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Abstract: An opportunity to decarbonise the offshore oil and gas sector lies in the integration of
renewable energy sources with energy storage in a hybrid energy system (HES). Such concept
enables maximising the exploitation of carbon-free renewable power, while minimising the emissions
associated with conventional power generation systems such as gas turbines. Offshore plants, in
addition to electrical and mechanical power, also require process heat for their operation. Solutions
that provide low-emission heat in parallel to power are necessary to reach a very high degree of
decarbonisation. This paper investigates different options to supply process heat in offshore HES,
while the electric power is mostly covered by a wind turbine. All HES configurations include energy
storage in the form of hydrogen tied to proton exchange membrane (PEM) electrolysers and fuel
cells stacks. As a basis for comparison, a standard configuration relying solely on a gas turbine
and a waste heat recovery unit is considered. A HES combined with a waste heat recovery unit to
supply heat proved efficient when low renewable power capacity is integrated but unable to deliver
a total CO2 emission reduction higher than around 40%. Alternative configurations, such as the
utilization of gas-fired or electric heaters, become more competitive at large installed renewable
capacity, approaching CO2 emission reductions of up to 80%.

Keywords: hybrid system; offshore wind; energy storage; carbon dioxide footprint; hydrogen

1. Introduction

Global warming is an ongoing process observed worldwide, forcing all countries
to undertake necessary steps to prevent and mitigate climate change. According to the
Intergovernmental Panel on Climate Change (IPPC), the current estimated anthropogenic
global warming rate is 0.2 ◦C per decade due to past and ongoing global greenhouse gas
(GHG) emissions and is likely to reach 1.5 ◦C between 2030 and 2052. Global warming
above the mentioned 1.5 ◦C will increase the risk of long-lasting or irreversible changes
to natural systems [1]. To avoid this unfavourable scenario, far-reaching changes and
rapid energy transitions are needed in all sectors. Among those, the offshore sector is
supposed to reduce its carbon footprint. Although the offshore sector is directly responsible
for a relatively small share of the GHG emissions, its contribution is relatively large in
certain countries. For instance, in Norway, the oil & gas sector is responsible for 27%
of the Norwegian GHG emissions in 2020, principally related to offshore operations [2].
Accordingly, ambitious sectoral targets must be set to curb national emissions according
to the pledged levels (Norway has committed to at least 50% and towards 55% reduction
in GHG emission compared to 1990 levels [3]). The Norwegian oil and gas industry has
announced the goal of a 40% reduction in its absolute GHG emissions by 2030 compared
with 2005, and then secure a further decline to near zero in 2050 [4].

Several options exist for reducing CO2 emissions in the offshore sector [5]. A first set
of options consists of mature technologies and approaches that have been already applied
in some cases, or else thoroughly analysed, such as the introduction of combined cycles,
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and the optimization of control strategy. As presented in [5], the implementation of an
offshore combined cycle has the potential to reduce cumulative CO2 emissions by 32.2%.
Going into more detail, Pierobon et al. [6] investigated three cycles: organic and steam
Rankine cycles and air bottoming cycle for offshore platforms. The study concluded that
the organic Rankine cycle outperforms the equivalent steam Rankine cycle in terms of CO2
reduction, but also pointed out the relatively high cost of the expander and of the primary
heat exchanger. Another approach to optimisation of the energy efficiency in oil and gas
offshore platforms is discussed in [7], where the proposed methodology, in comparison
with the standard case, shows up to 25–30% energy savings and CO2 emissions over the
field’s lifespan. Although these methods proved their feasibility and could be relatively
easily implemented, the potential for emission reductions is limited to ≈20–30% [7–9].

