techno-economic assessment of membrane assisted 

fluidized bed reactors for pure H2 production with CO2 capture (2016) [106].  

The reforming process with carbon capture is similar to the process described in Ch. 9.3 

(except for a S/C ratio of 4) up to the WGS reactors. For carbon capture to be most efficient, 

the syngas is shifted in a two stage WGS to enhance both hydrogen and CO2 production. 

After the LT-WGS reactor, the H2-CO2 rich mixture is cooled down to ambient temperature 

and condensed for H2O. The CO2 is further separated from the hydrogen by means of 

methyl-de-ethanol amine (MDEA) absorption. The pure CO2 stream exiting from the 

chemical absorption process is further compressed to be ready for transport and final 

storage.  

The hydrogen flow rate is the same as for the plant without CC. However, the H2 yield is 

lower, with 2.48 mol per mol CH4, and hydrogen production efficiency is reduced to 69% 

compared to 74% without CC. The decrease in H2 yield and efficiency is due to a higher heat 

input in the reformer because of higher S/C ratio, and a higher electricity requirement due to 

CO2 compression.  

Required heat input and H2/CO2 output for the SMR plant are shown in Table 10-5. 

Table 10-5: Gas Consumption, Hydrogen Production and CO2 Production from SMR [106] 

 Gas Consumption Hydrogen Production CO2 Production  

 [Nm3] [kg] [Nm3] [kg] [ton] 

Per hour             10 116                12 582                  2 700              30 033                         4  

Per year     88 616 160      110 219 104         23 652 000    263 092 325               36 833  

 

Hydrogen production volume is the same as for the option without CC. Gas composition to 

be used in the gas turbines and required amount of NG is summarized in Table 10-6 below.  
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Table 10-6: Composition, volume and heating value of NG and NG/H2 mix 

Fuel Component Content  
Volume  

[m3] 

Heating Value 

[MJ] 

Original 

NG 100 % 357 453 347   14 298 133 880 

H2 - - - 

Fuel Blend 

NG 52 %   286 418 419     11 456 736 772  

H2 48 %   263 092 325        2 841 397 108  

 

10.3.1 Energy Calculation 

From the new gas composition in Table 10-6, a new gas consumption, energy production and 

CO2-emission table can be made, with reduced CO2 emission from the SMR process due to 

carbon capture, shown in Table 10-7.  

Table 10-7: Gas consumption, energy production and CO2-emission table for GEA with SMR 
w/CC and a fuel mix of NG/H2 

Activity 
NG Consumption 

[Sm3] 

Power 

[MWh] 

CO2-emission 

[ton] 

Base Case         357 453 347                1 336 876          789 972  

SMR         110 219 104              36 833  

Combustion         286 418 419                1 336 876          632 985  

Reduction -         39 184 177 (-11%)                                         120 154 (15.21%) 

 

From Ch. 9.3, hydrogen production through SMR caused gas consumptions to increase by 

8.8% compared to the base case of simple cycle gas turbines. Implementing CC to the SMR 

process increases gas consumption even further, to an 11% increase compared to the base 

case. The increase is due to additional heat and electricity requirements from the capture 
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unit, as mentioned above. However, the CO2-emissions decrease with 15% compared to the 

base case, which when accumulated to end of production license in 2049 amounts to a total 

reduction of ~3.5 million ton.  

 

10.3.2 TRL 

Carbon capture through chemical absorption is a commercialized technology, however not 

yet implemented on offshore installations due to size and weight of equipment. The 

technology is still rated with TRL 9 from Table 2-3. 

 

10.3.3 CO2-Emission reduction 

The CO2-Emission Reduction is calculated by Eq. (2.1) and (2.2), with the numbers from Table 
10-7. 
 

𝐶𝑂2𝐻2𝑤/𝐶𝐶
=

36 833 + 632 985  𝑡𝑜𝑛

1 336 876 𝑀𝑊ℎ
= 0.50 𝑡𝑜𝑛

𝑀𝑊ℎ⁄  

% 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = −
0.50

0.59
∙ 100% + 100% = 15.1% 

 

10.3.4 Efficiency 

The H2-production efficiency is given as 69%. The efficiency for combusting a fuel blend of 

hydrogen and natural gas on GEA's gas turbines are assumed to be the same as with 

combustion of 100% natural gas, namely 34.7%. This assumption is based on the fact that 

heat input and energy output from the turbines are the same.  

