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Abstract

Oil and gas platforms today are still powered prevalently by fossil fuels, mainly embodied by
gas turbines. Power generation is one of the largest contributors to greenhouse gas emissions
and global warming. Moreover, oil and gas production operations make up the largest cut of
pollution caused by the oil and gas industry. The increase in human population and the
economic growth, continuously increase the demand on fossil fuels for energy production,
which become more and more scarce with time. Consequently, energy prices with the current
world energy mix reality are very volatile, thus rendering access to energy often too costly
and insecure. Moreover, price fluctuation is induced by geopolitical discrepancies. A large
role in the challenging price of power generation on oil and gas platforms is also played by
emission taxes imposed by many authorities around the world. Therefore, it is in everyone’s
favor to look forward to ecological energy transition initiatives to promote a secure,
sustainable and affordable energy future. From this point of view, this paper describes
conventional power generation methods currently used on oil and gas platforms, thus
proposing plausible alternative methods to exploit renewable energy sources in the
environment surrounding the platform. Later, as renewable energy is often attributed to excess
energy production, this surplus in energy can be used to produce hydrogen by hydrolysis,
which may be either used as a source of energy to power some already existing gas turbines,
or even be implemented for methane production along with CO; affluent often produced with
the gas stream. The methane produced can increase the production rates of the platform, while
using renewable energy for the process and reducing the platforms emissions and operation
costs with respect to the quantity of gas produced. Finally, this paper covering transition of

oil and gas energy production towards renewable energy sources, and methods to exploit them



in efficient ways, on platforms is done in hopes of stimulating this research to promote

sustainable and efficient energy production and expand it to a larger scale.
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1.Current Energy Production Scenario

1.Global Energy Mix Picture and Reasons for Energy Transition

Fossil fuels still contribute to a huge share of the energy mix, a cut as high as 80% since
decades. (IEA, 2022) Oil, coal and natural gas are still the main sources of energy used to
satisfy today’s world energy demand. These resources in their turn require energy to be
extracted. The energy used to power the operation and production of oil & gas platforms
which extract fossil fuels is quite significant, and yet is still produced by burning
hydrocarbons which have a great impact on the environment. (S. Oliveira-Pinto, 2019).
Switching to more environmentally friendly sources today has become unavoidable. Some
energy sources used today are solar, wind, hydro and geothermal energy. However, ocean
waves are a quite significant prospect which could play a great part in producing low-impact
energy. Wave energy converters (WECs) are the devices used to convert wave energy into a
form of energy adaptable to our needs. These devices could be used to replace fossil fuels in
powering the O&G platforms. Moreover, introducing them as a new alternative to traditional
sources, with economic and environmental privileges, starting from production platforms,
could be a way to promote the increase in the share of renewables in meeting today’s energy
demand. Meanwhile, most of R&D is concerned with solar and wind energy, being mature
technologies already in use. Hence, it would be interesting to assess the viability of supplying

0O&G platforms with the required energy using wave energy systems. (Nizamani, 2021).

According to the International Energy Agency (IEA), the capacity of global oceans is about
93,100 TWh/year. Since providing affordable, reliable and sustainable energy is one of the
UN sustainable development goals (United Nations, 2022), it would be advantageous to make

use of the energy the oceans can provide in order to strive towards these goals. In addition, it



is necessary to remember that fossil fuel combustion is the main source of greenhouse gas
emissions, of which carbon dioxide (CO2), carbon monoxide (CO), nitrogen oxides (NOx)
and methane (CH4). CO2 being a great contributor to the increase in the environment’s
temperature, mostly produced by electricity and heat generation activities. (M. Ragazzi, 2017)
Global energy consumption and CO2 emissions were compared by the International Energy
Agency (IEA) between the first quarter of 2019 and that of 2020. According to the reports,
the world’s demand for energy produced from coal and oil has decreased in Q1 of 2020
relative to Q1 in 2019 due to the restricted displacement and economic activity during the rise
of the Coronavirus pandemic, a trend coherent to that of the CO2 emissions. This means that
CO2 levels in the environment can be reduced by decreasing the use of fossil fuels for energy

production. (IEA, 2020)

Another important aspect to introduce is energy security, best defined as having a stable
access to energy in a continuous, sustainable and affordable manner. (OSCE - Organization
for Security and Co-operation in Europe, s.d.) With decreasing fossil fuel reserves, and
increasing demand for energy, competition on resources will continue increasing, thus
causing conflicts and instability in fossil fuel prices. This instability leads to complications in
countries dependent on the supply of hydrocarbons for their energy mix. For instance, thermal
power accounted to around 67% of China’s electric power generation in the year 2021. (China
Energy Portal, 2022) Moreover, China is highly dependent on imports — mainly from Russia,
Africa and the middle east. (Tata, 2017) (Jaghory, 2022) Consequently, China might also find
itself obliged to accelerate its transition towards renewable energy alternatives. (Nizamani,
2021) Moreover, India’s dependency on oil reached about 84% of its energy demand in 2019.
(The Economic Times | Industry, 2019) Thus it is also susceptible to fluctuations in

economical stability with the ups and downs of fossil fuel prices. Finally, the EU’s



dependency rate on imports to satisfy its energy needs has reached more than half to nearly
two thirds, with Russia being the main supplier of energy commodities between 2010 and

2020. (Eurostat, 2022)

Fossil fuel prices vary also as a result of economic and geopolitical discrepancies. A
disruption of gas supply to EU markets has occurred in 2006 and 2009 due to disputes between
Russia and Ukraine, which had a great impact on the socio-economic situation. (Siddi, 2016)
Today, the war in Ukraine has generated sharp spikes in energy prices amid disruptions in
Russian gas supply. (Adolfsen, Kuik, Lis, & Schuler, 2022) On the contrary, under favorable
conditions, the energy supply from renewable resources would always be available.
(Nizamani, 2021) Price of non-renewables will continue increasing as demand increases and
fossil fuel supply diminishes. Meanwhile, the bulk cost of renewables consists of the building
the infrastructure and its maintenance, which allows to have an infinite quantity of energy at
a sustainable price. (Shahzad, 2015) Whilst one can claim that the required expenditures for
collecting and consuming renewable energy are rather abundant, it is important to state that
the advancement of the technology used for producing energy from renewable sources will
gradually reduce its price. As may be noticed in the case of solar photovoltaic (SPV) technique
used for generating electricity, whose cost has been reduced from 300$ to 4.5$ per watt
between 1954 and 2007. Furthermore, as renewable energy sources can be harvested on a
domestic level, it may be a way of shifting from fossil fuel resources and produce energy in
a self-sufficient manner in order to reduce susceptibility to fuel price fluctuations. (Liming,

2009)

1.2 Conventional Energy Demand and Efficiency of Oil Platforms



The energy demand of oil and gas platforms highly depends on the well size and activities
performed: extraction, processing, support and maintenance or storage. The platforms
indicated by Y. K. Tiong et al in their study require 10-50MW for its electrical energy
production, where the feasibility study itself is performed on a 10MW platform. (Tiong,
Zahari, Wong, & Dol, 2015) On the other hand, the consumption of an offshore oil platform
on the Norwegian Continental Shelf (NCS)varies between 10MW reaching hundreds of MW.
The excess energy produced may be used to power several platforms or supply onshore
electricity grids. (He, et al., 2013) Ardal, et al., have studied platform demands in the range
of 40MW including into their study the various energy consuming components of a
Norwegian platform with a 4SMW load. (Ardal, Sharifabadi, Bergvoll, & Berge, 2014). A.
Zhang, et al., stated that platform facilities are characterized by a peak power demand of 44
MW. (Zhang, Zhang, Qadrdan, W. Yang, & Wu, 2019) Korpas et al, states that the energy
consumption varies between 20 MW to 35 MW. (Korpds, Warland, He, & Tande, 2012)
Nguyen et al., performed studies on 4 platforms where the power demand varies between
5.5MW and 30MW. As per heating power, the demand goes from nearly null to more than
10MW (Nguyen, Voldsund, Breuhaus, & Elmegaard, 2016) Oliveira-Pinto, state that
conventional platforms use diesel or natural gas to produce energy. They estimate that the
energy demand of offshore platforms is fulfilled by 50% NG 50% diesel. (S. Oliveira-Pinto,
2019) On the contrary, Zhang et al. have found co-firing plants which can be fed with NG,
diesel and hydrogen. (Zhang, Zhang, Qadrdan, W. Yang, & Wu, 2019) The last to be kept in
mind as a potential source in order to feed existing plants with a cleaner fuel. Nizamani et al.,
used an energy demand of 10-50MW as minimum and maximum values for the evaluation of
wave energy resources in oil and gas platforms in offshore Malaysia (SCS). The electricity

produced by Wave Energy Converters (WECs) is estimated and taken into consideration to



determine the best offshore environment for wave energy development. Consequently, a
feasibility study is performed in order to assess whether the energy produced meets the

demand of the platforms. (Nizamani, 2021)

Oil and gas operators have typically two choices to power their platforms: either produce
energy autonomously using gas turbines (GTs) that feed the generators or acquire energy from
the shore, when possible, by subsea cables. While it might seem reasonable to use the gas
produced on the platform as a source of energy for the turbine functioning, yet in most cases
it is not the most economically favorable solution. Gas turbines are basically jet engines that
absorb heat from a hot gas produced by the combustion of natural gas or fuel oil. The thermal
power is converted to shaft power which drives the generators to produce electric energy.
Electric energy production through this scenario includes combustion, gas compression, heat
transfer and spinning, processes which require an equipment that doesn’t only consume lots
of combustibles, but also necessitates for significant operation and maintenance cost. GTs
used are prevalently simple-cycle due to weight and space limitations of platforms. Simple-
cycle GTs present low efficiency characteristics, especially when functioning below fuel
capacity, a case often present on platforms for redundancy reasons. Most optimistic efficiency
values of a GT used for electricity generation is around 25 to 30 percent. While considering
the ideal conversion of natural gas to electricity of 10.8kwh/m?, the real energy produced is
3kWh accompanied by 2kg of CO,. Thus, it may be estimated that a platform with 100MW
of operational capacity releases over 500,000 tons of CO> per year in addition to harmful
emissions such as nitrogen oxides, which damages the equipment, environment and human
health. (Chokhawala, 2008) (Nguyen, Voldsund, Breuhaus, & Elmegaard, 2016) (Svendsen,
2022) A clear consequence of powering platforms by combustibles is their carbon footprint.

