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Abstract: Norwegian offshore wind farms may be able to supply power to offshore oil and gas
platforms in the near future thanks to the expeditious development of offshore wind technology.
This would result in a reduction in CO2 emissions from oil and gas offshore installations, which are
currently powered predominantly by gas turbines. The challenge with using wind power is that
offshore oil and gas installations require a fairly constant and stable source of power, whereas wind
power typically exhibits significant fluctuations over time. The purpose of this study is to perform a
technical feasibility evaluation of using wind power to supply an offshore oil and gas installation
on the basis of dynamic process simulations. Throughout the study, only the topside processing
system is considered, since it is the most energy-intensive part of an oil and gas facility. An offshore
field on the Norwegian Continental Shelf is used as a case study. The results indicate that, when the
processing system operates in steady-state conditions, it cannot be powered solely by wind energy,
and another power source is required to compensate for low wind power generation intervals. An
alternative would be to store wind energy during periods of high generation (e.g., by producing
hydrogen or ammonia) and use it during periods of low generation. Utilizing energy storage methods,
wind energy can be continuously used for longer periods of time and provide a suitable constant
power source for the studied case. Higher constant power can also be provided by increasing the
efficiency of energy recovery and storage processes. Alternatively, these two technologies may be
integrated with gas turbines if the required storage cannot be provided or higher power is required.
It was estimated that the integration of wind energy could result in noticeable reductions in CO2

emissions for the case study. Additionally, according to the results, the production, storage, and reuse
of hydrogen and ammonia on-site may be viable options for supplying power.

Keywords: integration of wind power; oil and gas offshore platforms; CO2 emissions; optimization;
power consumption; hydrogen storage; energy storage

1. Introduction

Offshore oil and gas platforms are usually isolated systems consisting of many energy-
consuming units with local power supplied by gas turbines that use natural gas or diesel [1].
Gas turbines can also be used to directly drive compressors and pumps. Platforms on the
Norwegian Continental Shelf (NCS) usually consume from 10 megawatts (MW) to several
hundred MW of energy [2]. In offshore facilities for oil and gas production, approximately
85% of carbon dioxide (CO2) emissions are currently derived from gas turbines [3]. New
offshore platforms are expected to be placed in deeper water and further out to sea, which
would result in considerably higher energy consumption per unit of produced hydrocarbon
than that by current installations [2]. Furthermore, production usually becomes more
energy-intensive, as oil becomes heavier over time, and recovery becomes more challenging,
e.g., due to the implementation of enhanced oil recovery (EOR) techniques. Additionally,
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as the water cut (WC) and gas-oil ratio (GOR) increase, more energy is required to lift,
transport, and process each unit of oil equivalent produced. The more power is consumed,
the more CO2 is emitted. Therefore, the environmentally friendly and sustainable operation
of offshore platforms is becoming an ever-greater challenge as the world moves towards
a low-carbon future. Due to public and government pressure, companies operating old
offshore installations in the North Sea and the Norwegian Sea have to reduce their carbon
footprint [4] and are planning for the energy transition [5]. A 2020 goal of the European
Union (EU) was to ensure that 20% of its gross final energy consumption would come
from renewable sources, and by 2030, this share should rise to 32%. It would take an
unprecedented transformation of the energy system for EU-27 to achieve the target of 32%
renewable energy by 2030 [6].

There is increasing research being conducted on the energy system optimization of
offshore oil and gas fields. The majority of researchers have proposed new methods to
reduce energy consumption and save energy for offshore oil and gas fields. These methods
include setting up a cogeneration system through waste-heat recovery, adjusting equipment
parameters to determine the most cost-effective and (energy) efficient operation scheme,
and integrating renewable energy with traditional power generation methods, which is
the focus of this study. According to Yang et al. [7], there is an urgent need to redesign
oil and gas fields by integrating traditional and renewable energies. A clean alternative to
fossil-fuel-based gas turbines is required to reduce CO2 emissions, such as offshore wind
power, power from the shore, or hydrogen-based gas turbine fuel. The majority of the new
methods are prohibitively expensive, have stability issues, require a considerable amount
of grid transmission capacity, or are not yet available. Thus, a new operational strategy
is needed to best use the available resources within the constraints of new energy supply
options [1].

