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ARTICLE INFO ABSTRACT

Handling Editor: Cecilia Maria Villas Boas de Denmark has been extracting gas and oil from the North Sea since the 1970s. However, Denmark has recently

Almeida committed to phasing out fossil fuel production by 2050 to meet the climate goals of the Paris Agreement. The
decommissioning of the offshore infrastructure is going to be very expensive. Therefore, considering effective
Keywords: ways for its repurposing becomes of great interest. In parallel to this scenario, the energy transition towards

Offshore platform repurposing
Offshore wind farm

Carbon capture utilization and storage
Process integration

Allam cycle

Power-to-methane

renewable and sustainable energy supply has been boosting the construction of offshore wind farms (OWF) in the
North Sea. In this context, the integration of OWF with offshore oil and gas (O&G) platforms could result in a
better alternative to decommissioning. In this work, a novel zero-carbon emission energy system for both power
generation and methane production is proposed. By utilizing surplus electricity from OWF, electrolysis can be
used to split water into oxygen and hydrogen, which can be used in the Allam cycle for power generation and
methanation according to the Sabatier reaction, respectively. In this novel integrated system, surplus electricity
from wind farms, seawater, and CO, are converted into controllable electricity, methane, and oxygen. The
synthesized methane can be partly stored or exported via existing natural gas pipelines. The portion to be stored/
exported is defined as the storage ratio in this study. The integrated system has high flexibility since the Allam
cycle and methanation unit can be operated separately or simultaneously. To validate the feasibility of the
system, preliminary energy and exergy analysis are performed using Engineering Equation Solver (EES) software.
1% (45 ton/day) of the total daily Danish natural gas consumption is assumed as the baseline for the modeling. If
all the synthesized methane is burned in the Allam cycle, 51.34 MW of electricity from wind farms can be
transformed into 16.4 MW of controllable electricity. In this scenario, the integrated system can be regarded as
an energy storage system, where the round-trip efficiency is about 32%.

1. Introduction

Due to the increasing concern about climate change, decarbonization
is gaining significant attention from both academia and industry. One
third of the yearly global greenhouse gas emissions are caused by the
energy-intensive sector (Bataille et al., 2018). The oil and gas (O&G)
industry is one of the largest emission sectors. To meet the climate goals
set out in the Paris Agreement, many countries have set up their timeline
toward carbon neutrality. Denmark is a leading country in renewable
energy and carbon neutrality. As for the O&G industry, the Danish
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government has recently committed to phasing out fossil fuel production
by 2050. Consequently, the offshore O&G infrastructure in the Danish
North Sea will have to be decommissioned. However, decommissioning
is expected to be very costly, and it is therefore of interest to evaluate if
the existing installations can be repurposed to produce energy and/or
chemicals from sources other than fossil hydrocarbons in a profitable
and environmentally friendly manner.

Among factors hindering the repurposing, space availability in con-
ventional offshore O&G platforms is limited and the power and heat
generation relies on a simple gas turbine (GT) cycle, which has lower
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efficiency and higher environmental impacts compared to modern
thermal power plants. In the GT cycle, the waste heat can be recovered
by a steam cycle in order to increase efficiency, however the steam cycle
has many pieces of auxiliary equipment and a huge Heat Recovery
Steam Generator (HRSG) and condenser. Therefore, it is difficult to
decrease the size of the steam cycle. One of the major parameters
affecting the size of power generation systems is the type of working
fluid. Cycles based on supercritical fluids have remarkable advantages
from size and efficiency standpoints.

Supercritical carbon dioxide (sCO3) cycles are specific types of su-
percritical power plants that use CO5 as a working fluid and operate at or
above critical point. The high density of sCO, leads to compact equip-
ment, such as turbomachines, and heat exchangers. The sCO5 oxy-fuel is
a variant of the sCO; cycle that uses oxy-fuel combustion as the heat
source. Accordingly, sCO5 oxy-fuel power cycles could be a promising
solution with near-zero emissions, simplicity (fewer parts), and higher
efficiency (Xie et al., 2023). Since sCO, oxy-fuel cycles are operated at
high pressure, the sCO, density remains high throughout the whole
power cycle, compared with steam Rankine cycles, which operate at
1500-2500 kPa, and gas Brayton cycles, which operate at 1500-3000
kPa. Therefore, when the density of sCOz, rises, the volumetric flow rate
decreases, which lead to 10 times smaller turbomachines compared to
that of a steam Rankine cycle.

In past decades, multiple oxy-fuel combustion cycles have been
proposed including MATIANT cycle (Mathieu and Nihart, 1999), Graz
cycle (Sanz et al., 2005), and semi-closed oxy-fuel combustion combined
cycle (Bolland and Mathieu, 1998). Recently Allam et al. (2013) rec-
ommended a semi-closed oxy-fuel, later called the Allam cycle. This
cycle uses the gas produced from oxy-fuel combustion as the working
fluid. Rogalev et al. (2021) analyzed and compared the current oxy-fuel
cycles. According to the results, the Allam cycle has many advantages
over other oxyfuel cycles, such as low installation costs and high elec-
tricity efficiency. Scaccabarozzi et al. (2016) obtained some operational
conditions to maximize oxy-fuel combustion cycle energy efficiency and
proposed further technical and economical optimizations for future
studies. The oxy-fuel cycle requires almost pure oxygen stream, which
can be derived from an air separation unit (ASU). However, the ASU is a
major barrier in terms of energy and cost issues in oxy-fuel combustion
power generation.