For instance, in Norway oil and gas extraction activities have accounted for about 25% of its



total emissions into air in 2021. (Statistisk Sentralbyra, 2021) The Norwegian government is
one of many others that introduced regulations to limit emissions, by imposing CO2 and NOx
taxes on the corresponding emissions in 1991 and 2007 respectively. (Norwegian Ministry of
Petroleum and Energy, 2012) In addition, the gas turbines alone are responsible for 80% of
the CO2 and NOx emissions. (He, et al., 2013) These policies aim towards encouraging the
reduction of emissions. Thus, it is in the interest of operators to reduce their emissions by
rendering platforms more efficient or searching for alternative methods to produce energy.
Increasing the platforms’ efficiency includes waste heat recovery, as well as electrification in
order to make use of onshore electricity grids. However, alternative forms of energy may be
captivating due to them being attributed to extremely low emissions, thus reducing costs due
to cutting emission taxes, in addition to other economical drivers to be discussed below.

(Zhang, Zhang, Qadrdan, W. Yang, & Wu, 2019) (Forbes-Cable, 2019)

In order to reduce a rig’s energy consumption, it is opportune to consider the highly
consuming equipment and processes in operation on the platform. Hoisting and fluid
circulation system are the two activities most widely responsible for power consumption
during their operating times. Other rig components such as the rotary system, well monitoring
and control equipment have a much lower contribution to the power demand. Energy

consumption on offshore platforms involves a range of operations, some of which are:

e Pumping system to extract hydrocarbons and reinject water.

e Heating to separate hydrocarbons based on boiling points in separators

e Enhanced oil recovery by gas reinjection

e Compression and pumping for oil and gas transportation through pipelines to treatment

facilities



e Heat and electricity generation for on-site activities and living personnel compartment

(Tawiah, Marfo, & Benah, 2016)

The energy demand of these activities is usually satisfied by 20-30m? of diesel per day
depending on the operations carried out on the platform on diesel-powered rigs. In comparison
with a diesel car, based on a study by Zhang et al. on the real-world consumption of light-
duty vehicles in China, where 16 diesel cars consumed on average 6.61/100km, a rig consumes
in one day what is equivalent to what a diesel car consumes to travel 300,000-450,000 km,
1.e., in one to two lifetimes. (Zhang, et al., 2014) To reduce the consumption of a rig, it is
important to efficiently plan drilling operations, thus reducing both environmental and
economical burdens. An efficient drilling process, requires less fuel per drilled distance, thus
consuming less energy and consequently causing less noxious emissions. For instance,
automated mud-mixing techniques, as those applied in the Valhall complex, in the North Sea,
reduce probability of mixing inaccuracy, exposure to harmful chemicals and excessive
emissions caused by human error. (Gunnerod, Serra, Palacios-Ticas, & Kvarne, 2009)
Moreover, diligent planning of drilling activities by engineers and logistic operators can save
up on time required for drilling and resulting in a more efficient process. Introducing remote-
controlled rotating and hoisting systems, together with casing-running operations carried out
by a top-drive, contributes to speeding-up operations, by reducing transition time between
casing-running and cementing, thus increasing the overall efficiency. (Cummins, 2011)
Moreover, a reliability-centered maintenance (RCM) approach, which is a process focused at
improving the consistency of assets to prevent their failure, has proven to reduce rig down-
time, enhance safety, and in the case of Ensco has shown a 63% return on investment. (Liou,
2012) The drilling rig design is also important. Well-planned working and living

compartments decrease the demand for heating and cooling and are especially required in



harsh climate conditions where heating requirements are more significant. Hull shape and
topside design of drilling rigs creates wind drag, which can lead to significant energy savings
when reduced in the design phase. A great factor influencing a rig’s energy expenditure is
determined by the way a rig is positioned. Moored platforms require much less power than
dynamically positioned (DP) ones, because engines continuously consume energy to keep the
rig in place. ABB, a British fabricator of power and automated machinery, have developed
the Azipod propulsion complex, a podded azimuth thruster design, which involves a variable
speed electric motor, driving a fixed propellor immersed outside the ship, which eliminates
the need for any gears or shafts between the motor and the thruster. This system reduces 10-
20% of the energy demand when compared to conventional azimuth mechanical thruster
options. (Langley, 2011) The heave compensation system chosen also has an influence on the
platform’s energy consumption. Implementing active heave drawworks (AHD), a fully
electric system, has different energy requirements compared to cylindrical rig option or crown
mounted compensator (CMC), because these heave compensation techniques depend on
different compositions of hydraulic and electric appliances. Hydraulic systems triumph over
their electric counterparts, in terms of power-to-size ratio and their energy storing capacity.
Hydraulic machinery is lighter and less cumbersome than electrically driven apparatuses. Gas
accumulators used in hydraulic designs store energy which allows them to continue operating
even in power failure scenarios. On the other hand, hydraulic systems necessitate a weighty
hydraulic power unit (HPU) of considerable size, which provides power supply to the
equipment, as well as being highly dependent on the environment’s temperature.
Implementation of hydraulic power systems can be complicated especially on floating
platforms. Hydraulic fluid properties are affected by temperature, which is a drawback when

opting for this design. Moreover, efficiency of an electric system ranges between 85-90%,



compared to 70% in hydraulic equivalents. This difference in efficiency makes electric
systems more attractive in case of high-power requirements. Moreover, electric systems allow
more precise momentarily control of torque and velocity, in addition to eliminating the risk
of hydraulic fluid leaks, therefore reducing environmental hazards. However, a limitation of
the electrically operated process is the requirement for energy storage usually obtained

through batteries of significant weight and size. (Tapjan & Kverneland, 2010)

A CMC system uses a standard derrick and draw works with a hydraulically compensated
system above the derrick. This system imposes a minimal load on the structure yet has limited
heaving capabilities. At top weight conditions it may affect the platform stability and limit
the load capacity on the rig. Finally, the CMC has a much lower energy consumption when

operating in harsh environments compared to other heaving alternatives.

A cylindrical rig design substitutes the derrick with a mast and the draw works with hydraulic
cylinders. This composition lowers the center of mass of the rig and reduces its weight. The
heave compensation capacity is limited by the configuration of the compensating cylinder.
Even though a cylindrical heaving design requires a large hydraulic power unit, the
positioning of the HPU below the rig floor contributes to an enhanced stability by taking down
the center of gravity. The use of several cylinders and wires ensures redundancy for failure
scenarios. Moreover, the use of cylinders instead of draw works contributes to the reduction

of sound pollution.

The AHD design also includes the use of a standard derrick with the draw works being fully
electronically managed for heave compensation. A compensation accuracy of less than 2%
for the draw works can be secured using AC motors. The regenerative power due to braking

may be reintroduced into the rig to be consumed by other devices to reduce losses. Just as the



cylindrical design, the AHD solution has a lower center of gravity than the CMC counterpart,
yet a lower weight with respect to both other options. Heave compensation is not limited
compared to the other designs. The main drawback of the AHD is use of draw works driven

by AC motors, which may be noisy in restricted work environments.

Energy production flexibility may be enhanced on platforms by implementing power
optimization systems and applying a power load approach. The task in this case would be
running the generators at their right optimal load rather than running all generators
simultaneously in low efficiency conditions. To allow this, a variety of engines with different
power outputs (dimensions) must be used. Otherwise, operating most generators at optimal
load, with one or two generators on variable load may be useful. A simple electric power
allocation may reduce the recurrence of power outages by reducing the number of dependent
systems and crossover links. Reducing the overall equipment, and increasing the efficiency
of each unit, when possible, reduces operation and maintenance costs, as well as reducing the
spatial burden of the components on the rig. Finally, heat recovery techniques utilized to
recuperate heat from exhaust fluids can be used to diminish heat generation by steam, thermal

oil or electrical methods. (Ipieca, 2013)

As Russia invaded Ukraine, the world energy picture is changing before our eyes at a pace
which once has been unimaginable. Russia’s fossil fuel exports to Europe have been limited
due to changes in geopolitical scenarios and policies, steeper than the decrease foreseen as a
result of climate policies and net zero commitments. This disruption in addition to the increase
in fossil fuel prices is acting as a drive to the use of renewables which can be a more reliable
and stable choice. Moreover, it is important to note that a larger share of renewables has been

linked to lower electricity prices. (IEA, 2022) For this reason, in the light of conflicts, price



instabilities and net zero commitments to mitigate climate change consequences by adhering
to net zero commitments, it is in our interest to contribute to this transition streaming towards

a more secure, sustainable, affordable and secure energy future.