The chain conversion efficiency for H2 production and combustion is: 

𝜂𝑐ℎ.𝑐𝑜𝑛 = 𝜂𝐻2
∙ 𝜂𝐺𝑇 = 0.69 ∙ 0.347 ∙ 100% = 24% 

Efficiency improvement can further be calculated from Eq. (2.5) 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 =
24% − 34.7%

34.7%
∙ 100% = −30.8% 

 



CO2-Control  10 Carbon Capture and Storage 

125 
 

10.3.5 Cost 

The cost estimate for H2 w/CC will be a so-called gate-to-gate study, where only the 

separation and compression of the CO2 will be included. The cost for transportation and 

storage will be neglected, due to lack of evaluation data regarding safe storage facilities in 

the North Sea.  

Cost estimations are based on the study of Spallina et al. [106]. The SMR process plant is 

assumed to have a lifetime of 30 years. Costs were given in Euro in 2016 figures and 

converted to NOK with the average exchange rate for 2016. The investment is calculated to 

last for current production licence which expires in 2049. 

 

Bare Erected Cost (BEC) 

The Bare Erected Cost (BEC) comprises the cost of all process equipment related to the SMR 

process facility and is given as ~551 million NOK. The largest cost is associated to the CO2-

absorption unit. Cost description of BEC is provided in Table 9-5 below. 

Table 10-8: Bare Erected Costs for SMR Process plant w/CC [106] 

Description Cost [NOK] % of BEC 

Reactors            103 210 789  19 % 

Convective cooling HEX            123 276 973  22 % 

Turbomachines              34 372 630  6 % 

H2 compressors              12 820 062  2 % 

Syngas coolers & heat rejection              61 127 542  11 % 

PSA unit              54 810 410  10 % 

MDEA unit            132 752 671  24 % 

CO2 compressors              28 984 488  5 % 

Bare Erected Cost 551 355 565  100 % 
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Total Overnight Cost (TOC) 

TOC includes all "overnight" capital expenses incurred during the capital expenditure period. 

TOC is calculated from BEC with the methodology from Table 9-6. Figures can be seen in 

Table 9-7. 

Table 10-9: Total Overnight Cost 

Description [NOK] 

BEC            551 355 565  

+ TIC            441 084 452  

= TDPC            992 440 017  

+ IC            138 941 602  

= EPC         1 131 381 619  

+ C&OC            169 707 243  

= TOC         1 301 088 862  

Operating Cost 

Operating and maintenance cost are divided into fixed and variable cost. Fixed costs include 

operating labour, maintenance, insurance cost, chemicals, and membrane replacement. 

Variable costs cover consumables such as cooling water and process water. Fixed and 

variable operating costs are given in Table 9-8. 

Table 10-10: Operating and maintenance costs of SMR processing plant [106] 

Description Lifetime 

[years] 

Cost 

[NOK/year] 

Total 

[NOK] 

O&M Fixed 29         90 576 525          2 626 719 225  

O&M Variable 29           7 617 718             220 913 822  

Total      2 847 633 047  
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Energy & Emission Cost 

From Table 10-7, an increase in gas consumption will be ~39.2 million Sm3 per year 

compared to the base case of simple cycle gas turbines. Due to carbon capture, a decrease in 

CO2-emissions amounts to 120 154 tons per year. With the average price of gas for 2018 

(minus 78% tax) and the cost of CO2, total savings related to energy and emission costs are 

expected to be ~2.1 billion NOK for the current licence period until 2049.  

Expected savings and income related to reduced gas consumption are shown in Table 9-9 

below. The volume and cost of NG are shown with a negative sign to indicate an increase in 

consumption and therefore an expenditure, opposed to the reduced CO2-emissions 

representing an extra income.  