Wind power is the main type of renewable energy that has been exploited on a large
scale in recent years [8]. An offshore wind farm enables using wind resources to power
near-offshore platforms. The technology is already commercially available, and the oil and
gas industry has expressed interest in developing offshore wind power installations [9].
The integration of an offshore wind farm is comparable in terms of weight and space
requirements to other alternatives for reducing emissions from offshore platforms [1], and
an important part of the global energy transition is the usage of floating offshore wind
farms. However, neither an offshore greenfield development project nor an operating
brownfield project has yet included floating wind electrification in their development and
design [10]. Europe has a total of 22 gigawatts (GW) of offshore wind installed, 77% of
which is in the North Sea [11]. It is estimated that this capacity would reach 70 GW by 2030
and 112 GW by 2040, according to ENTSOE [12]. There are many studies on this topic from
a variety of perspectives, such as economic and technical. Hu et al. [13] proposed a method
for assessing the stability of wind power systems on isolated offshore oil platforms. On
the basis of the simulation results, wind turbine generators can be added to conventional
isolated power systems, such as the power systems of offshore oil platforms, which can
reduce operational costs. Korpås et al. [14] investigated the feasibility of operating a wind
farm with a capacity of 4 × 5 MW in parallel with a gas turbine. According to He [2] and
Korpås [14], wind power plants must be appropriately sized for hybrid wind–gas power
to be cost-effective. Mcdonagh et al. [15] developed a model to evaluate the economic
efficiency of different scenarios for hydrogen production in offshore wind farms. Zhang
et al. [16] studied offshore oil and gas fields powered simultaneously by wind turbines
and gas turbines. However, their study focused only on the economics and environmental
protection of the offshore platform energy system following the introduction of wind power.
Xueqing et al. [17] investigated the combination of wind turbines and gas turbines for
offshore oil and gas fields, and how to use the excess electricity to produce hydrogen.
This study was primarily concerned with the mixing of hydrogen with natural gas at
an onshore gas gate station. Svendsen [1] developed a new integrated energy system
model for operational planning and simulation to reduce local CO2 emissions. An energy
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consumption mathematical model was proposed, as well as some factors that can affect the
performance of an energy system were studied.

Despite the rapid investment in and studies on wind energy, its characteristic intermit-
tency is inevitable and can lead to power curtailments. This problem can be alleviated with
wind–hydrogen technology [18]. The production of green hydrogen and floating offshore
wind have been identified as game changers. The combination of these two technologies
can provide the opportunity to develop green and renewable energy in deeper waters and
accelerate the energy transition.

This study presents a synergy analysis of offshore wind farms, energy storage, and
gas turbines to power an offshore oil and gas installation. It also explores how these
synergies could be beneficial to the environment. We describe opportunities and challenges
associated with the electrification of an offshore platform by an offshore wind farm. For the
specific case study, we (i) assess the feasibility of using wind energy to power the topside
process of an oil and gas offshore field, (ii) estimate the amount of required energy storage
and determine the feasibility of using hydrogen or ammonia as potential energy storage
forms, (iii) determine if gas turbines would still be necessary to meet peak demand, (iv)
determine the most relevant takeaways to design offshore wind-powered fields in order to
maximize wind power utilization while reducing the cost and complexity of the project,
and (v) study the impact of using wind power on the CO2 emissions of oil and gas offshore
installations.

The paper is organized as follows: Section 2 presents the case study and describes
topside processing system modeling. This is followed by a discussion of the power supply
from the wind farm being considered either a variable or a constant parameter. The results
are presented in Section 3. Section 4 contains the conclusions and plans for future work.