2. Alternatives for producing this energy

2.1 Various Methods Present to Date

As mentioned earlier, platforms tend to lean on gas turbines for an independent electricity
production. These turbines in platform domains are only up to 30% efficient in optimistic
scenarios due to implications of single cycle operations, compared to efficiency in
conventional combined cycle power stations. (Gu, Li, & Haces-Fernandez, 2021) (Ardal,
Undeland, & Sharifabadi, 2012) (Kolstad, Ardal, Sharifabadi, & Undeland, 2014) (Kolstad,
Rygg, Sharifabadi, & Undeland, 2013) As a step towards making energy more affordable,
sustainable and secure, performing continuous studies on how to maximize the efficiency and
reduce the emissions of power generation on oil and gas platforms is a way to promote and

favor the commercialization of these techniques, paving the way for energy transition.

Wind energy is a valid energy source, which has already proven to be a potential method in
providing platforms with their demand. Norway has already declared successful efforts of
utilizing floating offshore wind turbines to satisfy platforms in the Gullfaks and Snorre oil
fields. (Legorburu, Johnson, & Kerr, 2018) The feedback provided was the fruitful supply of
35% of the energy required by 5 platforms, as well as the reduction of CO; emissions by
200,000 tons/year. (Izquierdo-Pérez, et al., 2020) In addition, reducing the weight of
equipment on platforms by replacing conventional turbines provides more space for safe and
stable activities by allowing to reduce the operation and maintenance cost and frequency.

(Watson, et al., 2019) Solar energy on the other hand is also an actively studied field for oil



and gas platforms especially combined with wind or wave energy in order to provide
redundancy to the platform energy demand, where two sources combined have proven to be
efficient by covering up for each other, solar energy giving less net production than wind

(Oliveira-Pinto, Rosa-Santos, & Taveira-Pinto, 2020) (Tiong, Zahari, Wong, & Dol, 2015)

While as stated by Nizamani et al., renewable energy still requires large capital costs, its price
has been decreasing with time. In addition, it shows to be more domesticable, hence proving
to be a way towards energy security by reducing susceptibility to price fluctuations.
Renewable energy sources that may be used on oil and gas platforms are solar, wind and wave
energy. This study presents in detail the exploitation of wave energy used to replace gradually
the conventional methods powering the current operating platforms. Ocean waves show to be
a very promising asset and abundant source of energy, which is harvested and converted into

electric energy by wave energy converters (WECs). (Nizamani, 2021)

2.2 Wave Energy

2.2.1Wave Energy Converters

WECs convert mechanical energy provided by water waves, that in their turn induce the
relative motion of the unit, thus producing electric energy. Yet, energy is not produced if the
WEC oscillates up and down at the free surface of the ocean. The device must be attached in

a way to form a lever, that will allow WE conversion into a new form of energy.

The lever is connected to a dashpot, also known as damper, a mechanical device which
impedes motion due to viscous friction, thus converting mechanical energy into heat. (Pecher

& Kofoed, 2017)

WECSs consist of:



1. Hydrodynamic system that captures wave energy
2. PTO that converts energy into electricity
3. A reaction subsystem to hold the WEC in position

4. A control subsystem that controls and monitors the WEC (Pecher & Kofoed, 2017)

The first wave devices are considered a humble wave resource on the coastline.

Coastal sites show some advantages over deep water locations due to the following reasons:

1. Easier to assemble the system, thus reducing the installation costs.

2. WEC is fixed to the seabed, which renders it more stable, thus providing more solid
opportunities of energy extraction

3. Electricity distribution costs are reduced due to expenses of deep seabed cables being
avoided

4. Maintenance costs less because the site is more accessible (Nizamani, 2021)

Due to their wide variety, WECs can be classified into different categories

First, they can be classified based on their location: onshore, nearshore or offshore. Nearshore
devices, usually fixed to the seabed, are located at a depth where the seabed influences the
wave motion. On the other hand, offshore devices, usually floating, are located at a depth
where the seabed doesn’t interfere with the waves. (Pecher & Kofoed, 2017) Offshore offers
the highest quantity of energy because in that case no energy is lost due to friction between
waves and the sea bottom. (Waters, 2008) However, due to the same reason, offshore plants
are required to withstand higher loads and extreme weather conditions. (Mwasilu & Jung,

2019)



Second, WECs can be classified according to their functioning mechanism (hydrodynamic
subsystem) as follows: oscillating water columns (OWC), wave activated bodies or

overtopping devices. (Aderinto & Li, 2019)

OWCs employ columns of water where the movement of the ocean in the column produces
wave activated bodies, also called oscillating bodies, which absorb energy directly from the
ocean, this motion is later converted to electric energy. Wave activated bodies can be
described as point absorbers, where a heaving buoy (moved by the waves) is connected to an
electric generator. Overtopping devices include a ramp which forces the water into a tank.

Further, the water leaving the tank will spin a turbine to produce electricity. (Waters, 2008)

Different kinds of WECs are designed based on the locations and their respective climate
conditions. Based on the numbers presented by Nizamani et al., it can be deduced that the
wave nature affects the dimension, weight and number of turbines which on one hand affect
the material cost and complexity of the system's implementation, and on another hand the

subsequent power production of the system. (Nizamani, 2021)

Fig.1 General categories of wave energy converters. A — Wave activated bodies. B — Overtopping devices. C

— Oscillating water columns. (Waters, 2008)

Several types of WECs have been tested and implemented during the past 2 decades.



1) Pelamis: consists of 4 segments that move perpendicular to the direction of the waves;
thus, it is considered a wave activated body. It utilizes a PTO which transmits the
hydraulic power created by the motion of the WEC, thus generating electric energy.
The prototype was tested in 2006, which lead to the establishment of the first
commercial wave form of Agucadoura on the northern Portugal coast. Life cycle
assessment was conducted by Thomson et al. in order to assess the environmental
impact of the first generation Pelamis P1, including all the necessary connections,
throughout its lifecycle. (Poullikkas, 2014) (Thomson, Chick, & Harrison, 2019)

2) Wave Dragon: The wave dragon is an overtopping device, where the water fills the
reservoirs using ramps, and then spins the turbines to produce power while leaving
through the outlet. (Poullikkas, 2014) (Kofoed, Frigaard, & Kramer, 2006)

3) Aquabuoy: A small dimension WEC designed by Finavera Renewables to collect
offshore wave energy. The instrument consists of a buoy connected to a long tube
referred to as the acceleration tube. The buoy oscillates as the wave passes; the kinetic
energy transmitted from the wave to the tube compresses a fluid which then spins a

turbine generator to produce energy. (Poullikkas, 2014) (Weinstein, Fredrikson, Parks,

& Nielsen, 2004)

overtopping
reservoir r\

- J.J’._\_\

turbine Youtlet

© Wave Dragon

The figures from left to right represent the Pelamis and Wave Dragon concepts respectively.



2.2.2Technical parameters

An assessment of wave power potential is performed by Nizamani et al. on Different types of
WEC design, in different wave environments, in order to understand the power generating
capacity of these devices, and their corresponding feasibility limitations, to estimate the

amount of natural gas which can be saved, thus reducing operation costs and emissions.

The rated power of the Pelamis P2, Wave Dragon and Aquabuoy are 750kW, 7000kW and
250kW respectively. The capacity factor is the percentage of electric power generated to the
rated power of the WEC. This parameter is normalized for each location studied to the
maximum capacity factor out of all locations, just as the mean wave power potential and
depth, in order to calculate the WEC Location Suitability index (WLS). WECs also have
technical limitations, where each of them has a minimum depth constraint which varies
between 25-50m for the 3 WEC models studied. Efficiency parameters of the system are taken
into consideration to estimate the energy production of a potential wave farm. The factor fin
estimates the machinery efficiency, as it is the ratio between the power absorbed by the WEC
to the mechanical power at the Power Take-Off (PTO) component. The f. parameter evaluates
the efficiency of the conversion from mechanical to electrical energy. Finally, f; estimates the
efficiency of transmitting the electricity produced to the required position in a stable and
useful manner. Based on in-depth performance studies of the three previously listed WECs in
the various locations, the location with the highest wave potential along with its corresponding
suitable WEC, the Pelamis P2, were considered. The power demand of the platform was taken
ranging from a minimum of 10 MW to a maximum of SOMW. The pelamis P2 in the best
location at its optimal operating conditions provided 91.37kW. Meaning that, one Pelamis P2

device may only supply 0.18-0.91% of the platforms demand which is unsatisfactory.