 

Table 10-11: Expected savings and income related to SMR w/CC and NG/H2 fuel blend 

Description Quantity Unit Price [NOK/unit] Operating years Total income 

NG -39 184 177 [Sm3] 2.21 29 -    552 489 056  

CO2         120 154  [ton] 765 29   2 665 624 651  

Total       2 113 135 595  

 

Abatement Cost 

The abatement cost is calculated with the formula:  

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑆𝑀𝑅 𝑤/𝐶𝐶 − 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 𝑓𝑟𝑜𝑚 𝑒𝑛𝑒𝑟𝑔𝑦 & 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑐𝑜𝑠𝑡𝑠

𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 
 

Total estimated cost of an SMR process plant with CC, including the abatement cost is 

summarized in Table 9-10  below. 
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Table 10-12: Cost estimate of SMR w/CC and NG/H2 fuel blend 

Description Unit Cost 

TOC NOK 1 301 088 862 

 + O&M NOK 2 847 633 047 

- Expected savings from energy & emission costs NOK 2 113 135 595 

Total Investment Cost NOK 2 035 586 314 

CO2-Emission Reduction ton 3 484 477 

Abatement Cost NOK/ton 584 

 

The final estimated abatement cost for hydrogen production with pre-combustion capture 

through SMR and chemical adsorption amounts to 584 NOK/ton CO2 reduced. As this is 

below the cost of CO2-emission of 765 NOK/ton, the investment would have been 

economically profitable. However, the estimated abatement cost only includes the capture 

and compression process of the CO2, and not transportation and storage. The costs related 

to storing CO2 are not evaluated here due to immature technical maturity of CO2 storage in 

the North Sea. One can however assume that costs related to storage will increase the 

abatement cost significantly, thereby making the alternative less economically attractive.  
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10.3.6 Rating Table 

Alternative TRL 
CO2-Emission 

Reduction 

Efficiency 

Improvement 
Abatement Cost Comments 

Gas Turbines 9 0% 34.7% 765 NOK/ton Base case 

H2 9 -7.6% -25% -2 669 NOK/ton 

H2 production 

from SMR, 

and NG/H2 

fuel blend for 

combustion 

H2 w/CC 9 15.1% -30.8% 584 NOK/ton 

Cost of 

transportation 

and storage 

excluded 
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11 Results and Discussion  

11.1 Rating Table 

A summary of TRL, CO2-emission reduction, efficiency improvement and abatement cost for 

the 10 different options for power generation on offshore installations are shown below, in 

Table 11-1.  

Table 11-1: Rating Table 

Alternative TRL 
CO2-Emission 

Reduction 

Efficiency 

Improvement 
Abatement Cost Comments 

Gas Turbines 9 0% 0% 765 NOK/ton Base case 

PFS 9 20.8% 34.5% 2 995 NOK/ton 
Abatement cost from 

ConocoPhillips 

FWT 9 20.8% 7.6% 1 156 NOK/ton  

Combined 

Cycle 
9 7.8% 16.8% - 

Cost estimate for 

offshore combined cycle 

has not been found  

HAT 5 6.8% 10.5% - 
Too low TRL for cost 

estimations 

CHEOP 3 8.6% 15.2% - 
Too low TRL for cost 

estimations 

CHEOP-CC 3 20.8% 13.4% - 
Too low TRL for cost 

estimations 

EEM 9 5.5% - 0.72 NOK/ton  

H2 9 -7.6% -25% -2 669 NOK/ton 
 

 

H2 w/CC 9 15.1% -30.8% 584 NOK/ton 
Cost of transportation 

and storage excluded 
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11.2 TRL 

Most of the technologies discussed in this thesis is commercially available, however not all 

are currently suited for implementation on offshore installations due to space and weight 

limitations.  

With TRL 9, PFS and combined cycle are already installed on several platforms, and the 

world's first FWTs dedicated for supplying power to offshore installations are scheduled to 

be operative by the end of 2020. Hydrogen production through SMR is however not installed 

on offshore installations yet. The size and weight of the equipment as well as efficiency 

decrease, increased gas consumption and CO2-emissions makes the option a bad investment 

from all aspects. However, SMR enables efficient carbon capture, and when integrated, CO2-

emissions could be greatly reduced.  

Of the low TRL alternatives, the HAT cycle proves valuable when commercialised, as it can 

reach efficiencies close to combined cycle with a lower net weight and volume. The 

CHEOP/CHEOP-CC systems based on fuel cells seems promising on all aspects reviewed in 

this thesis, given the development and commercialisation of the product is successful. The 

system can contribute to both higher efficiencies and reduced emissions as well as reduced 

noise pollutions and vibrations on the platform.  
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11.3 CO2-Emission Reduction 

Figure 11-1 shows the CO2-Emission reduction in percentages compared to the simple cycle 

gas turbines and combined cycle operative on GEA today, in descending order. 