2. Materials and Methods
2.1. Case Study

The installation considered in this study belongs to an offshore oil field located in the
Tampen region on the NCS. It is part of a larger network of installations and accounts for
one of Norway’s largest emissions sources.

Instantaneous wind power values were provided on an hourly basis by SINTEF for
January 2015, as shown in Figure 1. These power values were estimated using wind data
collected in the NCS region in 2015 and assuming an imaginary wind farm with a peak
power output of 88 MW [19] located in the Tampen area. This wind farm will be used in the
future to power offshore oil and gas fields in the area and is, therefore, highly relevant to
our study case. Figure 1 is the power generation profile that was used for the current study.

Figure 1. Wind power time series data during January 2015.
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2.2. Dynamic Model of the Topside Processing System

A model of the topside processing system was created using K-Spice SimExplorer Ver-
sion 4.2.0.0, a dynamic process simulation tool. The employed simulator is a multipurpose
dynamic process simulator used for the system design of oil and gas processing facilities
from FEED phases to startup and during operations. The simplified process flow diagram
of the model is shown in Figure 2. It consists of a typical three-stage gravity separation
process to separate oil, gas, and water with compression with interstage cooling and gas
scrubbing. Gas and oil export systems are included. In addition, an antisurge loop was
designed for each stage to prevent the compressors from being overloaded or surging.
Performance curves for the compressors were considered. Other systems such as oil sta-
bilization, gas dehydration, and water treatment were not included because their energy
usage is small compared with that of the rest. Each stage was operated at different pressure
levels to induce separation. The separators had identical dimensions. Since the first two
separators were three-phase separators, water, oil, and gas were separated, whereas the
third one was a two-phase separator that only separated oil and gas. Table 1 presents the
key properties of the model.

Figure 2. Process flow diagram of the topside processing system.

Table 1. Key properties of the model.

Inlet temperature (◦C) 40
Inlet pressure (bara) 55

Outlet oil pressure (bara) 50
Outlet Gas Pressure (bara) 200

First-stage separator pressure (bara) 25
First-stage separator temperature (◦C) 40
Second-stage separator pressure (bara) 6

Second-stage separator temperature (◦C) 30
Third-stage separator pressure (bara) 1.59

Third-stage separator temperature (◦C) 15
Total mass flow rate (kg/h) 534,500

Once the processing system had been modelled, the next step was to extract the power
consumption data. K-Spice provides values of power consumption data for each unit on
the basis of the underlying working and efficiency curves for the equipment, and the actual
working conditions (e.g., pressure and flow rate). The main power consumers are the four
compressors and the oil pump. In order to create an overall consumption profile for the
model, the power consumption of all components must be combined.
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The total inlet production rate of the process was varied in order to determine the
variation in the total power consumption of the system. The total inlet production rate
was varied within operationally feasible limits (e.g., values corresponding to plateau/peak
production and abandonment). There was no change in the composition of the inlet fluid
(therefore, the produced gas/oil ratio and water cut remained constant). The results are
shown in Figure 3 and Table 2. The total power consumption ranged from 33.06 MW
(this is equivalent to 641.4 × 103 kg/h production) to 6.37 MW (this is equivalent to
267.3 × 103 kg/h production). It is possible to operate the facility at a lower rate, but the
power consumption remains the same, as shown in Figure 3 and Table 2. Assuming that the
processing facility is powered only by fluctuating power sources, such as wind power, the
production rate must be adjusted so that the power requirement of the process matches the
available power from the wind power facility. This adjustment must occur over a period
of hours, as opposed to the gradual changes in oil and gas fields experienced by offshore
installations over months and years.

Figure 3. Total power consumption versus total production.

Table 2. Total production rate and power consumption of the model.