A second set of options has been thoroughly assessed in recent years and consists of
the integration of renewable energy sources: wind [10,11], but also other sources such as
wave and solar energy [12]. Korpås [10] analysed operation of four 5 MW wind turbines
in parallel with two gas turbines for power supply in a real case study of an offshore oil
platform. The results confirmed the expected CO2 and NOx reductions along with GT fuel
savings, but also the concern of the gas turbine subjected to frequent on/off switching. Ri-
boldi and Nord [11] developed a method for definition of the optimal design of an offshore
combined cycle power plant integrated with a wind farm. The analyses showed that the
optimized plant design with integrated wind farm can lead to a reduction in CO2 of about
24.4% compared to a simple GT cycle not integrating a wind farm. Renewable power does
not involve emissions per se but, due to its irregular nature, it may require conventional
fossil fuel-based systems as backup. This can cap the degree of decarbonisation achievable,
where emission reductions have been reported between 25% and 50% [11,13].

The pursuit of net-zero emissions has finally led to a third set of options, including
rather different approaches. Offshore electrification has been widely studied as it allows
to potentially avoid any local emissions. However, some uncertainties remain on the
economics of electrification projects and on the global impact on emissions [14]. Offshore
carbon capture and storage (CCS) might also be a feasible technology [15] but it would
allow only to approach net zero emissions, still posing a high economic penalty.

Another possibility is to couple renewable sources with energy storage in a hybrid
energy system (HES). For instance, hydrogen storage along with electrolyser and fuel
cell stacks can offset the irregular power contribution of offshore wind [16]. This concept
maximises the exploitation of carbon-free renewable power while minimising the contri-
bution of conventional power generation systems such as gas turbines (GTs). However,
in a previous study, the maximum CO2 emission reductions obtained were only slightly
higher than those obtained by a conventional integration of renewable wind power [17].
Apart from technological and design limitations, a reason for this was the need for process
heat. Even if the power could be completely decarbonised, not finding a good solution for
supplying process heat might result in additional emissions. This study aims to address
this issue and assess how the demand for process heat affects the potential for decarbon-
isation of offshore plants. The knowledge generated will contribute to identify suitable
pathways towards near zero offshore emissions. Although the focus of the analysis is on
hybrid energy systems, it is the authors’ opinion that the main findings can be extended
to schemes involving simple integration of renewable power (e.g., offshore wind) with
conventional power units (e.g., gas turbines), providing useful insights for the integration
of offshore renewable sources in the oil & gas sector. Few previous studies considered
heat demand in their analyses of offshore energy supply options [18,19], in fact, the heat
requirements are often disregarded. To the best of the authors’ knowledge, no previous
study performed a systematic analysis of the most suitable option to supply heat in settings
including renewable energy integration. Filling this knowledge gap is the main novelty
introduced by this work.

The paper is structured as follows. After a brief overview of the typical power and
heat requirements of an offshore platform, the HES at the basis of the analysis is described,
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followed by the methods investigated to supply process heat and by the definition of a
generic offshore installation. Then the results of the simulations are reported and discussed.
Lastly, a summary of the key findings is provided in the conclusions.

2. Power and Heat Demand in Oil & Gas Extraction

Offshore installations for the extraction and first treatment of oil & gas are complex
plants that require power and heat to operate. Pumping is a main source of power consump-
tion. Pumps are needed to elevate the pressure of production outputs (oil and produced
water), as well as to circulate cooling water and to perform water injection. When gas is
present, a significant power consumption is associated with gas compression (e.g., gas
export, gas lift, gas re-injection). These two power-consuming processes constitute the main
power requirements, while minor contributions are linked to other auxiliary functional
units such as heating, ventilation, air conditioning and lights systems. Heat requirements
exist both at high and low temperature. The crude oil separation process normally requires
large amounts of thermal energy at relatively low temperatures [20]. The heat is supplied to
the separation train where gas and water are separated from the crude oil. Heating the oil
contributes to decreasing the viscosity of the oil phase to facilitate the process. Temperature
levels in the range of 50 to 90 ◦C are commonly sought [18]. Low quality heat might also be
used from other processes, for instance fuel gas heating. Higher quality heat is requested
as well in offshore installations. Crude oil stabilization, a partial distillation process that
makes crude oil safe for shipment in tankers or of a quality suitable for sales or pipeline
transportation, requires heating of the live crude in a furnace or heat exchanger to around
180–200 ◦C [20]. Another process requiring heat at relatively high temperature levels is
gas dehydration, which is implemented to prevent corrosion issues and hydrate formation
in the gas pipelines. For instance, glycol dehydration units require reboilers operating at
around 200 ◦C [21]. All in all, both power and heat are always demanded in an offshore
installation, with the absolute amount of those energy requirements being case-specific.