 

 

Figure 11-1: CO2-emission reduction potential for the different alternatives in descending order 

 

PFS, FWT and CHEOP-CC are the highest-ranked alternatives based purely on emission 

reduction with 20.8%, as all three solutions aims to remove the emissions from the gas 

turbines producing electricity completely. Of these three, PFS is the only alternative 

guaranteed to eliminate these emissions entirely. The solution with FWT would still require 

operation of gas turbines in periods when the correct wind conditions are not present, which 

will result in certain CO2-emissions. CHEOP-CC would still leave small traces of CO2-emission 

after the capture process.  

CHEOP, Combined cycle and HAT all contribute to increasing the efficiency of the power 

generation, and thereby reduce CO2-emissions with approximately 7% compared to 2018 

level.  

H2-production through SMR without CC yields a negative emission reduction of -8% as more 

natural gas is consumed in the reforming process compared to the amount of natural gas 

being replaced by hydrogen in the gas turbines. However, combined with a CC unit, a net 

decrease in CO2-emissions is found to be 15.1%, which is a significant decrease.  

-10%

-5%

0%

5%

10%

15%

20%

25%

CO2-Emission Reduction



  11 Results and Discussion 

133 
 

EEM offers the lowest decrease in CO2-emissions of all alternatives studied, besides H2 

wo/CC. This is not surprising, as the alternative is based on the same gas turbines operating 

today, however with a different philosophy regarding energy efficiency. The decrease in CO2-

emissions are still very high considering the measures do not affect the productivity in any 

way, as they are only implemented when conditions allow for it. For example, using only one 

injection pump instead of two in certain periods.  

 

11.4 Efficiency Improvement 

Figure 11-4 shows the efficiency improvement offered by each alternative reviewed in this 

thesis, compared to today's solution.  

 

Figure 11-2: Efficiency improvement for the different alternatives, in descending order 

 

On efficiency improvement, PFS offer the greatest results with an increase of nearly 35% 

compared to simple cycle gas turbines. This is mainly due to PFSs efficiency not being 

calculated from generation but rather power transmission, as the power will be supplied 

from shore.  

The fuel-based options which generates energy on-deck range between 10-17% in increased 

efficiency. In practise these alternatives help to reduce CO2-emissions by consuming less fuel 

for the same amount of power produced, and thereby emitting less CO2.  
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From Table 11-1 FTW has the same emission reduction potential as PFS, but PFSs efficiency 

is significantly higher. The main reason for this is as stated above; PFS efficiency is calculated 

from the transmission of electricity, while FWTs efficiency is calculated from total production 

capacity compared to actual production which largely depend on wind conditions.  

Finally, hydrogen production through SMR offers the lowest efficiency increase compared to 

simple cycle gas turbines. The chain conversion efficiency when treating the gas before 

utilization results in the substantial decrease. As neither of these processes are ideal, energy 

losses are expected in both the reforming- and combustion process, and when combined the 

losses are even bigger.  

 

11.5 Abatement Cost 

Of the four different rating factors, the abatement cost has been the most difficult to obtain 

and estimate. For four of the options a cost has not been estimated due to limited resources 

of the author. For the alternatives where cost is assessed, it is given with a high level of 

uncertainty and are only provided as a rough estimation and example for comparison. The 

costs estimations have been simplified and given without regards to discount rates and 

inflation. Taxes are also neglected except for a 78% tax on income from sales gas. Figure 

11-3 shows the calculated abatement costs for the different alternatives, the green line 

indicates CO2 break-even cost.  

 

Figure 11-3: Abatement cost for the different alternatives 
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For the base case, the abatement cost is given as the cost of CO2 today, namely 765 

NOK/ton. Any abatement cost below the green line in the figure represent an economical 

profit.  