Total Production Rate (103 kg/h) Power Consumption (MW)

210 6.37
245 6.37

267.3 6.37
320.7 8.71
374.2 10.54
427.6 12.44
481.1 14.93
534.5 18.80
588.0 24.91
641.4 33.06

In the next section, the possibility of providing the required power for the system
through wind energy is investigated. This case was addressed by examining two op-
tions. The first is to utilize the variable wind energy that is available at the present time
(Section 2.3.1). The second is to store wind energy using energy storage methods to ensure
a constant source of power (Section 2.3.2). This option includes two integrated methods:
wind energy + energy storage and wind energy + energy storage + gas turbines. Each
option is explained and discussed, and the results are provided in detail.
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2.3. Power Supply from Wind Power
2.3.1. Method 1: Variable Wind Energy and Small Backups of Gas Turbines

In this case, power is primarily supplied by a wind farm facility that provides the
power profile shown in Figure 1. Therefore, it is necessary to adjust the production rates
entering the processing facilities (e.g., through chokes or control valves) to ensure that the
amount of required power matches the amount of available power. Using a Python script
and the data presented in Figures 1 and 3, a power consumption profile was calculated for
the processing facility as follows:

1. When the power produced by the wind farm was greater than the maximal required
power of the processing facility (33.06 MW), the power consumption was set to this
maximal value, leaving the extra available power unused.

2. When the available wind power was within the required power range of the processing
facility (between 33.06 and 6.37 MW), the power consumption of the processing facility
was set to the value of the available wind power.

3. When the available wind power was below the minimum power threshold of the
processing facility (6.37 MW), the power consumption was set to this value. Thus,
the available wind power could not meet the requirements of the system, and a
production stop was also not considered as an option. An alternative power supply
was assumed to maintain the minimum required power.

2.3.2. Power Supply Derived from the Integration of Wind Energy, Energy Storage, and
Gas Turbines

The purpose of this section is to evaluate the ability of the wind farm to provide
constant power to the system over the long term when coupled with energy storage. The
system works in the following manner: First, a constant power value is set (required by
the processing facilities). When the power generated by the wind farm exceeds this value,
energy is stored (e.g., by generating and storing hydrogen in the subsurface). When the
power generated by the wind farm is below the constant power value, the stored energy is
used (e.g., by passing hydrogen and oxygen through a fuel cell). Numerical optimization
was formulated and solved to study and design the system, i.e., determine the required
size of the energy storage and the constant power supply that could be provided. The
optimization is expressed mathematically as follows:

max Pc

s.t. dsi
dt = SEi × ηs − REi/ηr

SEi = Pw,i − Pc + s1
REi = Pc − Pw,i + s2

Pw,i + REi/ηr − SEi × ηs ≥ Pc
Pc − Pw,i = s1 − s2

s1, s2 ≥ 0
i ∈ [0, N]

(1)

Details of the optimization variables:
Pc and Pw represent the provided constant power and the available wind power,

respectively. The calculated Pc was assumed to match the system’s power consumption.
Afterwards, a back-calculation was performed to determine the corresponding production
rate. i indicates the number of the data point, and N indicates the total number of data
points. There were two rates for storing and recovering energy, SE and RE. An indicator of
storage size requirement is s, whereas s1 and s2 are slack variables. ηs and ηr are the storing
and recovery efficiency, respectively.

It is critical to ensure that the initial levels of assumed energy storage are consistent
with the wind farm power profile. As an example, if the energy storage is initially empty,
and at the initial time, the wind farm power is not sufficient to meet the requirements, then
the operation would not be feasible. Two alternatives were evaluated:
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Method 2: Wind Energy and Energy Storage

It was assumed that the energy storage was fully charged at the beginning of the
study. A computational loop was implemented together with the optimization described
above to perform this study. The goal of the loop is to determine the minimal initial storage
required, and the goal of the optimization is to determine the constant power value that can
be provided given the initial energy storage value. The first step is to set a constant initial
storage value for the loop. Then, an optimization is performed to determine the maximal
value of constant power that can be provided. At any point during the optimization process,
if the storage energy becomes negative, the optimization routine stops and returns to the
external loop where the guess value for the initial energy storage is increased. The process
continues until the stored energy remains positive throughout the entire month, and the
optimization objective is reached.