3. Hybrid Energy System for Offshore Installations

Hybrid energy systems (HES) integrate renewable energy sources with energy storage
technologies to allow meeting the energy demands of a given system. Normally, a HES
includes conventional fossil fuel-based power and heat generation as a backup option to
deal with the irregularity of renewable power. Different HES configurations have been
proposed and thoroughly assessed for several stand-alone systems [22], including offshore
installations [16]. In particular, the authors of this paper designed and optimised a so-
called Hybrid Energy System for stable power and heat supply in OFFshore oil and gas
installations (HES-OFF) in a previous publication [17]. The HES-OFF concept integrates
and combines wind power, a hydrogen storage system (including a fuel cell and electrolyser
stacks) and a gas turbine (GT), the flue gas of which is used to provide heat to the offshore
processes requiring it. The current study expands the scope by considering a range of
alternative options for supplying heat, as detailed in Section 4. Otherwise, the same
technologies, models and operational strategies are considered. The HES-OFF concept
along with additional heat options are outlined graphically in Figure 1. In the following
paragraphs, an overview of the modelling approaches is provided, while for more insights
reference should be made to [17].
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Figure 1. Schematic of the HES-OFF concept with additional heat solutions.

The GT simulated is a GE LM2500 + G4 (rated power 33.3 MW), modelled based on
the performance curves provided by the manufacturer. In the analyses, the GT model
allows co-feeding of hydrogen up to a maximum of 22% vol. This value is feasible after
minor upgrades to the low NOx combustors [23]. The waste heat recovery unit (WHRU)
is modelled in the Thermoflow software suite [24] as a counter-flow vertical finned tube
heat exchanger, replicating an existing offshore unit. The fuel cell and electrolyser stacks
are based on the proton exchange membrane (PEM) technology. They are modelled in
MATLAB [25] with a steady-state, zero-dimensional approach, where polarization curves
and performance characteristics have been validated against the technical data of modern
commercial stacks. Such an approach allows considering the part-load efficiencies of the
stacks. The wind turbine model was based on the power curve of the Siemens Gamesa
SWT 6.0–154 WT, a commercial three-bladed floating turbine. To calculate the wind power
available, a dataset of wind speed measurements was retrieved from an open-source
database of scientific-quality weather and energy data [26]. The wind speed data refer to an
offshore area in the North Sea in 2017 and have a resolution of 1 h (a higher resolution was
used in previous work to perform dynamic analysis, however it was deemed unnecessary
for the scope of this study). The integrated model, combining the various units of the HES,
was developed in MATLAB [25].

In order to simulate the HES, an operational strategy is needed. Such a strategy
must ensure that platform’s power and heat demands are met at any time. Another
constraint implemented is to ensure that the hydrogen balance is closed at the end of the
timeframe considered (a year in this case). Additional system constraints are accounted
for, normally related to the process equipment (size of fuel cell and electrolyser stacks,
maximum hydrogen to the GT, maximum size of hydrogen storage, etc.). The objective of
the operational strategy is to minimise CO2 emissions. The main principles implemented
are as follows:

• Wind is the primary source of power. The fuel cell stack is the first backup power
source, while the GT covers the remaining gaps in power production.

• Surplus wind power is converted to hydrogen rather than dissipated unless system
constraints make it unfeasible (e.g., to constrain the size of hydrogen storage).

• Hydrogen produced is primarily used in the fuel cell. Whenever the maximum
capacity of the fuel cell stack is reached, the hydrogen surplus is fed to the GT.
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4. Methods to Supply Process Heat

Several alternatives exist to generate process heat to meet offshore requirements. The
most standard options applied today in the offshore industry consist of the utilization of
waste heat from gas turbines (GT). This option was tested (Section 4.2) and compared to
alternative methods. The use of gas-fired heaters, another quite common option, was as-
sessed, with the possibility to use mixtures of natural gas and hydrogen as fuel (Section 4.4).
Other less conventional methods are also considered, namely the utilization of waste heat
available in the offshore plant (Section 4.1) and the utilization of electricity via electric
heaters (Section 4.3). In the following sections, the various options included in the analysis
are briefly discussed.