For H2 production by SMR the abatement cost is calculated to be – 2 669 NOK/ton. The cost 

is negative as more CO2 is being emitted by choosing this solution compared to the base 

case. In practice it means the cost of the hydrogen plant is 2 669 NOK/ton CO2 increased, 

which is a poor investment from both an economical and environmental point of view. By 

implementing carbon capture to the SMR plant, the CO2-emissions reduce drastically, and 

the abatement cost amounts to 584 NOK/ton CO2 reduced. The cost, however, only include 

capturing and compressing the CO2. For the emissions to be avoided, the carbon needs to be 

transported and stored underground also. This will increase the cost significantly but has not 

been studied any further due to lack of evaluation and data regarding safe storage facilities 

in the North Sea.   

The abatement cost for EEM is the lowest of all options, with 0.73NOK/ton CO2 reduced. The 

cost was calculated with the high range numbers, meaning the cost of these measures most 

likely is lower than estimated here. The low cost is mainly due to change in energy 

philosophy rather than investing in new efficient equipment. The low cost proves how smart 

energy solutions has a positive effect on both expenditures and emission reductions. 

Estimated abatement cost for FWT is calculated to be 1 156 NOK/ton and are based on 

general costs for floating wind turbines on a semi-sub foundation. The cost was originally 

given in Euro in 2015 figures and converted to NOK with the average exchange rate for the 

specific year. Inflation has not been accounted for, neither has taxes, except for a 78% tax on 

income from sales gas. Any modification-work necessary on the installations have also been 

overlooked. However, as FWT technology has matured during the last 5 years, a lower 

general cost of equipment and solutions can be expected. The final estimated cost of 1 156 

NOK/ton can therefore be both higher or lower than estimated here.  

PFS stands out as the most expensive option with an abatement cost of 2 995 NOK/ton CO2 

reduced. This estimate was originally given by ConocoPhillips in 2012, due to inflation and 

the amount of CO2 emitted after their hypothetical installation period in 2017, the 

abatement cost for PFS will probably be higher today.  
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The abatement cost for the options of combined cycle, HAT and CHEOP/CHEOP-CC have not 

been estimated due to lack of data and low TRL rating. Therefore, it is difficult to say with 

certainty how much return one would get from the investment of these options. However, 

studies suggest the CHEOP system to be competitive to PFS financially. 

 

11.6 Best Overall Alternative 

Figure 11-4 shows the CO2-Emission reduction in percentages in descending order, 

compared to the simple cycle gas turbines and combined cycle operative on GEA today. 

Applicable abatement cost for certain alternatives and CO2 brake-even cost are also included 

for comparison.  

 

Figure 11-4: CO2-emission reduction for the different alternatives in descending order, with relevant abatement costs 

 

PFS offers the highest guaranteed emission reduction of 20.8%, however its abatement cost 

is the highest calculated among the alternatives and assumed to be too high for the 

investment to be attractive for an already operating field.  

H2 w/CC offers a 15% reduction in CO2-emissions for an abatement cost lower than CO2 

break-even cost. However, total cost for the investment will increase as transportation and 

storage of the carbon has not been accounted for.  

The lowest abatement cost is found for the energy efficiency measures alternative. A 5.5% 

decrease in the CO2-emissons were accomplished with an abatement cost of 0.73 NOK/ton 

CO2 reduced, which most likely is even lower than estimated. Despite the total CO2-emission 
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decrease not being very high, this alternative offers a huge return on investment as the 

abatement cost is insignificant compared to current CO2 cost of 765NOK/ton.  

Of the nine alternatives studied in this thesis, Floating Wind Turbines stands out as the best 

alternative solution to the gas turbines producing power today. FWT offers a decent balance 

between cost and CO2-emission reduction, with an abatement cost of only ~400NOK over 

todays CO2 cost, and an emission reduction of over 20% compared to today's solution, 

assuming the correct wind conditions are present. This thesis has operated with a constant 

CO2 cost of 765NOK/ton for the whole lifetime of the field, but in reality, this cost will 

increase with time as we strive to reach COPs goal to limit the average global temperature 

increase to below 2°C. A reasonable assumption would therefore be that the abatement cost 

for FWT would break even with the CO2 cost in the future, thereby making the investment 

profitable. 