Method 3: Wind Energy, Energy Storage, and Gas Turbines

This method considers that, for periods when the energy storage becomes negative, a
gas turbine is used to provide the power deficit. This alternative was modeled as follows.
The optimization is initiated when the power generated by the wind farm exceeds the set
constant value required by the processing facilities. If the storage energy value becomes
negative at any point in time, the optimization horizon is then split to exclude the periods
with negative storage. The process is repeated as many times as necessary. It is assumed
that the gas turbines would be used to provide power during the excluded periods. Using
this method is beneficial when we do not have access to large energy storage.

2.4. Energy Storage Alternatives: Hydrogen and Ammonia

In order to ensure the steady-state operation of topside processing systems when
powered by wind sources, auxiliary power systems such as energy storage may be necessary.
In this study, hydrogen and ammonia were considered as energy storage methods.

There are a number of advantages of storing energy in the hydrogen form, such as its
ability to produce large quantities of energy without pollution over a long period of time,
and the ability to be flexibly stored and used on demand. Hydrogen is also an excellent
energy carrier because of its high level of energy per unit mass, 123.2–148.7 megajoules
(MJ) for 1 kg of hydrogen production [20].

There are some disadvantages associated with it as well, including its energy-intensive
and costly storage, and safety concerns due to its high flammability. Accordingly, the latest
industry efforts involve more safely and efficiently storing hydrogen. Using ammonia as
a chemical storage medium instead of hydrogen addresses some of the issues regarding
storage and safety [21]. Ammonia is explored as a complementary future energy vector with
applications in specific cases [22]. Although ammonia has a lower energy per unit mass
than hydrogen, 18.8 MJ/kg [23], it has a higher energy per unit volume. Thus, it would
require less storage space in the same storage condition. However, producing ammonia
is a challenging process. Some of the production technologies consume a considerable
amount of energy, which is typically derived from fossil fuels, meaning more CO2 being
released into the atmosphere. Others, such as the reverse fuel cell and button-sized version
of the reverse fuel cell are slow processes that cannot be performed on demand in real-time
[21,24], or like the Hober Bosch system [25], has comparatively low efficiency. Then, the
cycle of storing and harnessing energy in ammonia is unable to cope with rapid changes in
supply and demand, which maintains hydrogen as an appealing alternative for matching
daily or hourly fluctuations in supply and demand [21].

3. Results and Discussion
3.1. Method 1: Variable Wind Energy and Small Backups of Gas Turbines

Figure 4 shows the value of power consumed by the processing facility and the power
produced by the wind farm in time, on an hourly basis for a period of one month. There was
a considerable number of hours during which the available wind power either exceeded
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the maximal required value or did not reach the minimum required value. This indicates
that the amount of power provided fluctuated significantly and that the power supply was
very unreliable.

Figure 4. The model’s power consumption time series data together with the available wind power.

The profile of power consumed by the processing facility was employed to calculate
the production rate profile. This was performed by doing a piece-wise linear interpolation
on the data points presented in Table 2. The results are plotted in Figure 5. It illustrates the
close relationship between changes in power consumption and the production rate.

Figure 5. The production rate time series data together with the power consumption of the model.

While the obtained results suggest that it may be possible to produce the field in a
fluctuating manner in order to adapt to the power constraints, it may not be technically
feasible to implement a sudden change from maximal to minimal power. The processing
system usually requires considerable time to adjust to new operating conditions and settings
due to its inertia (such as large separation volumes) and technical constraints associated
with the rotating equipment. It may require the process to be shut down/restarted. As
an example, the model presented here was used to determine how long it would take to
adapt the processing system to new operating conditions. It took at least 20 min for the
system to stabilize after a 10% change in production rate. Even if such changes can be
incorporated into the processing system, a fixed export amount is desired. To accomplish
this, differently-sized oil tanks and pressure changes in gas pipelines are needed. This is
the focus of future work and is not addressed in this paper. Due to this, the next method
explores an alternative, which involves using an auxiliary system (energy storage) to ensure
a stable and constant power supply for the processing system. Additionally, it can be used
to maximize the use of wind energy.
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CO2 Emissions of Method 1