In parallel to this scenario, offshore wind energy has been growing
fast in the last decade. EU offshore wind farms (OWF) produce about 22
GW of electricity, with 77% being located in the North Sea. The capacity
of offshore wind energy is expected to expand to 70 GW by 2030 and
112 GW by 2040 (McKenna et al., 2021). The wind is one of the most
intermittent energy sources among various renewable energy (Behzadi
et al., 2023). The fast ramping and intermittent nature of wind energy
generation makes power grid integration challenging (Shabani et al.,
2022). Consequently, energy storage technologies are essential to
overcome the alternating and fluctuating nature of wind energy (Li
et al., 2022). The power-to-X (PtX) concept has a high potential for
large-scale and flexible storage of excess wind energy (Wulf et al., 2020).
The PtX method has been discussed in recent years as a coupling and
energy storage technology. PtX is a method to convert electrical energy
into chemical energy. Schaaf et al. (2014) reported that synthetic nat-
ural gas (SNG) has a longer discharge time and a higher storage capacity
compared to other storage technologies like flywheels and batteries.
Besides, analyzing the energy and exergy flows of PtX systems helps in
understanding the irreversibility of its components and their environ-
mental performance. The majority of the research on PtX systems has
been focused on techno-economic aspects, while only a few in-
vestigations comprised the thermodynamics of the COy methanation
process. Luo et al. (2017) investigated the exergy efficiency of a
power-to-methane (PtM) system consisting of a Sabatier reactor and an
electrolyzer. Toro and Sciubba (2018) analyzed the exergy of a CO2
methanation process. According to their findings, a Sabatier conversion
yield of 93.48% can be achieved, and PtM has great potential for energy
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storage.

In PtX processes, oxygen is one of the by-products, which is rarely
used in most applications, and often released into the atmosphere or
piped into tanks for later use (Thema et al., 2019). Efficient utilization of
oxygen could be the key to improving the PtX economic performance
(Hermesmann et al., 2021). Hence, using oxygen as an oxidant stream
has a huge potential for improving the efficiency of integrated energy
systems (IES). On the other hand, the oxygen storage on offshore plat-
forms is challenging due to space limitation. Therefore, in this study,
underwater compressed oxygen energy storage (UWCOES) technology is
proposed to store oxygen. This idea is motivated by the underwater
compressed air energy storage (UWCAES), where excess renewable en-
ergy is converted into high pressure air to store energy. There are
various suitable conditions for compressed oxygen storage in the mari-
time environment. In an underwater storage, the compressed oxygen is
stored at about the same hydrostatic pressure as the surrounding water,
thus the water counteracts the pressure of the compressed oxygen
decreasing the cost of the tank (Pimm and Garvey, 2022). There have
been no studies on underwater compressed oxygen storage so far.
However, some researchers have focused on strengthening the structure
and optimizing the UWCAES parameters. Cheung et al. (2014), inves-
tigated multi-objective optimization on the UWCAES design parameters.
The round-trip efficiency of the proposed system was 68.5% based on
their results. Wang et al. (2016) suggested a multi-layer UWCAES sys-
tem, which was evaluated based on exergy analysis. According to their
results, the exergy efficiency ranges from 62 to 81% based on the
operational conditions.

Oxy-fuel cycles and offshore platforms are usually studied indepen-
dently, and their combination is rarely investigated. Designing an
offshore platform is practical but challenging because of strict weight
and space limitations. In this context, repurposed offshore O&G plat-
forms and offshore wind farms can be integrated to overcome the
challenges faced by the offshore industry. As discussed, synergistic
integration could lead to both economic and environmental benefits.
However, the synergies between the offshore platforms and the offshore
wind farms heavily depend on the design of the integrated system. This
study proposed a novel integrated system, which can take full advantage
of the offshore oil and gas platforms, by re-using substantial parts of the
existing facilities, as well as offshore wind farms. The main highlights of
the current research are as follows:

e An innovative system to repurpose the offshore oil and gas platforms
to produce both electricity and methane without emissions.

e The potential for significant cost savings by avoiding expensive
decommissioning of the offshore oil and gas infrastructure.

e An innovative approach to integrate carbon storage and carbon uti-

lization to produce synthetic methane, which is not only an energy

carrier but also a critical bulk chemical for the production of carbon-

based petrochemicals that enhances the geopolitical independency

of countries not producing fossil fuels.

Underwater compressed oxygen energy storage (UWCOES) coupled

with Allam cycle for saving space on repurposed offshore platforms

and supplying high purity oxygen to the power cycle.

The present study employs both energy and exergy analysis to
comprehensively assess the novel integrated system. To better under-
stand the system’s performance, a Grassmann exergy diagram is devel-
oped to visualize the exergy rate of each stream and the exergy
destruction of each component to identify any bottlenecks in the system.
Furthermore, the share of each subsystem on the total exergy destruc-
tion is shown using a Chord diagram.

2. System description and scenarios

The novel integrated energy and chemical system re-uses part of the
existing offshore O&G infrastructure, while managing the offshore wind
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farm intrinsic variability with the increasing installed capacity. The
novel integrated system is shown in Fig. 1. It includes offshore wind
farms, carbon storage, units for reverse osmosis (RO) desalination,
electrolysis, UWCOES, and methanation, as well as an Allam cycle
power generation unit. The overall inputs of the system are electricity,
either from the grid or dedicated wind farms, carbon dioxide, and
seawater, while the overall outputs are methane, oxygen, and dis-
patchable electricity. The subsystems are interconnected via energy and
material streams. A brief overview of each subsystem is provided below.

2.1. Offshore wind farms

The offshore wind industry is a crucial sector in the energy transition
for Denmark to reduce greenhouse gas emissions. At present, offshore
wind power technology has reached a mature stage and is undergoing
large-scale installation (Zhixin et al., 2009). Offshore wind farms
generate intermittent and unstable electricity. Managing this intrinsic
variability is critical to effectively utilize offshore wind energy. By
converting excess energy into chemicals, offshore wind energy produc-
tion can be expanded and used for large-scale energy storage or the
petrochemical industry.