Therefore, an analysis of implementing 10, 50 and 100 units is performed. (Nizamani, 2021)
In environmental terms, the benefits of the project are estimated based on the potential
quantity of hydrocarbons substituted when wave energy contributes to the energy supply. It
is supposed that 1000ft> of natural gas may produce 99 kWh. (Statista Research Department,
2016) In other terms, 1kWh of electricity requires 0.286m? of natural gas to be produced. This
means that each Pelamis P2 unit may save up to 230000m> of natural gas per year, thus
avoiding the emission of 160 tons of CO and 700 tons of NOx per year. (USEPA, 2020) In
economic terms, installing 100 Pelamis P2 units combined will satisfy 14.1-70.3% of the
platform’s demand. These values correspond to saving up to 17600000m?* of natural gas and

reducing emissions by almost 12000 tons of CO and 54000 tons of NOx. (Nizamani, 2021)
2.3 Solar Energy

Solar energy has already been studied for offshore applications whether to satisty the energy
demand of offshore activities for which it is difficult to obtain energy from land, or due to the
scarcity of habitable land, environmental regard and protection of fragile ecosystems.
Offshore activities which require power include ocean energy harness equipment, fishing
activities, ocean mining, trade, transportation and finally oil and gas platforms studied in this
paper. Until today, most of these activities rely on fuel carried along the path to satisfy their
power demand. Moreover, in many of these activities long term offshore operations and
accidental incidents fuel shortages may be a great threat to the system’s functioning and the
personnel’s survival. In such cases, an autonomous system may be a critical response to the
problem. Most of these activities can be alimented with the low grade yet abundant energy

provided by natural renewable resources to be collected in the ocean. Trapani and Millar in



2013 introduced a photovoltaic offshore model for a land scarcity dilemma in on the Maltese

1slands.

Solar energy is continuously gaining more approval due to its environmental benefits,
maneuverability, compactness of installation, independency, domestic and industrial usage

possibility and little maintenance requirement. (Kumar, Shrivastava, & Untawale, 2015)

The sun is made up of hot plasma merged with magnetic fields. Energy is released by the
nuclear fusion of hydrogen nuclei into helium. The surface temperature achieved by the sun
is 5762K. (Kreith & Kreider, 1978) The sun’s total energy production is 3.8x10°°MW, of
which only a small portion of 1.7x10'*kW reaches the earth. Nonetheless, the global energy
demand in 2004 amounted for only 30 minutes of the sun’s energy reaching earth in a year.
Complete absorption of solar radiation is impossible due to absorption by the atmosphere,
diffraction and scattering. A solar constant is known as the solar radiation that the sun
provides per unit area, which is directly exposed to perpendicular sunlight rays, equivalent to
1.368kW/m?. (Kalogirou, 2004) Based on today’s energy demand, around 1 hour of sunlight
radiation is enough to satisfy the global energy demand in ideal terms. Solar energy harvesting
techniques are classified into two main types: Solar Thermal and Solar Photovoltaic (PV).
The thermal process uses solar energy for thermal requisition such as heating internal
environments, water heating and desalination. On the other hand, Photovoltaic methodology
converts solar energy into electricity without the need for an engine. It is important to note
that Thermal solar systems provide low grade energy, and are thus better used for heating
applications, while PV provide high grade energy which loses value when degraded and thus

is better used in the electric form. (Ghaffour, Goosen, Mahmoudi, & Bundschuh, 2014) Solar



energy exploitation in the ocean has many benefits on a technical, social and commercial

level. Some of the advantages are:

e Nature cooling by air and seawater in ocean environments provides higher PV
efficiency

e No need for water supply for panel cleaning

e Facilitated modeling and scaling from microwatt to megawatt.

e Reduction of water evaporation and algae growth by covering the water surface

e Buoyancy may be used to simplify the structure design

e Environmental benefits due to low emissions

e Availability of space for panel implementation near sites with high demand

Drawbacks:

e Excessive corrosiveness and scaling due to seawater
e Robust design requirement in harsh climate conditions
e Intervention in marine ecosystems and damage to biodiversity

e Lack of policies to encourage the development

Solar Photovoltaic Design

The greatest advantage of photovoltaic systems lies its dimensions, which allows it to produce
as little as microwatts to as much as megawatts of power. Its structure is vigorous,
uncomplicated and requires little maintenance. Conventional PV conversion efficiency ranges
from 15% to 20%. However, in the 1960s and 1970s the energy generated by PV systems in

their lifetime was less than the energy required for their production. Today, the panel recovers



its energy construction requirements in 2 to 4 years, with 30 years of estimated lifetime. (apani

Kim, 2013)

In the light of the nuclear catastrophe that occurred in 2011 in Japan, a 15-meter tsunami led
to the destruction of nuclear reactors due to disruption in power supply required for cooling.
Four reactors with a capacity of 2719MW became unfunctional. (WNA, 2014) In order to
recover the lost energy previously provided by the nuclear power plant, the Japanese
government instantly decided to implement a program which promotes the use of renewable
energy. The Feed-in-Tariff program local companies are required to buy renewable energy at
a price fixed by the government for 20 years. In 2012, Japan reached an incredibly high
7000MW quota by PV system installation and aimed to install 5300MW in 2013. On the long
term, Japan set a goal of 28GW by 2020 and 53GW by 2030, looking forward to supply 10%
of domestic energy needs by solar power. A 70MW Kagoshima Nanatsujima solar power
plant, the largest solar power plant in Japan constructed in record breaking 14 months, is
composed 0f 290,000 PV cells, which are enough to satisfy the demand of 22,000 households
and reduce emissions of 25,000t per year. (Power Technology, 2014)
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Fig. 4 Existing floating PV applications

2.4 Wind Energy

Power of wind is used for electricity generation, domestic usage, small-scale industrial
activities, in-farm housing and flour windmills ever since ancient times. Studies have been
performed on the on the viability of offshore wind power, tackling wing dynamic properties
and their impact on power generation. When choosing the location to install an offshore wind
turbine, a vital parameter ‘Capacity Ratio’ is considered. It is the ratio of the average output
power to the maximum power in a given time interval. Optimistically, this ratio is around
45% for an ideal performance, while it usually fluctuates around 20%-35%. Offshore wind
turbines are more consistent and productive due to the abundance of sea breezes. (Pinson,
Giebel, & Clausen, 2013) Wind Velocity increases while going away from the shore, thus
increasing the potential electric power production, however it renders construction plans and
offshore grid cabling more difficult. Floating foundations have shown to be a good solution
in some cases. Moreover, larger hub heights, and greater rotor diameters are required to
capture higher and faster winds. Rated power of the wind is calculated by the following

formula:

Prated: ArxPD x n

Where Ar is the swept are of the rotor, PD is the power density of the wind and 1 is efficiency
of the used turbine indicated by the producer. Power density is proportional to density of the
air and the speed of wind cubed. Research by Y. K. Tiong et al. (2015) took wind speed data
from SHELL Sabah Water Platform area provided by Sarawak SHELL Bhd. A SIEMENS-
SWT-4.0-120 was selected due to its low minimum required wind speed and a potential rated

power as high as 4MW at 13m/s optimal wind speed. Considering the average climate



conditions of the chosen location, the wind turbine implemented in the study shows a

promising rated power of 495 kW.

Based on the results mentioned above, wind turbines can be installed together with solar
panels to form arrays able to provide sufficient power to the oil and gas platform. The
integration of the two systems is a great consideration, due to the alternating power outputs
produced by these 2 systems due to seasonal changes in weather conditions. The PV solar
panel contributes most to power generation in summer periods when wind power is at its
lowest and vice versa during winter season. (Zahari & Dol, 2014) (Tiong, Zahari, Wong, &

Dol, 2015)

3. Excess Renewable Energy

3.1 Usual excess energy solutions

Climate change, air pollution and the need for secure energy are among the main reasons
which push us towards the use of renewables to raise the Renewable Portfolio Standard
(RPS). (California Energy Commission, 2018) RPS is a standard imposed by the state,
which stabilizes the percentage of electricity sold that must come from renewable resources,
introduced to reduce greenhouse gas emissions and promote more efficient energy
production. For instance, an RPS of 80% means that 80% of electric energy consumption
must be satisfied by renewable sources such as wind and solar energy. (National Conference
of State Legislatures, 2021) In case of electricity grids, the variability of renewable energy
sources causes incompatibility between the temporal portrait of renewable electricity

production and the corresponding demand. Occasionally, power generated may exceed the



electric load, thus generating energy which cannot be used. This phenomenon compels
renewable energy producers to adopt curtailment measures i.e., deliberately reduce
production below capacity in order to balance generation and load. (Georgilakis, 2008) For
instance, during lockdown caused by COVID-19 pandemic in UK, energy demand has
drastically dropped in a very short time. This led to excess energy production from
renewables and consequently surges in unused energy thus causing disruptions in power
supply. Certainly, Britain is not the only one to face this problem as other countries which
integrated renewables into their energy mix have reported that such occurrences pose
problems to their energy supply. (Relph, 2019) China in 2013 revealed 10.74% of its wind
energy curtailed. (Bird, et al., 2016) In the United States wind energy curtailment has
reached up to 4% in most regions where it occurred. (Bird, Cochran, & Wang, 2014)
Electric energy when generated, must be consumed right away, in order to secure balance
between demand and supply. Consequently, electric grids are always at a risk of surges,
unless this excess is stored or diverged to other uses. Maintaining demand and supply in
equilibrium is a difficult task, especially with abrupt changes such as the one caused by the
coronavirus pandemic. However, the dilemma of excess renewable energy is not a new one
and several solutions already exist, which is crucial for optimizing the use of renewable
energy sources in order to obtain the maximum of their environmental benefits. One
solution, as stated by Jim Watson, professor and research director at the University College
London’s Institute for Sustainable Resources, is pump storage. This technique includes
hydro stations which pump water to elevated heights when electricity demand is low and
then use it to generate electricity when the demand rises. (Relph, 2019) Forrest and Shafer
(2016) in their study on a 50% renewable energy grid have showed that pumped