According to Figure 4, the level of wind penetration was 74% (550 h out of 744 h).
Wind penetration in this context refers to the ratio of the time during which wind farms
provide energy to the total time of production. When wind power is not available, we are
supposed to use alternative energy sources such as gas turbines to supply the minimum
required power. Assuming that each cubic meter of production emits 0.05 tons of CO2
when power is generated by gas turbines [3] and a production of 267.3× 103 kg/h, it can be
estimated that, for the studied month, CO2 emissions are approximately 3476 tons. During
this month, the total CO2 emissions would be 25,233 tons if all the required power was
generated by gas turbines. Then, the reduction is approximately 21,757 tons. To compare
this result with other methods that produce different amounts of accumulated production,
we divided the reduction by the accumulated production of each method. Accordingly, it
was equivalent to a reduction of 0.058 tons of CO2 per 1 ton of production.

3.2. Method 2: Wind Energy and Energy Storage

By following the procedure outlined earlier in method 2, Figure 6 illustrates the
power profile of a wind farm over time and the value of constant power obtained through
optimization. The wind farm and energy storage systems can provide a constant power
supply of 19 MW during a month. Additionally, the output of optimization indicates that
2000 MWh of initial energy storage is required in order to achieve this result. According
to Figure 7, the maximal required energy storage is approximately 3500 MWh over the
course of a month. This result is based on 40% and 50% recovery and storing efficiencies,
respectively. Higher power can be provided at higher efficiencies, as it is shown in Figure 8.
Accordingly, the size of the energy storage required varies with the recovery and storing
efficiency values used.

Figure 6. Constant power supply from wind power.

3.2.1. CO2 Emissions of Method 2

Since this method does not require the use of gas turbines, there are no CO2 emissions
associated with the production process. This is a noticeable achievement. Compared with
using gas turbines over a month, this represents a reduction of 0.67 tons of CO2 per 1 ton
of production.

In addition, the amount of natural gas available for export increases at this time due
to no natural gas being fired for electricity.



Energies 2022, 15, 9482 10 of 16

Figure 7. Power storage versus time.

Figure 8. Constant power supply from wind power for different efficiencies.

3.2.2. Sensitivity Analysis

Sensitivity analysis was performed on the effects of recovery efficiency, ηr, on the
maximal storage required and the constant power provided. The initial storage was not
taken into account in the sensitivity analysis since we were only interested in analyzing the
effects of efficiencies while keeping the other parameters unchanged. Figure 9a illustrates
the relationship between the maximal storage requirement and the recovery efficiency. The
results show that increasing the recovery efficiency reduces the amount of required storage
because stored power can be recovered more effectively; then, a larger storage capacity
is not required. On the other hand, the opposite is true for constant power. The constant
power provided is increased by increasing the recovery efficiency since more recovered
power is available, Figure 9b.

Then, the sensitivity of two parameters, the provided constant power, and the maximal
required storage, was also assessed with both efficiency values, ηs and ηr, as shown in
Figures 10 and 11. Both efficiency values and the constant provided power are positively
correlated. The result is as expected: higher efficiency values achieved in the storage and
recovery of power can lead to higher power output. However, by increasing the recovery
efficiency and decreasing the storing efficiency, the maximal storage requirement can be
reduced. In other words, the size of the storage is reduced if we are able to use most of
the stored power (higher recovery efficiency) or if we are not able to store as much power
(lower storing efficiency).

More efficient storing and recovery can, therefore, lead to two different effects: an
increase in the amount of power provided and an increase in costs due to the larger
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storage requirement. Hence, it is necessary to consider this clear trade-off during the
planning phase.