It is here envisaged that OWF in the North Sea will be integrated with
the repurposed offshore O&G platforms. These OWF could be connected
to the repurposed offshore O&G platform only, in which case the only
system output will be methane and oxygen, or they can be connected to
the grid as well, in which case electricity on-demand can also be a sys-
tem output as shown by the purple lines in Fig. 1. If the OWF are con-
nected to the grid, in principle the methanation unit could be placed
either offshore or onshore. However, the implementation of the
methanation unit offshore, as represented in Fig. 1, has two distinct
advantages: (i) keep the gas production far away from the place where
people live, thus increasing the social acceptance of large-scale gas and
electricity production, due to negligible visual and noise impact; (ii) re-
use the existing infrastructure, which includes natural gas dehydration,
compression, and piping.
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2.2. RO desalination unit

A highly pure water feed is one of the requirements of water elec-
trolysis, which can be produced through different desalination tech-
nologies. Since seawater makes up around 96.5% of the world’s water
resources, research into direct seawater electrolysis for hydrogen gen-
eration has been initiated. Direct seawater electrolysis could potentially
be used on offshore platforms, where fresh water is not available but
there is easy access to seawater and renewable energy sources. However,
direct seawater electrolysis is still at an early stage of development. In
this study, we consider the desalination of seawater by means of RO,
which is an established technology, and based on the results we can
conclude if the direct seawater electrolysis deserves further investiga-
tion in this proposed system. The seawater in the RO system is pumped
by a high-pressure pump (State 1) through membranes where seawater
is desalinated (State 2), and the desalinated water is then mixed with
recycled water from the methanation unit (State 3) and stored in a tank
(State 5).

2.3. Electrolysis process

Electrolysis of water to produce hydrogen and oxygen is the foun-
dation of PtX technologies. Hydrogen produced from the electrolysis
process driven by renewable energy is termed as green hydrogen. To
produce green hydrogen, electrolyzers are the key equipment in the
process. In this study, the polymer-electrolyte-membrane (PEM) tech-
nology is adopted for hydrogen production because polymer electrolytes
possess high mechanical strength and durability, high oxidative stabil-
ity, and high conductivity for proton transport. The PEM electrolyzer
produces a water-oxygen mixture and hydrogen. The generated oxygen
leaves the PEM through the anode (State 8) and after compression (State
11) it is stored in the oxygen bags (State 20). The produced hydrogen
leaves the PEM through the cathode (State 7) and then is conveyed to the
methanation unit.

As an alternative application, the produced hydrogen from PEM
could also be directly used as fuel or injected into the NG pipeline,
however with limitations of the volumetric percentage. Pure hydrogen
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can not be injected into the existing NG pipeline because of corrosion
issues (Wu et al., 2022) which can pose challenges for aging infra-
structure, like the North Sea O&G unless the NG pipelines undergo a
requalification process. Therefore, hydrogen is usually blended with NG
and thus can be transported by the NG pipeline. Hydrogen-blended
natural gas transmission has been demonstrated in many countries
using existing pipelines. However, after 2050, offshore platforms do not
produce NG anymore. Therefore, the pure hydrogen has to be converted
into methane to facilitate transportation in the existing NG pipeline. To
convert the hydrogen into methane, a methanation unit has to be
configured in the integrated system.

2.4. Methanation unit

To develop carbon capture utilization and storage (CCUS) systems
and to convert hydrogen into a transportable product for the existing
natural gas pipeline after 2050, the methanation process is adopted in
this novel integrated system. COy can be converted into CH4 via the
Sabatier reaction, which is considered a highly attractive approach for
the utilization of CO; to produce clean and green fuels beyond 2050. In
this novel integrated energy system, the hydrogen is converted into
methane, which can be conveyed to the existing NG pipeline or burned
offshore in the Allam cycle for power generation. Hy and CO; are
required for the methanation process. By combining the Hy produced
from the PEM electrolyzer (State 7) with CO5 from the Allam cycle and/
or CO, storage (State 12), the methanation unit can produce the CHy for
the dual use of energy storage or bulk chemical for petrochemical
industry.

2.5. Allam cycle

CO; is the working fluid in the Allam cycle, which is an oxy-fuel
power cycle. Offshore O&G industries are usually powered by a simple
GT cycle, which burns NG and emits carbon dioxide into the atmo-
sphere. In contrast, the Allam cycle as an oxy-fuel power cycle is capable
of achieving near-zero emissions since the CO3 can be captured easily in
the flue gas. Therefore, the Allam cycle is a more promising future power
generation technology. Furthermore, the Allam cycle is much more
compact compared with conventional gas turbines, making it ideal for
the space and weight constraints of offshore platforms. For the above-
mentioned reasons, the Allam cycle is an attractive option for produc-
tion of electricity in the context of repurposing offshore O&G platforms.

In the combustion chamber of the Allam cycle, high-pressure Oy
(State 21) is mixed with CH4 (State 19), and recycled sCO, (State 33),
which has the function of controlling the temperature of the combustion
products by dilution. Then the combustion products (sCO, + steam) at
high pressure and temperature (State 22) enter the turbine to expand
and drive the electric generator. The turbine exhausts (State 23), with
relatively high temperatures, proceed to the economizer to preheat the
recycled sCO, (State 32). After that, the combustion products are cooled
in the condenser (State 25), where water is separated from the com-
bustion products and recycled (State 26) and the highly pure CO; is
compressed to the supercritical region (State 30). Before the compres-
sion, a portion of the CO; is conveyed to the methanation unit (State 28)
at a rate equivalent to the rate of CO, created during combustion (to
maintain a constant mass flow rate). Finally, the recycled sCO2 is
pressurized by the pump (State 31) and heated up with the economizer
(State 33) prior to the combustion process.

2.6. COy storage system

CCUS is a promising strategy for mitigating climate change. For the
past few decades, a Norwegian oil company has demonstrated that
carbon capture and storage (CCS) can be used to achieve the climate
goals outlined in the Paris Agreement. To ensure safe storage of CO,
reservoirs with adequate porosity and permeability, as well as thick and
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impermeable cap rocks, are required. Depleted oil and gas reservoirs can
satisfy the above criteria and therefore considered as ideal sites for
carbon storage (Schrag, 2009). In the proposed process, the stored CO4
in the reservoir can be utilized as the raw material for the methanation
unit, in line with CCUS concepts.