hydropower storage is the most economical solution in reducing greenhouse gas emissions



per ton, followed by compressed air and battery storage. Compressed air being a technique
where the excess energy is used to feed compressors in order to compress air initially at
atmospheric pressure, which will then be decompressed when demand rises. However, this
option is clearly not viable on offshore oil and gas platforms. Another common solution is
battery storage, which may be an attractive option for electricity grids in order to fight
against sudden surges in demand on hourly basis. Nonetheless, this technique is not viable
enough for seasonal scenarios. In addition, even though battery storage may seem attractive
for domestic or urban uses, it is quite difficult to apply it on platform scale due to weight
and size limitations of the platforms. Moreover, another solution is widening electricity
grids in order to exploit the energy by selling it to more destinations. This recourse is
already being studied and has been mentioned in literature. Finally, a very stimulating
alternative is the use of hydrogen as a method for energy storage. Hydrogen in fact can
power cars and interestingly may be also used to power some existing gas turbines. This
means that hydrogen might be an attractive path for oil and gas operators where they can
use renewable resources, thus reducing their emissions and the corresponding taxes, in a
cost-efficient manner. A great portion of hydrogen is still produced from natural gas today,
meaning that it still contributes to pollutant emissions. However, in this research, hydrolysis
of sea water is proposed to produce hydrogen on platforms. Hydrogen may be produced by
electrolysis of sea water, where the electric energy provided in this case would ideally be a
form of renewable energy produced on the platform. In this case, hydrogen would be
produced in an ecofriendly manner, without having to exploit more hydrocarbons, as the
initial aim of the research is its mitigation. Further, the hydrogen produced, considering that
it can’t be stored or burned on the platform itself to power the equipment, can be rather fed

to a methanator, in order to produce renewable methane, thus increasing the production of



the site without adding to its environmental impact. Nevertheless, it is important to note that
renewable methane requires electrolysis to produce hydrogen, and then the addition of CO2,
which often constitutes a part of the production fluids. Moreover, the implementation of a

methanator 1s required.
3.2 Hydrogen production Methods

R. Kothari et al. (2008) reported that 96% of hydrogen up until that date has been produced
from oil, coal and natural gas through chemical processes. The remaining 4% was produced

by electrolysis, yet with the electricity prevalently being produce from fossil fuel sources.

Electrolysis
4%

Natural gas
48%

While hydrogen is said to be a clean energy provider, it is in our interest to produce it from
renewables while aiming towards reducing greenhouse gas emissions. The main processes

used for hydrogen production in decreasing order are as follows:

e Natural gas steam reforming: The most widely used technique, is an endothermic
process, with nickel used as catalyst. The higher the hydrogen to oxygen ratio in the
feed, the more favored it is for this reaction. Mainly light hydrocarbons are used for

this purpose, while heavier HCs are of less interest due to their lower end yield of



hydrogen. Finally, huge amounts of steam generated are not required by the system,
thus they are either transported or transformed into electric energy through steam
turbines before export.

e Partial oxidation of hydrocarbons: Exothermic reaction with oxygen and steam at
relatively high pressures, with or without catalyst based on the feed used and the
system specifications. This is the second most important method for producing
hydrogen, as it may be used for any type of feed, and is therefore used for heavier
hydrocarbons, high sulfur feeds and refinery residual oils. A disadvantage of this
technique is that it produces carbon monoxide along with carbon dioxide.

e Coal gasification: Shows a similar mechanism relative to the partial oxidation of
hydrocarbons. CO, CO2 and H2 are produced in this reaction. CO2 is later removed
by washing with ethanamine or potassium hydroxide. Methane is another minor
product of this reaction, whose yield might be increased by raising pressure to 1000psi.
The average efficiency of the processes studied by R Kothari et al. is 75%. Sulfur oxide
production is neglected as it is often nearly null, and sulfur is often removed from the

flows.

3.3 Hydrogen from renewable sources

Hydrogen generated from renewable sources is gaining more and more popularity towards
becoming an energy carrier in a more sustainable world. As fossil fuels are finite, thus
always scarcer and more expensive, and more importantly cause damage to the
environment, the world must switch gradually towards hydrogen production from
renewable sources such as wind, water and solar energy. Electrolysis is only responsible

for greenhouse gas emissions when fossil fuels are used for the system’s power supply.



Thus, using renewable energy to power electrolyzers seems to be the way to go. A
renewable energy system such as a photovoltaic, wind, wave or hydropower can all be
used to produce electricity. Any of these methods, when combined with an electrolyzer,

may produce hydrogen with little to no greenhouse gas emissions.

It is important to study the feasibility of implementing an electrolyzer on an oil and gas
platform. This is done by considering the weight, size and electric load of the plant, in

addition to the possibility and challenges of using seawater.

The basic functioning of an electrolyzer is described by a cell with H20 flow provided
with a low concentration of a compound such as sulfuric acid used to increase
conductivity. The other two compartments are the anode and cathode where oxygen and
hydrogen are produced respectively, by a source of electricity connected to the platinum
electrode placed at the bottom of each compartment. In this study, the source of electricity

would be the renewable energy farm described.

4.Biological hydrogen methanation

Biogas is a product of a biologically conveyed process referred to as Anaerobic digestion.
Biogas is mainly composed of methane (CH4) from 50% to 70% and carbon dioxide (CO»)
having a concentration of 30-50%. The respective concentrations of CO> and CH4 in biogas
mainly rely on the intrinsic properties of the substrate and the pH of the reaction medium.
Apart from these two main products, biogas also contains other minimal amounts of
impurities, such as nitrogen of about 0-3%, probably deriving from air contained in the
reactants, water vapor (H20) of 5-10% or higher at particularly thermophilic conditions
originating from medium evaporation, oxygen (Oz) up to 1% which enters along with the

substrate or due to leaks. Moreover, other minor impurities are present like hydrogen sulfide



(H2S) up to 10,000 ppmv, resulting from the reduction of the reactants coming from some
waste influents, ammonia (NH3) resulting from hydrolysis of protein containing substances
or urine, hydrocarbons up to 200mg/m3 and siloxanes reaching 41mg/m3 coming from
industrial effluents. (Mufioz, Meier, Diaz, & Jeison, 2015) (Petersson & Wellinger, 2009)
Besides methane, all other components of biogas are undesired and are treated as impurities.
The energy content of pure methane, also defined as Lower Calorific Value (LCV) 50.4MJ/kg
or 36MJ/m3 at STP. While biogas with around 60 to 65% of methane has an LCV of around
20-25 MJ/m3 of biogas. Hence, it is clear that the higher the amount of pollutants, the lower
the energy content. H>S and NH3 in their turn are toxic and highly corrosive gases, which
damage the equipment through emission of SOz by combustion in case of H>S. In addition,
the presence of siloxane, even in small amounts, causes problems such as sticky residues
deriving from silicon oxides which adhere to various system compartments causing defective
functioning. (Abatzoglou & Boivin, 2009) At present, different techniques exist for the
removal of impurities from biogas to make it more applicable to different uses. The first
treatment revolves around “Biogas Cleaning”, i.e., the elimination of compounds harmful for
health, environment or equipment (such as NHs, H»S, Si, Volatile organic compounds
(VOCs), siloxanes and CO). Nonetheless, in practical terms H»S is the only compound being
treated, as many current biogas manufacturing systems have a built in H>S removal
compartment, usually based on biological oxidation of H2S under the action of aerobic sulfate
oxidizing bacteria. Another rather important treatment is called “Biogas Upgrading”, whose
task is to improve the lower calorific value of the biogas, thus rendering it a higher standard
fuel. (Sun, et al., 2015) In the case which biogas achieves a purity similar to that of natural
gas, the gas produced is then called biomethane. (Kougias, et al., 2017). Presently, natural gas

required composition is based on regulations set by the authorities, which exceeds 95% in



some cases. However, the European Commission has stabilized regulations to achieve
homogenized gas specifications. (Kougias, et al., 2017) It is crucial to bear in mind that during
upgrading, the CO> content of raw biogas is either eliminated or converted to methane by the
reaction with hydrogen. (Kougias, et al., 2017) Numerous upgrading techniques are already
implemented; hence a continuously increasing number of biogas plants are arising in Europe.
Germany is the leader in this trend, followed by Sweden, UK and other European countries.

(Hoyer, Hulteberg, Svensson, Jernberg, & Norregard, 2016).

Biogas upgrading Technologies

Nowadays, several techniques to separate/convert CO2 from CH4 exist commercially,
including absorption, adsorption and membrane separation. In addition, processes involving
cryogenic chemical hydrogenation are under study. This study aims to present some of the

important techniques and analyze one of them in depth in the scope of oil and gas platforms.

Generally, physicochemical processes can lead to a 96% purity of methane. However,
particularly complex thermodynamic and catalytic conditions in terms of temperature,

pressure or addition of chemical substances required to achieve an efficient biomethanation.

(Angelidaki, et al., 2018)

Physical absorption using water scrubbing.