4.1. Internal Heat Recovery

An offshore installation is a complex plant that includes several processes that either
consume or produce thermal energy. Available analyses [27] point to the theoretical
possibility to cover the entire heat demand by exploiting the waste heat available from
offshore processes, although challenges exist for practical implementation [20]. This internal
heat recovery configuration relies on the non-trivial task of designing a heat management
system that is able to match the heat demand—both in quantitative and qualitative terms—
with the waste heat availabilities. Such systems are feasible in theory, but their feasibility
is case-specific and needs to be assessed once a case study is selected. In this paper, it
will be assumed that the internal heat recovery configuration can always be implemented.
The rationale is to provide a “best-case scenario” where the heat demand, being provided
internally, can be decoupled by the strategies to supply power. This configuration allows
considering operating philosophies where the GT can be turned off in those instances
where wind power and the fuel cell stack are sufficient to meet the power demand.

4.2. Waste Heat Recovery from Flue Gases

The standard way to produce heat offshore is the utilization of a WHRU that harvests
thermal energy from the flue gases of the GT. Hence, the WHRU configuration must ensure
that one GT is constantly operating at a sufficient load to supply enough heat. The WHRU
was simulated at a range of relevant operating conditions (i.e., GT loads), mapping the
maximum heat that can be extracted given the available flue gas. The obtained dataset
allowed us to define a correlation between GT load and heat available. In the simulations
of the HES, such correlation was used to identify the minimum GT load necessary to enable
the heat supply. The utilization of WHRUs is the standard method currently implemented
in offshore installation, as it is relatively simple and efficient whenever GTs are available.
However, it implies that a GT is always operational (even when surplus wind power is
available), constraining the prospects of curbing GT-related emissions.

4.3. Power to Heat

Electrical energy could be directly converted to thermal energy via electric heaters.
Such devices work on the principle of Joule heating, where electricity passing through
a resistor generates heat. The conversion per se does not involve significant losses (an
efficiency factor equal to 95% was considered [14]). However, the conversion moves
from a high-quality energy form (i.e., electric power) to a lower quality one (i.e., thermal
energy) and, as such, is to be regarded as thermodynamically inefficient. An abundance
of free electric power, such as with the integration of large wind farms, might make the
power to heat configuration attractive and was therefore included in the analysis. Electric
heating offers also good characteristics in terms of control flexibility, reliability and space
requirements. In this study, the power to heat configuration practically entails increasing
the overall power demand. Similarly to the internal heat recovery configuration, it allows
turning off the GT whenever the wind conditions are favourable.
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4.4. Gas-Fired Heater

A common method to produce heat offshore, whenever waste heat is not available, is
to utilise gas-fired heaters. The configuration entails the combustion of a fuel gas to generate
thermal energy. In this study, mixtures of methane and hydrogen are considered. The model
of a gas-fired burner was developed in Thermoflow software suite [24] and its performance
was tested at different compositions of the fuel gas. Simple correlations were developed and
integrated into the HES model. Both hydrogen and methane usage predictions and related
CO2 emissions were considered. The operating strategy implemented was to use the highest
content of hydrogen in the fuel gas that allows to close the hydrogen balance and to remain
within the limit of the storage size. For additional details, reference [28] is suggested.

5. Generic Offshore Installation

The aim of this study is to deliver knowledge that can be widely used in the offshore
oil & gas sector. Therefore, the analysis was based on a generic case rather than on a
specific offshore installation. The advantage is that the generic case study can be designed
to be representative of various installations. Moreover, the design features (i.e., the energy
requirements) of the case study can be manipulated to allow covering installations with
different characteristics.

The generic offshore installation in the base case scenario:

• Power demand: 30 MW;
• Heat demand: 8 MW.