The abovementioned subsystems are interconnected as illustrated in
Fig. 1. However, there are many possible configurations of the inte-
grated system. For instance, the Allam cycle can be removed if the sole
objective is to produce methane for export. The ratio of the methane for
export to burned methane in the Allam cycle can also be adjusted
depending on specific needs. Therefore, multiple scenarios are examined
and discussed in the results and discussion section.

3. Thermodynamic and electrochemical modeling

The model of the proposed IES is developed in EES. The energy
balance, mass balance, and exergy equations of each subsystem and
component are implemented in EES to assess the system performance.
This work focuses on a case study of Denmark, where it is assumed that
the methanation reactor produces 45 t/day of methane, which repre-
sents approx. 1% of Denmark’s current natural gas consumption,
equivalent to 2.3 billion cubic meters as per 2021 (Statista, 2022). To
demonstrate the flexibility of the integrated energy system, the study
simulated multiple scenarios by varying the ratio of the synthesized
methane for export to the total methane produced in the methanation
unit, with values of 0%, 25%, 50%, 75%, and 100% being considered.
The remaining synthetic methane is burned in the Allam cycle. The other
assumptions used in the modeling of the system are:

e The system components were simulated under steady-state
conditions.

e Potential and kinetic energies are neglected.

e H50 and CO; are separated completely by the water separator.

e The heat loss from system components is neglected.

3.1. Thermodynamic modeling

3.1.1. Energy evaluation

The energy analysis of each system is used to determine how energy
is converted from one form to another within the system, and how this
affects the temperature, pressure, mass, and other properties of the
system. Energy analysis is a fundamental aspect of the field of thermo-
dynamics, which focuses on the relationships between energy, heat, and
work. The basic premise of energy analysis in thermodynamics is the
principle of conservation of energy, which states that energy cannot be
created or destroyed, but can only be transformed from one form to
another. The energy analysis as the base of the first law of thermody-
namics is applied for each sub-system in the following sub-sections.

3.1.1.1. RO desalination unit. Typically, in an RO desalination unit,
seawater undergoes a pre-treatment step before entering the main RO
system. The feed flow rate can be calculated by using the recovery ratio
(RR) and the mass flow rate of desalinated water [m3/h].

M
Mipos = permeate 1
feed =—pp— (€]
The salt concentrations of rejected brine and desalinated water, can
be calculated through Egs. (2) and (3):
_ Mfechfeed - Mpm‘meatrxpermcare

Xprine = 2
b Mhr[ne ( )

)(permeme = Xfeed( 1- SR) (3)

where SR is salt rejection percentage and X is salt concentration [kg/
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m?]. The temperature correction factor (TCF) is calculated as follows
(Alirahmi et al., 2020):

1o
TCF = exp (2700 [ — — — 4
exp ( <TR0 298) ) )

The salt permeability (ks) and membrane water permeability (k,,) is
(Nafey and Sharaf, 2010):

ky=FF x TCF x 472 x 1077 (0.06201 — (5.31 x 10> xTxo)) (5)

_6.84 x 1078(18.6865 — (0.177X}1nc))

k,,
Tro

(6)

where FF is fouling factor and it is assumed to be 0.85 (Nafey and Sharaf,
2010). The net osmotic pressure across the membrane and average os-
motic pressure on the feed side are presented as follow:

Pretro = Pavro — Ppm‘memz (7)
Puv.RO =0.5 (P[eed - Phrine) (8)
where Ppermeates Pfeed and Ppyrine are osmotic pressure for desalinated

product side, feed side and brine side, respectively and calculated as
follow:

Prermeae = 15-84X permeate (C)]
Preea =T75.84X 00 (10)
Pprine =715.84Xprine an

Finally, the required power input to high-pressure pump and net
pressure difference through the membrane is estimated by the following
equations:

_ 1000 x n.’lfeed X AP

B 12

" 773600 X preq X Mp (12)
P

AP = ‘permeate Pne 13

(3600 X TCF x FF X A, X n, X 1y X k> + Prergo as)

The relevant parameters for the RO modeling are summarized in
Table 1.

3.1.1.2. PEM electrolyzer. Green hydrogen is typically produced by the
electrolysis of water using renewable energy. PEM electrolysis has
gained popularity recently due to its favorable performance and low
maintenance costs. The excess power from offshore wind turbine is to
supply the required electricity for the electrolysis process. The PEM
electrolyzer produces hydrogen based on the following chemical
reaction:

1
Anode reaction : H,O — 2H" +§Oz 4 2e” (14)
Cathode reaction : 2H" 4+2e¢~—=H, (15)
1
Overall reaction : H,O +energy — H, + 502 ae)

The produced hydrogen and oxygen flow rate can be calculated by:

Table 1

Input parameters for the RO modeling (Nafey and Sharaf, 2010).
Variable Value
Feed pressure (State 1), (Pfeed) 6700 [kPa]
Fouling factor (FF) 0.85
Number of elements (n,) 7
Number of pressure vessels (1,) 42
Recovery ratio (RR) 0.3
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. J

NH;,om :ﬁ (17)
. J

Noyou =11 (18)

here F and J are Faraday constant and current density. The equation
below can be used to calculate the power consumption of a PEM
electrolyzer.