Water scrubbing is the most utilized method for cleaning and upgrading biogas. (Thrén, et al.,
2014) This process aims at separating COz and H2S from raw biogas, exploiting their high
solubility in water with respect to CHs (solubility of CO> in water is around 26 times more
than that of methane at 25 degrees Celsius based on Henry’s law). In this process biogas is

pressurized to about 6-10 bar and injected from the bottom of the absorption column, where



water flows countercurrent from the top (Bauer, Persson, Hulteberg, & Tamm, 2013). The
absorption column is filled with packing material to increase the contact surface and thus
mass transfer between gas and liquid. (Ryckebosch, Drouillon, & Vervaeren, 2011) Purified
CH4 is released from the top, while water rich in CO2 and H2S is sent to a flush column
where its pressure drops, and a part of recovered methane is recirculated into the system. Two
techniques are currently available based on the water re-use. Single pass scrubbing is the
method applied when treated sewage wastewater is used. Regenerative absorption technique
is implemented to allow the recirculation of water after passing through a desorption column
where it depressurized by air stripping to remove CO2 and H2S. In case of high H2S
concentrations steam or inert gas is used during depressurization to prevent sulfur formation
which may lead to technical problems. (Ryckebosch, Drouillon, & Vervaeren, 2011)
Regeneration processes are performed due to huge amounts of water required; where for each
1000Nm3/h of biogas, around 180 to 200m3/h of water flow is introduced based on the
thermodynamic conditions. (Bauer, Persson, Hulteberg, & Tamm, 2013) After this process,

up to 99% purity of methane can be achieved. (Sun, et al., 2015)
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This method is similar to water scrubbing in process terms yet uses organic solvents consisting
of methanol and dimethyl ethers of polyethylene glycol, of which several commercial
products are present. The advantage of these products is their high solubility of CO2, up to 3
times more than the solubility in water, which allows the use of less liquid volumes and
therefore smaller dimensions of the components. However, this solubility is also the main
drawback since it makes the organic solvents difficult to regenerate. Moreover, the selectivity
of Selexol (a popular brand solvent used for the process) is much higher towards H2S with
respect to CO2, thus high temperatures are required to remove CO2. (Persson, 2003) In this
case, in order to reduce energy consumption H2S must be removed prior to the absorption
process. The final product in this case may reach up to 98% purity. (Bauer, Persson,

Hulteberg, & Tamm, 2013)

Chemical Absorption using amine solutions

Chemical scrubbers utilize aqueous amine solutions to bind the CO2 molecules which must
be removed. An advantage of the system is that it may also completely remove H2S. Absorber
and scrubber unit are the main compartments of an amine scrubbing system. Biogas at a
pressure of 1-2 bars flows upwards through the absorption column, encountering the amine
solution flowing to the bottom, which allows an exothermic chemical reaction to take place,
where CO2 is bound to the amine. Further, the amine rich in CO2 and H2S is sent through a
stripping column for regeneration. Stripping occurs at 1.5-3 bars and a temperature of 120-
160 degrees Celsius. At such high temperature, the chemical bonds formed earlier tend to
break, while allowing the formation of steam to act as a stripping fluid. In addition, some
alkaline salts of potassium, sodium or calcium hydroxides may be used to enhance the

reactivity of CO2. (Kougias, et al., 2017) (Zhao, Leonhardt, MacConnell, Frear, & Chen,



2010) Theoretically, sodium hydroxide is around 50% more efficient in capturing CO2 when
compared to mono-ethanolamine. (Yoo, Han, & Wee, 2013) Main drawbacks of this method
are the toxicity of the solvent to both humans and environment, great amounts of energy
required for regeneration, the cost of the solvents and their continuous loss due to volatility.
Hence, alkaline salts are often preferred due to their abundance and cost feasibility. (Yoo,
Han, & Wee, 2013). A 99% methane purity can be achieved by this method due to the high
selectivity of the chemical reaction, which allows less than 0.1% methane loss. (Angelidaki,

et al., 2018)

Pressure swing adsorption (PSA)

This method extracts the various gases from the influent raw biogas due to their affinity to
the adsorption material implemented. Adsorbents may be carbon molecular sieves, zeolites,
activated carbon and other materials with a high specific area. (Augelletti, Conti, & Annesini,
2017) The pivot of this method is the attraction of gases at high pressure to the surface of the
adsorbing material. Thus, when a pressurized gas is introduced, adsorption of the impurities
takes place, whereas, at low pressures the gases are released. PSA consists of adsorption,
blowdown, purge and pressurization. (Augelletti, Conti, & Annesini, 2017) First, pressurized
raw biogas at 4-10 bars is sent through the adsorption column, where CO2, H2S, O2, N2 and
H2O0 are retained by the adsorbent, while methane flows to the top and to be collected by
lowering the pressure. In practice, several adsorption vessels are introduced to guarantee
continuity. (Bauer, Persson, Hulteberg, & Tamm, 2013) When the adsorption material is
saturated, the biogas passes to another vessel. The saturated adsorbent is regenerated by
depressurizing the material allowing it to release the gases. The released gas contains a

considerable amount of methane and thus must be recycled. (Awe, Zhao, Nzihou, Minh, &



Lyczko, 2017) The adsorption of H2S however is irreversible, thus it must be treated earlier
before the adsorption process. (Zhao, Leonhardt, MacConnell, Frear, & Chen, 2010)This
technique is attractive due to its low space requirement, cost efficiency as well as safety and
ease of operation. (Augelletti, Conti, & Annesini, 2017)Biogas in this case can be upgraded
up to 96-98% methane yet losing up to 4% of methane. (Bauer, Persson, Hulteberg, & Tamm,

2013) (Ryckebosch, Drouillon, & Vervaeren, 2011)
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Membrane separation

The membrane technique is a valid competitor to the commonplace absorption systems used
to upgrade biogas. The fundamental concept of this method is the selective permeability of
the membrane versus other gases in this increasing order of permeation as follows: C3HS,
CH4, N2, H2S, CO2 and H2O. (Bauer, Persson, Hulteberg, & Tamm, 2013) Depending on
the separator specifications, this method may be applied for both dry and wet streams. Gas/gas
(dry) procedure required specific membranes, typically polymeric. The polymeric

components that show to be compatible with CO2 and CH4 separation are cellulose acetate



and polyimide. (Baker, 2012) The permeance of the undesired gases is determined by sorption
coefficients and on the characteristics of the used membrane which determine the selectivity
towards the different gases. (Baker, 2012) Sorption characteristics of the material are
influenced by the condensability of the permeant, which makes larger molecules more
condensable compared to smaller ones. Conversely, diffusion coefficient drops as the
molecular size rises. When considering both diffusion and sorption criteria, it appears that
smaller molecules such as CO2, are more likely to permeate the membrane when compared
to CH4 which tends to condense since it is a larger molecule. (Baker, 2012) Thus, in polymer
composed membranes the solubility and diffusivity parameters of CO2 are greater compared
to CH4, leading to enhanced permeability. Hence, CH4 will tend to remain at the higher-
pressure side of the membrane, while CO2 along with a sizable portion of methane (up to 10-
15%) will end up in the lower pressure side. In practical applications, H2S removal is
performed prior to the process to avoid corrosive gases reaching the equipment. (Persson,
2003) Later, biogas undergoes compression before being introduced to the membrane-
containing compartment. (Bauer, Persson, Hulteberg, & Tamm, 2013) The system’s
efficiency is highly dependent on the material and typology used for the membrane.
Evidently, the better membrane is the one with great permeability difference between methane
and CO2 in order to restrict CH4 leakage and secure an efficient process with minimal losses.
At present, four chief processes of gas/gas membrane processes are in use. A one stage, a two-
stage coupled with a recirculating loop, a two-stage and a three- stage with a sweep biogas
stream (Makaruk, Miltner, & Harasek, 2010) Clearly, the single stage process is simple as it
contains no circulating components compared to the two-stage operation, which therefore
requires less maintenance (Baker, 2012), thus reducing operational expenditure (Angelidaki,

et al., 2018) In addition, the two-stage design with sweep, the biogas stream exiting the bottom



unit is reintroduced into the top unit after mixing with the influent gas stream in the form of
a sweep stream. In the end, the three-stage design also has a sweep gas stream and an
additional membrane separator to the two-stage system yet having a low-pressure feed
membrane containing both enrichment and stripping sections. In the aforementioned process
designs, the resulting methane content is typically 95%, but can reach up to 98% under

specific constraints. (Bauer, Persson, Hulteberg, & Tamm, 2013)

The advantage of wet membrane separation is that wet membranes also present absorption
characteristics, thus combining the advantages of the solid membrane with the previously
mentioned absorption techniques, where gas molecules may be absorbed by the liquid phase
after crossing the membrane counter-current with respect to the liquid. The liquid may then
be regenerated at elevated temperatures, resulting in the release of CO2, pure enough to be
used for other applications. The downside of this technology is its high cost and fragility of

membranes which last approximately 5 to 10 years. (Bauer, Persson, Hulteberg, & Tamm,

r )
{c} Upgraded biogas
HS
remonal
Dehpration
.. Rawbiogas %2 ‘ L J
I
@ -
biogas
... Rowblogas [— (iv)
(II] — Upgraded biogas ©0g rich gas