The hybrid energy system (HES):

• Gas turbine model: LM2500 + G4;
• Max. content of H2 in GT fuel: 22 %vol.;
• Fuel cell stack capacity: 5 MW;
• Electrolyser stack capacity: 10 MW;
• H2 storage capacity: 5000 kg;
• Wind farm power capacity: 10–50 MW.

6. Results

In this section, the results obtained are reported and discussed. The key performance
indicator utilised is the cumulative value of CO2 emissions over one year of operation.
The cumulative CO2 emissions are both reported in absolute and relative terms. For the
latter, a baseline case is established. The basis for comparison is selected to be a simple GT
cycle with WHRU (no wind power or energy storage technologies integrated), which is the
most standard configuration found in offshore installations. A single LM2500 is considered
unless the power requested to the GT is higher than its rated power, i.e., 33.3 MW. In the
latter cases, two GTs are included, equally sharing the total load. The HES is expected to
reduce the CO2 emissions when applied to cover the power and heat demand of the same
generic installation. Four different methods for supplying process heat are simulated, as
discussed in Section 4, and the related outputs results compared.

The simulations cover a timeline of one year, where the HES is simulated at each hour.
The main variable leading to different hourly operating conditions is the wind speed, hence
the wind power contribution. Conversely, the heat and power demand remain constant at
the level selected for the analysis.

6.1. Influence of Heat Generation in the Base Case Scenario

The first analysis presented investigates the degree of decarbonisation achievable
by integrating various wind power capacities. Figure 2 illustrates the results obtained in
terms of cumulative CO2 emissions per one year of operation and relative CO2 emissions
reductions (compared to the baseline).
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Figure 2. Absolute and relative CO2 emissions for the different configurations analysed.

The HES concepts result, as expected, in lower CO2 emissions with the relative
emissions reduction increasing with the increase in the wind capacity installed. Notably,
only one case led to higher emissions than the baseline: the power to heat case integrating
a 10 MW wind farm. To understand this, one should realize that in the power to heat
configuration, additional electric power must be supplied to cover the heat demand. The
additional power requirement is slightly higher than 8 MW, due to the electric heater
efficiency. When installing a 10 MW wind farm, almost the entire wind power is utilized to
meet this heat demand, leaving most of the power demand to the GT. This configuration
ends up being less efficient than the standard GT simple cycle that can rely on a more
efficient way to produce heat (i.e., via WHRU). Figure 3 illustrates this effect by reporting
the energy contribution from the GT for the various configurations tested at 10 MW wind
rated power. The figure also includes the baseline with no integration of wind power
(i.e., standard GT cycle). For the reasons explained, the power to heat configuration requires
even more GT energy than the standard GT cycle configurations, hence resulting in a worse
environmental performance.
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The analysis of Figure 2 reveals that the HES relying on WHRU to meet the heat
demand achieves very good performances, for low wind capacities installed (<20 MW).
At higher wind capacities, the potential for decarbonisation reaches a plateau at around
40% of relative decrease. This was also observed in a previous publication [17]. Utilising
a WHRU to produce heat is an energy-efficient option but necessitates the continuous
utilization of GT, leading to a bulk of emissions that becomes difficult to avoid. Co-feeding
H2 to the GT might partially help, but only to an extent. Conversely, the power to heat
configuration shows relatively poor performance at low wind capacities installed but also a
gradual improvement with larger capacities. Importantly, the potential for decarbonisation
does not seem to be capped and reaches −70% CO2 emissions for a wind farm of 50 MW. It
is also interesting to observe that the power to heat configuration becomes more performant
with respect to the WHRU configuration when a wind farm slightly higher than 30 MW is
considered. The gas-fired heater configuration displays a trend similar to that of the power
to heat configuration but guarantees larger emissions cuts for medium sizes of the wind
farm. The gas-fired heater configuration outperforms the WHRU configuration for wind
farms larger than about 25 MW. The hydrogen share in fuel varied between 0.5 and 30% by
mass, depending on the maximum amount of hydrogen that could be made available to
the gas-fired heater by the storage system (larger wind power capacity normally implies
larger hydrogen available as fuel for the gas-fired heater). Finally, the internal heat recovery
configuration results in emissions at similar levels compared to the WHRU configuration
for low wind capacities installed (<20 MW). In those instances, wind power cannot cover
alone the entire power demand. A GT is always operating and thus able to provide heat
via the WHRU, making additional internal heat recovery superfluous. However, while the
performance of the WHRU configuration flattens out, the internal heat recovery configuration
obtains a very good decrease in emissions for higher wind capacities, up to an 83% relative
decrease for a wind farm of 50 MW. It should be mentioned that this configuration might
not always be possible. It entails an ideal heat integration, the feasibility of which is
case-specific. The above considerations are complemented by Figure 4, where a breakdown
of the energy supply for the different configurations is provided. One can notice how
the wind energy contribution is predictably increasing with the size of the wind farm,
although at very large wind rated power the wind power that is dissipated also becomes
significant. The GT energy follows an opposite trend. For the WHRU configuration, the
share of energy provided by the GT decreases rapidly at low wind capacities installed but
then remains quite stable when larger wind energy is made available. Conversely, the GT
energy decreases more decisively at increased wind rate power for the other configurations,
suggesting a more complete exploitation of the renewable resource in those instances. This
is consistent with the trends from Figure 2, as the utilization of GT is the main responsible
for CO2 emissions.