Woew =JV 19)

where V is PEM electrolyzer voltage for each cell and determined by:

V=Vo 4+ Vaere + Vaera + Voim + Veone (20)

where Vo and Vi q are the activation overpotentials of the cathode
and anode respectively and V,p, is the ohmic overpotential. Since in this
work, the current density is below 10,000 [A/rnz], the concentration
overpotentials (V on) can be neglected. Vj is the reversible potential and
is calculated using the Nernst equation (Abdin et al., 2015):
RTpey P{())f Py,

In

Vo=1.229—0.85 x 107> (Tppy — T,
0 X (Teem 0) + oF o

(2D

where ay,o is equal 1 for liquid water (Abdin et al., 2015). The activation
overpotentials of the anode and cathode can be expressed as:

RT J
Vact.i = _Sinhil (—> ) i= a,c (22)

In Eq. (23) Jy,; is the exchange current density, which is a critical
parameter for the calculation of the activation overpotential.

- Ear N .
Joi =T exp( —R—T'),l:a,c (23)

where j{ef and E,.; are pre-exponential factor and activation energy.
Finally, ohmic voltage is defined as the following equations:

Vo = JRpem (€2
v [ it @
olA(x)] = [0.51394(x) — 0.326]exp {1268 (% - ﬁ)} (26)
A =", @7)

where Rpgy and A are overall ohmic resistance and water contents. The
input parameters for the PEM electrolyzer are given in Table 2.

3.1.1.3. Methanation unit. Lagrange’s method of undetermined multi-
pliers is used in this study to determine the equilibrium state of the
chemical process. In order to find the chemical reaction equilibrium, this
algebraic solution minimizes the Gibbs free energy, and it is fast and

Table 2

Parameters employed in PEM electrolyzer modeling (Dincer et al., 2017a).
Variable Value
PEM temperature (Tpgy) 353 [K]
Activation voltage of the anode (Eqc,q) 76,000[J/mol]
Activation voltage of the cathode (Eqc. ) 18,000[J/mol]
Water contents at the anode (1,) 14
Water contents at the cathode (1) 10
Membrane thickness (L) 100 [pm]

1.7 x 10° [A/m?]
4.6 x 10° [A/m?]

Current density of the anode (j;7)
Current density of the cathode (ji°
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accurate. As long as temperature and pressure remain constant, the
Gibbs free energy total derivative must equal zero, which means:

c E oy

where C and E correspondingly represent number of compounds and
elements involved in the reaction and n is the number of the ith com-
pound moles. The chemical potential of every element for an ideal gas
mixture presented as follow (Jalili et al., 2023):

=0 (28)

Yi X Pyy

29
Py (29)

pt=TyS) + RTyy x In

<0 . - . .
where S; is the molar specific entropy, R is the universal gas constant,
Ty is the temperatures of Sabatier reactor and y is the mole fraction. If
all of the summing terms are zero, then Eq. (28) is satisfied, as follows.

E, (op\ i

where, y is the element balance function, which is calculated as follows:
C .
W, = Zj:]n,-e,-_j —Ey;=0,forj=1,.E 3D

where, e;; and Egj and are the number of the jth element moles that
exists in 1 mol of the ith compound and the number of the initial moles of
each element present in the reaction, respectively.

The main Sabatier reaction that converts carbon dioxide into
methane can be written as follow:

4H, + CO,=CH, + 2H,0 = Sabatier reaction (32)

The following side reactions may also occur in the methanation
reactor (Beyrami et al., 2022):

3H, + CO=CH, + H,0 =Methanation reaction (33)
H,0 + CO=CO, + H, =Water gas shift reaction (34)
CO + H,=C + H,0 =Carbon monoxide reduction (35)
CO, +2H,=C + 2H,0 =Carbon dioxide reduction (36)

Finally, the following equations can be used to calculate the equi-
librium conversion of CO5 and the methane yield from the equilibrium
composition:

CO, conversion %) :M x 100 (37)
COZ.in
CH Oui
CH, generation [%) = ——2 x 100 (38)
COyn

3.1.2. Exergy evaluation

Exergy analysis is a powerful tool for evaluating the performance of a
thermodynamic system. Unlike traditional energy analysis, exergy
analysis takes into account the quality and availability of energy within
the system, allowing for a more comprehensive analysis of its efficiency
and performance. Analyzing the exergy destruction and irreversibility of
each component allows for a more accurate assessment of the system’s
efficiency and identification of components that require improvement.
This information is valuable for optimizing the design and operation of
energy systems and increasing their overall efficiency. Overall, exergy
analysis is an essential tool for optimizing the design and operation of
energy systems and promoting sustainable energy production and
consumption.

In general, exergy has four main parts: physical, chemical, potential,
and kinetic. Potential exergy is the exergy stored in an object due to its
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position in a gravitational field, while kinetic exergy is the exergy stored
in an object due to its motion. Since elevation and velocity are assumed
to be zero or low in most of the energy system, these two components are
usually ignored (Ahmadi et al., 2011). So, the exergy rate can be
expressed as:

Ex= Exph + Exﬁh (39)

And the exergy balance of each component is written as follows
(Nabat et al., 2020):

Xo + Z:’:]Ex,‘n‘; = Z;’:lExa,,,,,- + Exy + Exp (40)

Exw =W (41)

where Q, W, and D subscripts refer to heat, work, and destruction.

3.1.2.1. Physical exergy. Physical exergy, also known as available en-
ergy or work potential, is a measure of the maximum useful work that
can be extracted from a system as it comes into equilibrium with its
surroundings. Several factors influence the physical exergy, including
temperature, pressure, and the specific enthalpy and entropy. The
physical exergy rate can be calculated using the following equation
(Alirahmi et al., 2022):

Exy = rii((h—ho) = To(s: = 50)) (42)

3.1.2.2. Chemical exergy. During a chemical reaction, chemical exergy
represents the maximum amount of work a substance can produce. The
concept of chemical exergy is useful in a variety of fields, including
thermodynamics, energy conversion, and process engineering. The
molar chemical exergy for an ideal gas mixture is defined as follows
(Dincer et al., 2017b; Ebrahimi-Moghadam et al., 2020):

Xy = Z:;lx,-aj.,, + RTOZ:;IX,- In(x;) (43)

where, ex.,, is the standard exergy of the constituents and x; is the mole
fraction of the ith component.