Raw biogas
Upgradsd biogas

Pameale

SOy rich gas Upgraded biogas

Upgraded blogas Raw biogas

CO1 richpas

Figure showing the various aforementioned types of membrane processes



Cryogenic separation process

This method is based on the decrease of biogas temperature, liquifying methane to separate it
from CO2 and other pollutants (Mufioz, Meier, Diaz, & Jeison, 2015), to achieve a methane
up to the quality standards of Liquified Natural Gas (LNG) (Grande & Blom, 2014).
Separation is carried out by water removal and compression up to 80 bars, followed by gradual
cooling up to -110 degrees Celsius. (Ryckebosch, Drouillon, & Vervaeren, 2011) In this
process minor impurities such as H20, H2S, siloxanes and halogens are removed along with
CO2 which is the predominant undesirable component, until methane reaches a purity of more
than 97% in this process, however it is still unpopular and understudy (Bauer, Persson,
Hulteberg, & Tamm, 2013), due to economic feasibility, methane loss issues and operational
problems such as cogging, resulting from an excessive portion of solidified CO2 or other
impurities inhibit the expansion of this method. (Bauer, Persson, Hulteberg, & Tamm, 2013)

(Mufioz, Meier, Diaz, & Jeison, 2015) (Ryckebosch, Drouillon, & Vervaeren, 2011)

Chemical Hydrogenation of methane

CO2 may be reduced with H2 through a chemical process by applying the Sabatier reaction.
In practical applications several catalysts are in use, with Nickel and Ruthenium dominating
the industry (Jiirgensen, Ehimen, Born, & Holm-Nielsen, 2015) have already been examined
at high temperature (300°C) and pressure (5-20 MPa) (Xia, Cheng, & Murphy, 2016). Due to
impressive selectivity, the reaction may completely convert CO2 and H2. (Jiirgensen,
Ehimen, Born, & Holm-Nielsen, 2014) However, in spite of the attractive efficiency, some
disadvantages are still present, such as the negative impact on sustainability due to the
presence of catalysts poisons as impurities, which necessitates its frequent substitution.

(Giibitz, Bauer, Bochmann, Gronauer, & Weiss, 2015) Another difficulties facing the process



are the scarcity of raw material for catalyst manufacturing and great energy consumption

during operation. (Angelidaki, et al., 2018)

Biological Renewable methane production

Biological upgrading processes can be distinguished into photosynthetic and
chemoautotrophic. The majority of these designs has been experimentally verified and are at
the early stages of piloting and commercialization. The greatest benefit of this technique is
the conversion of CO2 into a more valuable energy rich outcome at contained costs
(atmospheric pressure and relatively low temperature) thus endorsing the concept of

sustainability and giving rise to circular economy. (Angelidaki, et al., 2018)

The previously mentioned methods are to be seen not only as ways to upgrade methane, but
also methods of CO2 capturing in order to avoid its release into the environment to reduce
greenhouse gas emissions, or to convert it into another gas (methane in this case), which is of
useful lower calorific value, thus having an attractive energy content. In other words, this
technique may be applied to remove a greenhouse gas, converting it into a worthwhile

material, using renewable energy sources and respecting the values of a circular economy.

Chemoautotrophic Methanation

This technique relies on the use of hydrogenotrophic methanogens, i.e., organisms which can
metabolize hydrogen as a source of energy, by reducing CO2 to produce methane according

to the following reaction:

e (CO,+4H; — CHs + 2H20O



Nonetheless, in order to give rise to a sustainable process, the hydrogen used in the process
must come from a renewable source. Consequently, the conceptualization of utilizing
renewable electricity to electrolyze water for hydrogen production has gained vast
consideration, even more so in the case when this energy comes from surplus renewable
energy production coming from wind, sun or the ocean which would have been curtailed or
lost otherwise. This technique is also valuable for the purpose of storing the excess renewable
energy, a recent pioneering application called power to gas (P2G). As explained earlier, solar
and wind and ocean energy are methods which need calibration during darkness or when the
wind and waves are motionless. Batteries aren’t always a convenient solution due to their
relatively low storage capacity, elevated cost, toxicity and environmental impact of the
materials used and finally the restrictions of size and weight in case of oil and gas platforms.
Renewable electricity is used to electrolyze water into H2 and O2, thus producing a clean
energy carrier without CO2 emissions in the process. Nonetheless, hydrogen has some
drawbacks to be considered before using it in practical applications. Precisely, hydrogen has
an immanent downside due to its low volumetric energy, which makes its storage
complicated. (Jiirgensen, Ehimen, Born, & Holm-Nielsen, Utilization of surplus electricity
from wind power for dynamic biogas upgrading: Northern Germany case study,
2014)Moreover, the implementation of hydrogen as a transportation fuel is still the

development phase. (Mufioz, Meier, Diaz, & Jeison, 2015).

Hence, blending the P2G technique to convert hydrogen into methane is a very interesting
method as it combines renewable energy exploitation with biogas, both being sustainable
processes. This procedure is a great potential source to convert renewable electricity into a
chemical energy carrier, which can be smoothly introduced into the natural gas framework

already in use. Energy content of methane (36MJ/m3) is significantly greater than that of



hydrogen (10.88 MJ/m3). (Luo, et al., 2012). Furthermore, this technique uses the existing
equipment of biogas facilities, thus making it more economically favorable. Moreover,
chemoautotrophic processes do not absorb or or capture CO2 but convert it into methane, thus
increasing enormously the energy content of the product. The product may be called windgas
or solargas based on the renewable energy source behind electrolysis. (Kougias, et al., 2017).
Last but not least, this technique allows to promote a sustainable production of pioneering of
pioneering biogas, which permits the production of methane independent of the availability
of biomass. This makes the method also interesting for oil and gas platform applications.
Three designs can be described to date, in-situ, ex-situ and hybrid methods. (Kougias, et al.,
2017) So far, the in-situ and ex-situ techniques have already been experimentally tested, with
various literature availability on the topic. However, hybrid design is still requiring more

research and experimental work already taking place with a promising potential. (Angelidaki,

et al., 2018)
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Figure showing 3 chemoautotrophic biomethanation processes: 1)Ex-situ 2)In-situ 3)Hybrid

In-situ Biological Methantion

This method includes the introduction of H2 into a biogas reactor, to be combined with the
innate CO2, produced by the anaerobic metabolizer, to finally be converted into methane
under the action of autochthonous methanogenic bacteria called archaea. (Kougias, et al.,
2017) This method can lead to a methane purity of up to 99% in the case of careful monitoring
of the reaction medium. An important obstacle of this technique faces is the rise of pH to
levels over 8.5 which hinders the production of methane. The rise in pH is linked with the
removal of bicarbonate which is the main buffer substance in the reactor. As CO2 is dissolved
in the liquid phase, it produces H+ ion and bicarbonate according to the following chemical

equilibrium:

H,O + CO; & H "+ HCO3"



Based on Le Chatelier principle, the consumption of CO2 will lead to the decrease in
hydrogen ion, thus increasing the alkalinity of the medium. Previous experiments also proved
a slight hindering of methane production due to bicarbonate depletion. (Luo, et al., 2012)This
proves the previous statement that a pH of 8.5 is the limit for optimal methanogenesis in terms
of reaction parameters. (Bassani, Kougias, Treu, & Angelidaki, Biogas Upgrading via
Hydrogenotrophic Methanogenesis in Two-Stage Continuous Stirred Tank Reactors at
Mesophilic and Thermophilic Conditions, 2015) To resolve this issue, co-digestion with
waste with acidic character was suggested to limit the increase in pH. (Luo & Angelidaki,
2013) In detail, it has been proven that manure (fertilizing animal waste) and cheese whey
wastewater helped keep the pH at optimal conditions for the complete process duration.
Another method suggested to solve this issue was pH control to allow an almost pure
biomethane production. (Luo, Wang, & Angelidaki, 2014) Another challenge to be faced is
the oxidation of Volatile Fatty Acids (VFA) and alcohols which is only possible if H2
concentration is very limited. (Batstone, et al., 2002) Contrarily, high Hydrogen partial
pressure (more than 10 Pa) hinders anaerobic digestion, and favors the augmentation of
electron sinks like ethanol, lactate, propionate and butyrate. (Liu & Whitman, 2008) It is said
that sudden surges of H2 concentrations are present in the influent, VFA degradation wouldn’t
be feasible. (Batstone, et al., 2002) Consequently, the process may lose its functional
parameters, leading to fatal worsening due to high acidification by VFA increase. A modern
stydy showed that the introduction of H2 at concentrations above the stoichiometric
requirement of biomethanation led to augmented quantities of acetate, due to change in the
reaction conditions favoring homoacetogenic process, thus limiting methanogenic activity of
archaea. (Agneessens, et al., 2017) Nonetheless, longer exposure to hydrogen grows the

hydrogenotrophic bacterial presence and makes it immune to this problem. (Reeve, Morgan,



& Nolling, 1997) Another issue to be tackled is solubilizing the hydrogen to allow it to pass
from the gas to the liquid phase in order to allow its contact with the bacteria. Solubility of
gases in water is generally very low, which hinders mass transfer thus decreasing the
reactivity. (Tirunehe & Norddahl, 2016) Therefore, the methods and equipment used for H2
injection, as well as reactor design and gas recirculation trajectories are crucial points for the
productivity of in-situ biomethanation. (Bassani, G.Kougias, & Angelidaki, 2016) Batch
experiments showed that CO2 concentrations below 12% do not allow proper H2 uptake,
(Agneessens, et al., 2017)leading to a methane purity of only 89%. (Mulat, et al., 2016) In
continuously fed reactors, Luo & Angelidaki, 2013 utilized hollow fiber membranes to
introduce H2 in an anaerobic reaction medium treating manure and cheese whey, were able
to reach a 96% purity. (Luo & Angelidaki, 2013) Other processes by Luo et al. in an up-flow
anaerobic sludge blanket vessel, with the addition of a membrane in hollow fiber in an
external degassing compartment showed a 94% methane content. (Luo, Wang, & Angelidaki,
2014) Nevertheless, since hollow fiber membranes are costly, the use of ceramic sponges was
tested to allow the contact between Co2 and H2 to convert them into methane. (Bassani,

G.Kougias, & Angelidaki, 2016)

Ex-situ biological methanation

The ex-situ biogas upgrade method is based on CO2 supply from an extrinsic source, along
with H2 in an anaerobic vessel initially accommodating pure or enriched hydrogenotrophic
organisms, leading to their transformation into methane. (Kougias, et al., 2017) The technique

is preferred over the in-situ version for the following reasons:

e Ensures the correct functioning of the standard biogas process since the

transformation into methane takes place in a separate reactor



e The biochemical conditions are manageable with less effort due to the absence of
organic degradation (primary steps of anaerobic digestion like hydrolysis and
acidogenesis are not involved)

e Ex-situ method is a biomass independent process

e Outside sources of CO2 may be used which increases the possibility of the
process’s applications

e This method allows the supply of power to distant locations from the available

grids.