6.2. Different Heat to Power Ratios

To investigate whether the results obtained could be generalized rather than being
specific to the case study considered, the same analysis was replicated for other cases. The
main parameter varied was the heat to power ratio (H/P) that defines the overall energy
requirement of the offshore installation. Specifically, the heat demand was kept constant at
8 MW, while the power demand was ranged between 20 MW and 40 MW:

(a) Heat = 8 MW; Power = 20 MW; H/P = 0.40
(b) Heat = 8 MW; Power = 25 MW; H/P = 0.32
(c) Heat = 8 MW; Power = 35 MW; H/P = 0.23
(d) Heat = 8 MW; Power = 40 MW; H/P = 0.20
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The results obtained are illustrated in Figure 5.
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Before drawing general conclusions, it is useful to provide some clarifications con-
cerning the results reported. In the additional cases analysed, a steep change in the CO2
emissions characterizing the internal heat recovery, power to heat and gas-fired heater con-
figurations became more evident. The reason is to be found in the relative sizing of the
wind farm with respect to the total power demand. Case (b) is used as an illustrative
example (power demand = 25 MW and H/P = 0.32). If the internal heat recovery or the gas-fired
heater configuration is considered, the leap in CO2 emissions is located between a wind
farm size of 20 MW and 30 MW. When the wind farm is 30 MW, wind power alone—at
maximum capacity—is able to cover the entire power demand while, in parallel, producing
some hydrogen to be used in fuel cells when the wind contribution decreases. If the wind
farm size is reduced to 20 MW, the wind power is in no instance able to cover the entire
power demand. In addition, little surplus power is available to produce hydrogen. This
results in more limited utilization of the fuel cell stack and a larger utilization of the GT,
ultimately leading to larger emissions. Similar reasoning can be applied to the power to
heat configuration, bearing in mind that the actual power demand to consider increases
due to the necessity to supply heat via electric heating. Hence, the leap is located at higher
wind farm sizes. Figure 6, showing the shares of energy from the different sources for the
gas-fired heater configuration in case (b), helps in visualizing the above considerations. The
GT energy contribution decreases consistently with the increase in the size of the wind
farm. However, the largest reduction (from 64% to 31%) is obtained when moving from
20 MW to 30 MW wind rated power, due to the more convenient match between the size
of the wind farm and total power demand.
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Figure 6. Shares of energy contributions to the overall energy demand for the gas-fired heater
configuration–case (b) H/P = 0.32.