3.2. Performance evaluation metrics

Efficiency is an objective indicator for evaluating and comparing the
performance of different systems. Both energy and exergy efficiencies
can be used for this purpose. However, exergy efficiency is more
meaningful as it takes into account thermodynamic inefficiencies that
may not be reflected in energy efficiency alone. The exergy efficiency of
the proposed system can be calculated by the following equation.

_ Wﬂe[ + ExlS + Exﬁmﬁng (44)

ex -
EXWind wrbine

where, ExHean-ng is the thermal exergy rate and can be expressed by the
following equation (Rejeb et al., 2022):

. To\ -
ExHeating = (1 - 7()) QHearing (45)

4. Validation

The proposed integrated system is a novel concept that has not been
reported in the open literature. Therefore, the acquired data from each
subsystem of this model is validated individually with the relevant
studies. The proposed system consists of three main subsystems, namely
Allam cycle, PEM and methanation unit. The comparison between this
study and previously published study on Allam cycle is presented in
Table 3. It should be noted that the previous studies employed an air
separator and did not consider the use of oxygen from an electrolyzer.
Despite that, the resulting discrepancy does not exceed 3.9%.
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Table 3 Table 4
Comparison of the model with the reported data in Allam et al. (2017). Thermodynamic results of the state points.
Parameter Allam et al. Present Relative State no. T(°C) P(Bar) m(kg/s)
(2017) study Difference [%]
1 10 1.013 2.032
Net output power (including 359 (303) 365 1.67% 2 10 1.013 0.6096
ASU) [MW] 3 37.23 1.013 1.779
NG thermal input [MW] 511 511 Input 4 30.28 1.013 2.389
O, consumption [MT/day] 3555 3688 3.74% 5 30.28 1.013 2.389
Turbine outlet flow [kg/s] 923 920.7 0.25% 6 30.31 10 2.389
GT inlet condition 300 bar/ 300 bar/ Input 7 80 10 0.2673
1158 °C 1158 °C 8 80 10 2.122
GT outlet condition 30 bar/ 30 bar/ 3.44% 9 80 10 1.061
727 °C 752.4 °C 10 80 10 1.061
ASU power [MW] 56 - - 11 210.9 27.12 1.061
CO, compression power 77 80 3.9% 12 25 10 1.459
[MW] 13 300 10 1.726
14 300 10 1.726
15 41 10 1.726
The validation results of the PEM and methanation unit are also re- 16 41 10 117
ported in Fig. 2. The PEM electrolyzer and methanation unit models are 17 4 10 0.5566
. . . . 18 196.9 54.77 0.2783
validated against the experiment data from Ioroi et al., (2002) and 19 196.9 300 0.9783
model data from Mendoza-Hernandez et al., (2019), respectively. As can 20 6.85 27.12 1.061
be see, the data are in good agreement. 21 138.8 300 1.061
22 1150 294 22.97
. . 23 779.2 30 22.97
5. Results and discussion 24 247.9 285 22.97
25 30 27.08 22.97
For evaluating the system’s operation, thermodynamic and exergy 26 30 27.08 0.6096
analyses are presented in this section. In order to obtain a comprehen- 27 30 27.08 22.36
. . . 28 30 27.08 0.7295
sive view of the thermodynamic performance of the system, the energy 29 20 27.08 21.63
and mass balance equations are applied. Tables 4 and 5 provide the 30 1145 73.77 21.63
thermodynamic characteristics and molar percentages of the state points 31 30 73.77 21.63
of the proposed IES for the case with a storage ratio of 50%. 32 72.51 300 21.63
33 701.5 300 21.63

5.1. Parametric study

Parametric study is a method of design exploration that uses math-
ematical models to explore the relationships between design parameters
and the results of a simulation. By using this tool, designers are able to
quickly visualize the effects of changes on a system and improve the
efficiency of the design process. Parametric study can also be used to
identify the design parameters that have the greatest impact on per-
formance, allowing designers to focus on developing solutions that
optimize the most critical aspects of a system.

The impact of temperature and pressure of methanation unit on the
system performance is illustrated in Fig. 3. The figure shows that the
highest mole fraction of products (H20 and CHy) is achieved at lower
temperatures, indicating that the Sabatier reaction is more favorable at
lower temperatures. Conversely, at higher temperatures, CH4 produc-
tion decreases while CO generation increases. As a result, more
hydrogen is required for the Sabatier reaction, and more electrical
power is required for the electrolyzer as the temperature rises. The

system’s efficiency remains relatively high within the temperature range
of 200-300 °C, as shown in Fig. 3a, but decreases as the temperature
rises. On the other hand, as the temperature decreases, the reaction rate
decreases and the volume of the methanation unit increases.

Increasing the pressure can enhance exergy efficiency, as depicted in
Fig. 3a, but it can also increase the stress on the reactors, necessitating
thicker walls and increasing the reactor cost. According to Jiirgensen
et al. (2015), it is commonly advised to operate the reactor within a
temperature range from 250 to 500 °C, along with a pressure of 10 bar to
achieve a high methane yield. Based on the results illustrated in Fig. 3, it
is suggested that the operating conditions should be set around 300 °C
with a pressure of 10 bar.

Fig. 4 depicts the relationship between current density, electrolyzer
power consumption and the exergy efficiency at different temperatures.
The electricity consumption of the electrolyzer exhibits a steep increase
up to a current density of 200 (A/m?) and a gradual increase beyond 200
(A/m?). Generally, the exergy efficiency of the system decreases with

2:5 100
a) b)
80
2 - ® ® ® [ ] L
\>, \Sf, 7CH4 (Present study) o CH4 (Hernandez et al.)
g 15 5 60 ———CO (Present study) © CO (Hernandez et al.)
§ 2 ——CO, (Present study) % COZ (Hernandez et al.)
] 2
S 1 E 40 H2 (Present study) H2 (Hernandez et al.)
8 § H\‘\‘\ H,0 (Present study) H,0 (Hernandez ct al.)
0.5 1 20 4
Present model )
® Measured by loroi et al. ¢ p s
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Fig. 2. Validation of the model for a) PEM electrolyzer (loroi et al., 2002), b) methanation unit (Mendoza-Hernandez et al., 2019).
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Table 5
Molar percentages of the state points.