(a) (b)

Figure 9. Sensitivity analysis of energy storage size and constant power with recovery efficiency, ηr.
(a) Maximum required storage. (b) Provided constant power.

3.2.3. Discussion about Energy Storage for Method 2

The results of this section indicate that the use of auxiliary power systems, such as en-
ergy storage systems, is necessary. Hydrogen specific energy is 123.2–148.7 megajoules (MJ)
for 1 kg of hydrogen production [20]. It is equivalent to 0.034–0.041 MWh/kg. Therefore,
considering the results of this alternative, in which an energy storage capacity of 3500 MWh
was required, the storage of 85.3–103 tons of hydrogen is required. If the hydrogen is
stored in an underground reservoir with a temperature of 80 ◦C and a pressure of 250 bara,
hydrogen has a density of 17 kg/m3. Hence, it is estimated that we need approximately
an average underground storage volume of 5540 m3. This is not an unreasonable volume
when compared against the volumes of conventional oil and gas reservoirs and also for
hydrogen storage [26,27]. Although its feasibility should be further investigated.

Furthermore, in the same storage condition, ammonia with an energy content of
18.8 MJ/kg [23] and a density of 145.5 kg/m3 a temperature of 80 ◦C and a pressure of
250 bara would require approximately 4630 m3 underground storage space to store the
same amount of power.

Figure 10. Sensitivity analysis of the maximal required storage to both storing, ηs and recovery
efficiency, ηr
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Figure 11. Sensitivity analysis of the provided constant power to both storing, ηs and recovery
efficiency, ηr

A thorough study should be conducted in this area to determine which storage form is
more effective. Nevertheless, on the basis of the required storage amount, we can roughly
conclude that both forms are likely feasible.

3.3. Method 3: Wind Energy, Energy Storage and Gas Turbines

For this method, optimization should be performed at times only when the wind
power exceeds the constant power value. Consequently, the first 150 h of power shortage
given in Figure 1 were neglected and assumed that only gas turbines were operated in
this time window. There is another gap interval after tracing the storage value when there
is insufficient storage (from time 413 to time 500). Therefore, the optimization process
was repeated twice in order to determine the most optimal amount of power that can
be supplied. An approximately equal amount of provided power was sought for both
intervals in the optimization. As a result, there are two intervals of 263 h (from time 150 to
time 413) and 244 h (from time 500 to time 744), providing 32.4 MW, respectively, as shown
in Figure 12. Furthermore, this value is equivalent to productions of 638.4 × 103 kg/h. Gas
turbines can be used as an alternative to the two gaps, which are shown in Figure 12, from
time 0 to time 150 and from time 413 to time 500.

Figure 12. Constant power supply from wind power.
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3.3.1. CO2 Emissions of Method 3

In comparison to the use of gas turbines, a stable production of 638.4 × 103 kg/h
powered entirely by wind power over 507 h would result in a reduction of 21,638 tons
of CO2 emissions. Therefore, by using this method, CO2 emissions can be reduced by
0.045 tons of CO2 per 1 ton of production.

3.3.2. Discussion about Energy Storage for Method 3

According to Figure 13, the second method requires 1850 MWh of energy storage.
On the basis of the same values as those employed in Section 3.2.3, it is estimated that
45–54.4 tons of hydrogen must be stored. Accordingly, the second method requires approx-
imately 2950 m3 of underground storage on average, which is less than half the amount
required by the first method (5540 m3).

With respect to the ammonia, in the same storage condition and with an energy content
of 18.8 MJ/kg [23] and a density of 145.5 kg/m3, approximately 2450 m3 underground
storage volumes would be required to store the same amount of power in this method.
There is a significant decrease in the amount of ammonia storage required by this method
compared to the first method (4630 m3).

Figure 13. The power storage versus time.