Given the above clarifications, one can notice how the trends are consistent throughout
the different cases tested and in line with what has been discussed in the previous section.
The WHRU configuration is generally convenient at low degrees of wind power integration,
but its beneficial effect flattens out for larger wind farms. Conversely, the power to heat
and the gas-fired heater configurations become gradually more attractive as the wind farm
size increases, with the latter generally performing better between the two. The relative
convenience, in terms of CO2 emissions avoided, between the various configurations tends
to change with the different H/P tested. In particular, a trend could be noticed when
comparing the WHRU configuration with the options based on heaters, either electric
(power to heat configuration) or gas-fired (gas-fired heater configuration). At lower H/P, the
WHRU configuration shows better performance until relatively high levels of installed
wind power capacity (>30 MW). With the increase in the H/P considered, this threshold
tends to decrease (down to <20 MW values), hence limiting the competitiveness of the
WHRU configuration. As expected, the internal heat recovery configuration normally entails
the overall best environmental performance reaching in several instances a relative CO2
emission cut of more than 80%.

It is also interesting to notice the impact of different H/P on the maximum CO2
emissions reduction achievable. A higher H/P is beneficial for the internal heat recovery and
the power to heat configurations that reaches the highest CO2 emissions reductions for H/P
equal to 0.40–88% and 80% lower CO2 emissions, respectively. These figures are down to
80% and 71% for H/P equal to 0.20. While for the power to heat configuration, an explanation
can be found in the need to use a larger part of the renewable power to meet the increasing
heat demand; this does not apply to the internal heat recovery configuration. In this second
case, the only reason for better performance is linked to a convenient match between the
size of the GT and the power demand, which, to a lesser extent, is true also for the power to
heat configuration. Interestingly, the WHRU configuration features an opposite behaviour,
where the highest CO2 emissions reduction (i.e., 58%) is achieved at the lowest H/P (i.e.,
0.20). In this case, an increase in heat demand does not negatively affect the performance
of the system as long as there is enough waste heat available in the GT flue gas. The only
factor remaining to have an impact is the match between GT size and power demand.
Finally, no clear trend is observed for the gas-fired heater configuration, with the relative
CO2 emissions reduction remaining rather steady between 73% and 76%.
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6.3. The Role of the Fuel Cell Stack

The hydrogen produced by the electrolyser stack (ELY) can be utilized either in the GT
(co-feeding of natural gas and hydrogen) or in the fuel cell (FC) stack to produce power. The
operational strategy implemented favours the utilization of the fuel cell as, theoretically,
the “cleanest” option, having no direct CO2 emissions. However, the energy efficiency of
the fuel cell (considering the entire roundtrip efficiency of ELY-FC system) is on a similar
level to that of the GT. In addition, the utilization of the FC stack requires large quantities
of hydrogen, which at times might be challenging to make available, given the constraints
on the size of the hydrogen storage. The challenges related to an efficient utilisation of
hydrogen in the FC stack can be observed in Figure 6 where the FC energy contribution is
negligible in all cases studied.

Given those uncertainties in the role of the FC stack, an analysis was carried out where
the HES was simulated with no FC available. Accordingly, the hydrogen produced can
only be used in the GT. The results are compared to those discussed in Section 6.1 where
a fuel cell stack of 5 MW was used. An additional set of simulations is also included,
involving a 50% higher efficiency of the FC stack. Although such an increase in efficiency is
probably out of reach even considering the expected advancements in fuel cell technology,
the idea is to investigate what is the maximum room for improvement available. Figure 7
illustrates some of the simulation results. Similar trends are obtained for the internal heat
recovery, power to heat and gas-fired heater configurations. Only the results from the latter
are included for the sake of a clearer visualization. Conversely, the WHRU configuration
showed different behaviour and it is, thus, included in the figure. The dotted lines represent
the simulation outputs when no FC stack is considered. The dashed lines represent the
simulation outputs when the FC stack performs 50% better than the baseline.
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Figure 7. Absolute and relative CO2 emissions for the different options analysed: reference case
(full line), without a fuel cell stack (dotted line) and with the fuel cell performance increased by 50%
(dashed line).