Molar percentage (%)

State no. CH4 H,0 co CO, H, 0,
1 _ _ _ _ _ _
2 - 100 - - - -
3 - 100 - - - -
4 - 100 - - - -
5 - 100 - - - -
6 - 100 - - - -
7 - - - - 100 -
8 - - - - - 100
9 - - - - - 100
10 - - - - - 100
11 - - - - - 100
12 - - - 100 - -
13 - - - 20 80 -
14 32.2 64.39 0.007 2.72 0.683 -
15 32.2 64.39 0.007 2.72 0.683 -
16 - 100 - - - -
17 90.43 - 0.002 7.658 1.91 -
18 90.43 - 0.002 7.658 1.91 -
19 90.43 - 0.002 7.658 1.91 -
20 - - - - - 100
21 - - - - - 100
22 - 6.24 - 93.76 - -
23 - 6.24 - 93.76 - -
24 - 6.24 - 93.76 - -
25 - 6.24 - 93.76 - -
26 - 100 - - - -
27 - - - 100 - -
28 - - - 100 - -
29 - - - 100 - -
30 - - - 100 - -
31 - - - 100 - -
32 - - - 100 - -
33 - - - 100 - -

increasing current density since the overall input energy increases at a
higher rate compared to output energy (generated hydrogen).
Although exergy efficiency favors lower current density, a minimum
current density is required for a PEM electrolyzer to operate efficiently
and produce hydrogen at a reasonable rate. There are some disadvan-
tages associated with operating at extremely low current densities. One
major disadvantage is that the rate of hydrogen production is relatively
low, indicating that the electrolyzer should be bigger to produce the
same amount of hydrogen, which can be inefficient and may not meet
the demands of offshore applications. Additionally, operating at
extremely low current densities can also result in poor gas diffusion and
inefficient use of the catalysts, leading to decreased electrolyzer per-
formance and durability. Therefore, while it is important to operate at

a)

61 T T T T

60 gt desege i
¥ .0°0-C.q *., Sabatier process pressure
Q.

—&— | bar

---O---5 bar =¥ 10 bar

Exergy efficiency (%)
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an appropriate current density to optimize the performance of a PEM
electrolyzer, operating at low current densities can negatively impact
operability, durability, and reliability of the electrolyzer. On the other
hand, it is important to note that while a higher current density may
increase the rate of hydrogen production, it can also lead to greater
energy losses due to heat generation and damage to the electrolyzer
components over time. Therefore, it is crucial to trade-off the current
density with other operating parameters such as temperature, pressure,
and flow rate to optimize the performance and longevity of the PEM
electrolyzer.

Based on Fig. 4, higher temperatures are preferable for the better
efficiency of the system, yet the process temperature should not be too
high because liquid water is required for the ionic conductivity of the
electrolyte membrane and water boils at high temperatures and
increasing temperature further rupture the membrane.

The combustor outlet temperature (or inlet temperature of the GT) is
one of the most important parameters in the Allam cycle. Fig. 5 shows
the impact of combustor outlet temperature on the system exergy effi-
ciency and power output. The efficiency and output power of the Allam
cycle (for the scenario of 50% storage ratio) increases as the combustor
outlet temperature changing from 700 to 1250 °C. In order to maintain
the Allam cycle in optimum performance and efficiency, the combustor
outlet temperature needs to be kept in a certain range, which is deter-
mined by the thermodynamic properties of the working fluid and the
materials. An extremely high temperature is not plausible considering
the limitations of turbine materials and the increased heat load of the
heat exchanger on the turbine exhaust stream, which results in a larger
heat exchanger.

Fig. 6 depicts the impact of turbine inlet pressure on exergy effi-
ciency and Allam cycle output power in various storage ratio scenarios.
It is apparent that system efficiency and Allam cycle output power in-
crease as the GT inlet pressure rises and this trend is consistent across all
storage ratio scenarios. Therefore, it can be inferred that the optimal GT
inlet pressure should be more than 300 bar.

Based on the findings of this study, a maximum pressure within the
range of 300-350 bar is recommended since the slope of the efficiency
curve decreases after 350 bar and operational and equipment cost
beyond 350 bar increases.

Fig. 7 shows the GT outlet and inlet pressure contour versus the
system efficiency. It is better to evaluate outlet pressure regarding the
inlet pressure since maximum and minimum pressures are correlated in
the Allam cycle. By increasing the maximum pressure, the turbine pro-
duces more power, but the pump and compressor consume more power
as well. Also, as minimum pressure increases, the amount of power
produced by the turbine and the amount of power consumed by the
pump and compressor decreases. Nevertheless, the increase in turbine
power dominates compressor power consumption at lower pressure
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Sabatier process pressure . =1
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Fig. 3. Impact of temperature and pressure methanation unit on the system’s performance.
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Fig. 4. Impact of electrolyzer current density on the system’s performance.
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Fig. 6. Impact of inlet pressure of the turbine on the system’s performance.

ratios. However, by increasing the pressure ratio, this trend is vice versa.
As shown in Fig. 7 increasing the GT outlet pressure leads to a rise in the
system efficiency, peaking in the range of 25-35 bar and then declining.
Therefore, it can be concluded that the thermodynamically optimal
outlet pressure is in range of 25-35 bar.

5.2. Scenarios analysis

The key metrics of the integrated system under different scenarios
are listed in Table 6, where the + sign means production and the - sign
means consumption. When all the synthesized methane is burned in the
Allam cycle, CO3 cannot be net consumed, since the CO, generated in
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Table 6
Comparison of different scenarios under various storage ratio.