3.4. Results Summary

Table 3 summarizes the assumptions and results of these there methods. In order to
determine which method is most suitable for the specific case study, a feasibility study
must be conducted. It may be necessary to sacrifice some CO2 emissions if providing
the required storage is not feasible on the basis of the used method. Criteria such as the
maximal energy storage requirement, the feasibility of providing a gas turbine, the maximal
emissions allowed, and the economics of the project should be taken into consideration.
Furthermore, there is more variation in wind energy over a longer period of time, such as
a season or a year. Therefore, additional storage may be required or less power may be
provided. In the future, a real-life field case over a longer period will be examined.
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Table 3. Key results of the methods.

Method 1 Method 2 Method 3

Energy storage requirement NO YES YES
Gas turbines requirement YES NO YES

Initial storage requirement NO YES NO
Wind penetration [%] 74 100 68

Provided power [MW] [6.37:33.06] 19 32.4
Maximal required energy storage [MWh] 0 3500 1850

Required hydrogen storage [MWh] 0 5540 2950
Required ammonia storage [MWh] 0 4630 2450

Emissions of CO2 YES NO YES

Emission intensity reduction [
tCO2

t ] 0.058 0.067 0.045
Accumulated production [t] 3.76 × 105 3.99 × 105 4.75 × 105

4. Conclusions

This paper studied using a variable power supply (a wind farm) to supply power to
offshore facilities for oil and gas processing. Several cases are considered. We investigated
strategies for operating wind-powered oil and gas topside facilities over the course of
a month.

It might not be technically feasible to produce the field in a fluctuating manner to
adapt to power variations from wind power sources. As new operating conditions and
settings are introduced, the processing system usually takes some time to adapt. Therefore,
according to the analysis of power output, it is necessary to integrate wind energy with
other alternatives, such as energy storage and gas turbines in order to provide a constant
power supply to the processing system.

With the use of energy storage methods, it is possible to use wind energy continuously
for the whole month and to provide a 19 MW constant source of power for the case
under study. While this method requires the storage of energy at the beginning, zero CO2
emissions of production were achieved with this optimal level of power usage. Further
investigations were done to determine whether hydrogen and ammonia could be utilized
for the required storage. The calculation indicates that 5540 and 4630 m3 of volume are
required for hydrogen and ammonia storage, respectively, which is a comparable amount
(although smaller) to existing oil and gas reservoirs worldwide.

If the required amount of energy storage cannot be provided or the power provided is
insufficient, a combination of wind energy, energy storage, and gas turbines can be used.
Then, it is possible to use wind energy continuously for two intervals of 263 and 244 h
and to provide a 32.4 MW constant source of power for the case under study. By this, a
significant reduction in CO2 emissions could be also achieved. As a result, it is necessary to
store less amounts of hydrogen and ammonia, 2950 and 2450 m3, respectively. However, a
full-capacity gas turbine is required for this option, which is a disadvantage.

The results of the sensitivity analysis indicate that a higher constant provided power
can be achieved by improving both recovery and storing efficiency. However, it is important
to consider both the size and the cost of the required energy storage system. This trade-off
should be studied from an economic point of view.

The purpose of this study was to provide a theoretical model of wind power integration
into offshore platforms. There are still several operational and economical considerations
that should be taken into account to design a workable technical solution for integrating
wind farms with offshore platforms. It may be possible to reduce the required size of the
energy storage by analyzing the sensitivity of oil tank levels and gas pipe pressure due to
the high cost of energy storage. Therefore, an investigation into the effects of oil tank level
and gas pipe pressure can be undertaken in the following work.
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Nomenclature

ηr Recovery energy efficiency
ηs Storing energy efficiency
CO2 Carbon dioxide
EOR Enhanced oil recovery
GOR Gas/oil ratio
GW Gigawatt
MJ Megajoules
MW Megawatt
NCS Norwegian Continental Shelf
Pc Constant power, [MW]
Pw Available wind power, [MW]
RE Recovering energy rare, [MWh]
s Required size of energy storage, [MWh]
SE Storing energy rate, [MWh]
VRE Variable renewable electricity
WC Water cut
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