To stabilize the energy profile over time, hydrogen production and storage through 

electrolysis could be applied to the FWT. This will eliminate the usage of the gas turbines 

producing electricity completely, as the excess power from periods with a lot of wind will be 

stored and used as a buffer for periods with less wind or increased energy demand. The 

costs associated with energy storage from FWT has however not been assessed in this thesis. 
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12 Conclusion 

The EEM offers lowest cost per ton CO2 reduced. The measures described and calculated in 

this thesis are already implemented on the fields and would not contribute to any further 

reduction. However, by continuing to explore other alternatives for EEM, further low-cost 

CO2-emission reduction can be discovered.  

The CHEOP/CHEOP-CC systems based on fuel cells seems promising on all aspects reviewed 

in this thesis. However, uncertainties revolving the technology is still high, as it is only rated 

with TRL 3. Although the abatement cost is suggested to be similar to PFS (and probably too 

high for an already existing field), the system could be valuable for new installations. Here 

the abatement cost would be greatly reduced, as no sunk costs and modification-work is 

included. The CHEOP system would leave a much smaller environmental footprint compared 

to PFS which requires kilometres of cables laid on the seabed. In addition, the expenditure of 

electricity applicable for PFS would be eliminated as CHEOP produces power from natural 

gas already available on the field.  

Based on CO2-emission reduction potential and estimated abatement cost, FWT stands out 

as the best alternative for power generation on GEA, if the fields were to reduce their CO2-

emissions towards a low carbon future. FWT would eliminate the use of gas turbines 

producing electricity most of the time, as wind conditions in the Ekofisk Area are strong 

enough to supply the fields with the necessary power on an average basis. Investing in FWT 

to supply the fields with electricity would cost 1 156 NOK/ton CO2 reduced. The average 

annual decrease of CO2-emissions would amount to 20.8% and the efficiency would increase 

by 7.8%. Given the fact that CO2 costs experiences a gradually increase every year, a 

reasonable assumption would be for the abatement cost to break-even with CO2 costs at 

some point, thereby making the investment economically profitable too, as well as 

environmentally beneficial. 
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Table 0-1: Cost Estimate of PFS solution ref. 2019 

Description Unit Production Stop [days] 

  11 90 180 

Equipment & Installation NOK     2 392 217 460      2 392 217 460      2 392 217 460  

+ Project Management NOK         239 221 746          239 221 746          239 221 746  

+ Operating Cost PFS NOK         232 800 000          232 800 000          232 800 000  

+ Production stop NOK     3 833 614 472    31 365 936 586    62 731 873 172  

+ Energy Cost PFS NOK     2 857 586 746      2 857 586 746      2 857 586 746  

Total Cost PFS NOK     9 555 440 424    37 087 762 538    68 453 699 124  

 - Operating Cost GT NOK -           585 800 000  -           585 800 000  -           585 800 000  

 - Gas Surplus NOK -           711 957 294  -           711 957 294  -           711 957 294  

 - CO2 emission cost NOK -        3 659 371 380  -        3 659 371 380  -        3 659 371 380  

Total Investment Cost NOK     4 598 311 750    32 130 633 864    63 496 570 450  

CO2-emission reduction ton             4 783 492              4 783 492              4 783 492  

Abatement cost                             961                      6 717                    13 274  

 

 

 

 

 



  Appendix 

II 
 

Table 0-2: Cost Estimate of PFS solution ref. 2020 

Description Unit Production Stop [days] 

  11 90 180 

Equipment & Installation NOK   2 392 217 460      2 392 217 460      2 392 217 460  

+ Project Management NOK      239 221 746          239 221 746          239 221 746  

+ Operating Cost PFS NOK      232 800 000          232 800 000          232 800 000  

+ Production stop NOK   3 833 614 472    31 365 936 586    62 731 873 172  

+ Energy Cost PFS NOK   2 822 088 774      2 822 088 774      2 822 088 774  

Total Cost PFS NOK   9 519 942 452    37 052 264 566    68 418 201 152  

 - Operating Cost GT NOK -           585 800 000  -           585 800 000  -           585 800 000  

 - Gas Surplus NOK -            15 698 316  -             15 698 316  -             15 698 316  

 - CO2 emission cost NOK -       3 659 371 380  -       3 659 371 380  -       3 659 371 380  

Total Investment Cost NOK   5 259 072 755    32 791 394 870    64 157 331 456  

CO2-emission reduction ton           4 783 492              4 783 492              4 783 492  

Abatement cost                    1 099                      6 855                    13 412  

 