Storage ratio

100% 75% 50% 25% 0%
Allam cycle power (MW) 0 4.1 8.2 12.3 16.4
Oxygen (kg/s) +2.12 +1.59 +1.06 +0.53 ~0
Methane (kg/s) +0.556 +0.417 +0.278 +0.139 0
Carbon dioxide (kg/s) —1.46 -1.09 -0.73 —0.36 0

the Allam cycle matches the CO3 needed as input to the methanation
reactor. On the contrary, if all the synthesized methane is exported to
shore or stored in the reservoir, the Allam cycle can be eliminated from
the system. When all the synthesized methane is burned in the Allam
cycle, 51.34 MW of electricity from offshore wind farms can be trans-
formed into 16.4 MW of dispatchable electricity from Allam cycle. In
this scenario, the integrated system can be regarded as an energy storage
system, where the round-trip efficiency is about 32%.

The Grassmann diagrams are presented and compared in Fig. 8 to
evaluate the performance of the system in three different scenarios,
namely 25%, 50%, and 75% storage ratio. As can be deduced, the effi-
ciency of the electrolyzer, methanation unit, and Allam cycle is 63%,
74%, and 67%, respectively. However, due to the efficient utilization of
0O, and COy, the overall efficiency of the system can reach around 60%.
Also, considering that the Allam cycle causes some exergy degradation,
the system exergy efficiency can be improved by consuming less
methane in the Allam cycle, but at the cost of generating less electricity.

Additionally, the performance of the integrated system is evaluated
from the perspective of exergy. In general, improving the efficiency of
individual equipment is limited in its impact, and greater gains can be
achieved by identifying and reducing energy losses throughout the
overall system exergy flow. The Grassmann diagram in Fig. 9 illustrates
the exergy flow of the scenario with a storage ratio of 50%.

The process begins with the electrolyzer, which combines water and
electricity to produce hydrogen and oxygen. However, 36% of the input
electricity is wasted, leaving hydrogen as the primary useful output
exergy due to its high chemical exergy. The resulting hydrogen with an
exergy of 32.06 MW is then fed into the methanation unit together with
CO9, producing high-temperature heat in the methanation process,
which should be cooled down before separation and pressurizing. These
exergy sources can be harnessed to improve the efficiency of the system
process. Overall, approximately 55% of the electrical energy utilized for
electrolysis is stored as chemical energy in the form of methane. Sub-
sequently, 50% of the produced methane enters the methane pipeline

10
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and the rest is fed to the Allam cycle. The methane and oxygen enter the
combustion chamber. Afterwards, the combustion products with high
temperature and pressure drives the turbine, and 30% of the exergy is
turned into electrical power through the expansion process. It could also
be observed that the Allam cycle condenser has a high exergy destruc-
tion due to the high temperature difference between the streams of the
condenser. Overall, out of 51.32 MW of system input electricity (plus
0.38 MW exergy from the CO5 tank), 29.53 MW exergy is destroyed, and
12.16, 8.19, and 1.61 MW are converted into chemical exergy, electrical
energy, and thermal exergy, respectively.

In the end, Fig. 10 illustrates the chord diagram of the exergy
destruction rate, which represents the inter-relationship between the
overall exergy destruction and the contribution of each subsystem to it.
The size of the arc is proportional to the amount of energy destroyed by
the unit. Among 29.53 MW of exergy destruction, the electrolyzer,
methanation unit, and the Allam cycle, account for 62.2%, 24.1%, and
13.2%, respectively. Also, the exergy destruction of the RO unit is very
low compared to main units of the system and it is lumped into the
exergy destruction of other components as illustrated in Fig. 10. In
addition, any improvement to the electrolyzer unit would result in a
significant improvement in overall system performance.

6. Conclusions

In order to repurpose offshore O&G platforms by integration with
offshore wind farms, a novel integrated energy system was presented in
this study. The synergies between the offshore O&G platform and the
offshore wind farms are explored. The cross-sector integration can lead
to substantial benefits in terms of energy efficiency, economy and
environment. The novel integrated energy system provides a promising
solution for decommissioning offshore O&G platforms at the end of
production by 2050. The simulation is performed based on 45 ton/day of
synthesized methane, which represents about 1% of the total daily
natural gas consumption in Denmark. The energy and exergy analysis is
performed based on the simulation results. The parametric analysis
examined both the subsystem and the integrated system performance.
Finally, the Grassmaan and Chord diagrams were represented to inves-
tigate the system’s performance from exergy perspective. The main re-
sults can be summarized as follows:

The parametric analysis shows that the temperature of the metha-
nation unit and the current density of the electrolyzer had the highest
impact on system performance.

According to the parametric analysis, the methanation unit temper-
ature and pressure should be kept around 300 °C with a pressure of
10 bar.

The exergy efficiency of the PEM electrolyzer, methanation unit, and
Allam cycle were determined to be 63%, 74%, and 67%, respec-
tively, while the overall exergy efficiency of the integrated system
was found to be 60%.

Due to the presence of chemical reactions, the PEM electrolyzer and
the methanation unit had the most exergy destruction.

From a thermodynamic perspective, the findings of this study suggest
that the novel integrated system holds promise as a viable solution for
repurposing the offshore platform beyond 2050. The overall efficiency
can be further improved if optimization is performed. Also, a trade-off
between efficiency and material limitations must be considered when
designing the Allam cycle. Further research is needed to optimize the
combustor outlet temperature for maximum efficiency while maintain-
ing safe and sustainable operation. However, there are some practical
challenges in the system, such as the unsteady state condition of the
electrolyzer and the methanation unit. In future work, process optimi-
zation, techno-economic analysis, unsteady behavior of the electrolyzer
and methanation unit, and the impact of water quality on the electro-
lyzer performance should be investigated.
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