Not using the FC (dotted lines) generally results in higher CO2 emissions. Even though
not extremely large, the difference in CO2 emissions can be relevant. For instance, up to
+20%, +16% and +17% CO2 emissions are registered for the internal heat recovery, power
to heat and gas-fired heater configurations, respectively. Interestingly, this trend does not
apply to the WHRU configuration where the environmental performance remains almost
unvaried (the dotted line is not visible as it overlaps with the full line). This points to that
the role of the FC stack is in providing enough backup power to enable turning off the GT
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in as many instances as possible throughout the year. If the GT must be operated to supply
heat, the decarbonisation obtained by hydrogen-to-fuel-cell schemes or by hydrogen-to-GT
schemes is very similar.

When an improved FC efficiency is considered (dashed lines), the impact appears
to be limited for all configurations. Compared to the results obtained with the baseline
efficiency, a maximum reduction in CO2 emissions of 8% is achieved for either the internal
heat recovery, the gas-fired heater or power to heat configuration. The differences in the case of
the WHRU configuration are again negligible.

It should be noted that additional potential benefits linked to the utilization of the FC
stack might exist, which are not included in the proposed analysis. For one thing, the FC
stack contributes to improving grid stability, as demonstrated in a previous publication [29].
In addition, the operation of FCs is expected to make available a certain amount of waste
heat [30] that could aid in achieving an internal heat recovery configuration. Lastly, while
hydrogen in the FC can always be used, the utilization of hydrogen in the GT might be
more constrained than what is considered in this study as it depends on the type of GT
combustion system.

7. Summary and Conclusions

Offshore installations typically require both heat and power for operating, hence
both forms of energy need to be decarbonised to approach very low emission levels.
The paper presents a systematic analysis of suitable options to supply heat in offshore
installations when implementing hybrid energy system (HES) solutions and their effect on
the achievable CO2 emission reductions.

The HES system consists of a gas turbine, a wind farm, an electrolyser and fuel cell
stack with hydrogen storage. Four methods to supply heat are considered for the analysis:
(i) internal heat recovery from waste heat available from the processes; (ii) the utilization of
a waste heat recovery unit (WHRU) harvesting heat from the flue gases of the gas turbine
(GT); (iii) the utilisation of electric heaters; and (iv) the utilization of gas-fired heaters (with
a methane/hydrogen mixture as fuel gas). A generic offshore installation was defined in
terms of energy requirements to be the reference case for the simulations.

Harvesting heat from the exhaust of a gas turbine via a WHRU is an energy efficient
solution, which delivers significant CO2 emission cuts even at relatively small wind power
capacities installed. However, that involves the constant operation of a gas turbine, capping
the achievable CO2 emission reduction. Indeed, despite increasing wind capacities, the
potential for decarbonisation reaches a plateau at around 40% of relative decrease compared
to a standard configuration not integrating renewable power. Larger CO2 emission cuts
are achieved by configurations relying on a gas-fired heater or an electric heater, which
both succeed to curb CO2 emissions of about 70% for a wind farm of 50 MW. Importantly,
their potential for decarbonisation does not seem to be capped, opening opportunities for
approaching near zero emissions. The last configuration proposed, based on internal heat
recovery from offshore processes, is consistently the most effective one (up to 80% CO2
emission reduction), but its feasibility depends on the availability of sufficient waste heat
and, thus, is case-specific. With respect to this, interesting opportunities might arise if
thermal energy storage technologies demonstrate feasible for offshore applications.

Simulations at different heat to power ratios were conducted to confirm the obtained
trends beyond the reference case study, allowing to generalise the findings of the study. In
addition, the role of the fuel cell (FC) was investigated. The utilisation of hydrogen into a
FC stack rather than in the GT brings limited environmental advantages with little margin
of improvement connected to technology developments.

All in all, the study showed the impact of process heat on the decarbonisation potential
of offshore installations by HES. Selecting a suitable method to supply process heat demon-
strated essential if near-zero emissions schemes are to be pursued. These considerations are
expected to hold true also for schemes involving simple integration of offshore renewable
energy sources.
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Future studies should include a techno-economic assessment of the concepts. Weight
and space are other outputs important in offshore installations to be covered in future
analyses. The aim of this paper was to investigate the CO2 emission reduction potential.
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