As shown in the comparison performed by Angelidaki et al., the ex-situ method can be
adapted to high volumes of feed gases, while keeping a gas retention as low as 1 hour, which
reduces the size of the upgrading unit. The efficiency of the process, taken as the purity of the
methane content, varies between 79 to 98%, based on the type of the implemented reactor.
(Angelidaki, et al., 2018) A technical obstacle of this process is the limited gas-liquid mass

transfer, governed by the following equation in the case of H2:
» 1= 22.4kra (Hagrh — Ha1)

Where 1: is the gas-liquid mass transfer rate of H> in L/ (Lieactor .day), 22.4 is the molar volume
at STP conditions in L/mol, kra is the gas transfer coefficient in day!, Hag is the Ha
concentration in the gas phase in mol/L and Hai represents the H2 dissolved in the liquid phase
in mol/L. Hence, it is clear that the H2 gas-liquid mass transfer rate is proportional to kra,
which is reliant on the specifications of process like gas recirculation flow (Guiot, Cimpoia,
& Carayon, 2011) (Kougias, et al., 2017), reactor design (Bassani, G.Kougias, & Angelidaki,
2016) (Kougias, et al., 2017), the implemented diffusion apparatus (Bassani, et al., 2017)

(Diaz, Pérez, Alfaro, & Fdz-Polanco, 2015) (Luo & Angelidaki, 2013) and stirring potency



(Luo & Angelidaki, 2013). Several sources in literature suggest pioneering ideas to improve
the efficiency of biomethanation. A study on the comparison between these techniques has
been performed by Angelidaki et al. (2018). It has been proven that temperature is a pivotal
parameter in determining the reaction’s efficiency. In detail, it has been demonstrated that
enriched thermophilic environment resulted in 60% higher H2 and CO2 conversion with
respect to mesophilic conditions in a batch experiment. (Luo & Angelidaki, 2012) Another
research deduced that raising the temperature from 55°C to 65°C renders biomethanation more
efficient. (Guneratnam, et al., 2017) However, no matter the temperature setting, the microbial
environment needs adaptation time to perform an efficient fermentation of CO2 and H2. For
instance, a reaction in a mesophilic medium within a packed-bed reactor with a stagnant
culture of hydrogenotrophic organisms for an eight-month period, lead to a 96% yield of
methane. (Rachbauer, Voitl, Bochmann, & Fuchs, 2016) The biological methanation

productivity obtained is comparable to that of the thermophilic process. (Bassani, et al., 2017)

(Luo & Angelidaki, 2013). Reactor design and the implementation of gas recirculation and/or
liquid stirring equipment are also crucial elements in the construction of a biomethanator.
Series up flow or bubble vessel reactors have shown to reach 98% methane purities, even
without injecting H2 in sophisticated ways using membrane structures. (Kougias, et al., 2017)
In addition, packed reactors have shown a superior performance of 98-99% efficiency
resulting from the establishment of anaerobic association films (layers) that contribute to
biocatalysis leading to better results. (Burkhardt, Koschack, & Busch, 2015) (Savvas,
Donnelly, Patterson, Chong, & Esteves, 2017) Lastly, high mixing velocity (Luo &
Angelidaki, 2012) or diffusion enhancement equipment able to form bubbles to facilitate the

mixing, have shown best reaction kinetics and yield. (Bassani, et al., 2017)



Feasibility of energy discontinuity and electrolysis

The final task of this work is to evaluate the possibility of integrating several of the previously
listed systems, including renewable energy converters and electrolyzers on a single platform
by assessing some parameters mentioned in literature to understand the feasibility of
integrating several low emission systems, from renewable energy, to hydrogen production
from a clean source, finally to biological methantion with lower power demand and green
hydrogen instead of the grey alternative produced by greenhouse gas emitting processes.
Electrolysis requires a high amount of energy of around 4.5-5kWh/m3 of H2 yet it managed
to gain prestige among industrial electrolysis systems due to their promising potential derived
from potential cost-sustainable energy production. The economic feasibility of electrolyzers
is determined by the cost of electric energy, which 1n its turn is the energy with greatest cost
since it is a secondary energy source requiring energy conversion. Electricity producing
systems are only 30-40% efficient, hence the efficiency of electrolysis is even lower since it
is not an ideally efficient process either. To achieve a favorable electrolysis design, energy
use must be optimized to reduce losses. (Nikolic, et al., 2010) Hydrogen is gaining more and
more popularity as a clean energy carrier, where the best way to produce it in terms of
sustainability would be through electrolysis while exploiting renewable energy sources with

a low impact. (Ivy, 2004) (Zeng & Zhang, 2010)

According to statistical data provided by Petroleum Association of Wyoming, in 2018 there
were 25,605 producing wells, of which 14,638 were gas wells, with an average production of
298 Mcf/day (thousands of cubic feet) (Petroleum Association of Wyoming, 2019) which is
equivalent to around 8438 m3/day. Thus, a comparable methane production by the

methanation compartment must be achieved for the process to be of economic interest.



Moreover, a source of CO2 is required for methanation, which can be either through anaerobic
digestion, or from emissions in a flue gas. (Kozak, Koroglu, Cirik, & Zaimoglu, 2022) In
addition, often oil and gas wells produce CO2 rich hydrocarbon streams, as high as 26.1%.
(Nguyen & De Oliveira Junior, 2017) As per methanation, the energy required for the reaction
1s 0.44kWh/m3 of biogas upgraded. The energy consumption is predominantly consumed by
gas recirculation, around 84% of the energy necessary to pass H2 to the liquid phase at an
elevated rate. Meanwhile, heat requirements are negligible. (Alfaro, Fdz-Polanco, Fdz-
Polanco, & Diaz, 2018)These energy demands are greater than those of the various
commercial techniques in use such as pressure-swing adsorption or water scrubbing (Bauer,
Persson, Hulteberg, & Tamm, 2013) with energy requirements around 0.2-0.3 kWh/m3 of
biogas. However, it should be taken into consideration that 0.35 m3 of biogas are converted
per m3 of biogas feed in best case methane yield scenario. Moreover, methane combustion
provides 9.95kWh/m3, the energy stored in new CH4 produced would be 3.5kWh/m3 of
upgraded biogas. Hence, the energy requirement constitutes around 13% of the energy
introduced by the new portion of CH4, which is a clear energetic benefit. From a different
point of view, CH4 potential energy grows from 6 to 9.5 kWh/m3 when upgraded. By
subtracting the energy demand for the upgrade, there is a 50% gain in potential energy. It is
crucial to mention that electrolysis energy demand for H2 production is 7.2 kWh/m3 of
biogas, therefore it is profitable to exploit excess energy produced from renewable sources in
order to sustain the costs of the methanation. When this excess energy is available,

bioconversion is economically favorable. (Alfaro, Fdz-Polanco, Fdz-Polanco, & Diaz, 2018)

Nizamani et al. stated that a farm of 100 Pelamis P2 wave energy converters produced
62GWh/year, an amount of energy satisfactory to electrolyze water enough to produce

hydrogen which in its turn produces 8.6x10°m3 of methane. Surely, this doesn’t mean that



the energy provided by the WECS was made exclusively for methane production, but to
supply the platform with its energy demand; yet this number is stated to show that wave
energy if applied on a large scale may provide inherent values for the activities required. Other
energy sources mentioned earlier always show comparable values with the power
requirements. Finally, it is interesting to look at all these processes as complementary, in order
to exploit every possibility to produce the cleanest energy possible while also growing
production, leading to a sustainable design contributing to a circular economy. A model called
energy hub, analyzed by Svendsen, 2022 who re-introduces this concept of an integrated
energy system model. The mentioned model contained apart from the basic platform
equipment: batteries, electrolysis and fuel cells, gas turbines and a wind energy farm.
(Svendsen, 2022) In the scenario studied by this project work, a platform study would involve
a renewable energy hub of 2 or more alternating energy sources, which provide more
continuous power supply. Furthermore, this energy when in excess may be implemented to
electrolyze water and produce hydrogen. H2 could be a form of energy storage, yet has a low
energy capacity, and thus is better coupled with CO2 to produce methane, raising significantly

the energy content.
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