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Abstract:

Due to restricted weight and space budget on floating production, storage and offloading units (FPSO), the
offshore utility systems have been limited to low-efficiency energy technologies. Moreover, owing to time-
varying energy demands of the FPSOs, the existing cogeneration systems incur oversizing issues and mostly
operate at offdesign conditions during the lifespan. This situation increases the fuel consumption and
accentuates the environmental impact of the offshore oil and gas sector. Accordingly, a power hub emerges
as an interesting alternative to the conventional utility system, featuring more efficient and environmentally
friendly energy solutions. Nevertheless, power hubs are not free from challenges, typically related to the
incremental costs of additional power generation and transmission equipment and costly carbon abatement
units. Thus, uncertain natural gas price, carbon taxation, and delay in entry of operation between productive
platforms should be thoroughly considered in anticipation of the impact of volatile market prices and more
stringent environmental regulations on the operational results of the assets. In this work, a comparative
incremental assessment between the existing cogeneration system and four alternative power hub setups is
performed to shed light on the potential benefits of adopting the centralized offshore power stations. Among
those benefits are augmented revenues with gas exportation, optimal sizing and load dispatch process, and
reduced number of idle power units, oftentimes required only for attending the peak demand that occurs in a
short interval of the whole lifespan of the hub. As a result, it is found that by increasing the delay in entry of
operation, the opportunity cost arisen from the money depreciation and the variation of the gas price over time
substantially hampers the economic feasibility, showing a trade-off between the best thermodynamic
performance, the lowest environmental burden, and the most profitable operating conditions.
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1. Introduction

Offshore oil and gas production is a key economic activity in Brazil, where 96% of the petroleum extracted
proceeds from maritime fields and contributes 13% to the gross domestic product [1]. Nevertheless, the long-
term economic viability of the sector is threatened by its current technological gaps and the imminence of more
stringent carbon emission policies. Indeed, the petroleum primary separation processes on FPSOs demand a
large amount of utilities in the form of power and heat, typically supplied by low-efficiency energy systems,
such as simple cycle gas turbines (SCGT) and waste heat recovery units (WHRU). Since those technologies
rely on the consumption of non-renewable energy resources, this industry becomes responsible for a large
amount of atmospheric emissions [2]. The limited weight and space budgets in existing FPSOs have hampered
the efforts to integrate more advanced utility systems, which are reportedly able to increase the overall
cogeneration efficiency [3]. In addition, variable flow rate and composition of the fluids extracted entail variable
energy demands over time, which leads the conventional cogeneration system to operate at offdesign
conditions during most of the productive lifespan. Thus, if a resourceful solution to these limitations could be
achieved, it may help not only to cut down fuel consumption and mitigate the environmental impact, but also
to reveal business opportunities, such as commercial prospects for enhanced oil recovery (EOR) and
implementation of carbon markets [4, 5].



In order to tackle these problems, different alternatives have been proposed, ranging from the electrification
from shore [6] to the conception of a power hub composed of more efficient combined cycles [7]. Some studies
proposed a power hub without carbon capture aiming to centralize the electricity generation for a number of
FPSOs [8]. As a result, relatively high power generation efficiencies (53%) and an appreciable reduction of
CO:2 emissions (19%) are achieved for a scheme that implements two levels of steam pressure, three gas
turbines and only one heat recovery steam generator (HRSG). However, the footprint of the proposed
configuration has not been estimated. Later, a techno-economic assessment concluded that, depending on
the scenario of carbon taxation adopted, the power hubs may be not only thermodynamically advantageous,
but also financially competitive, if compared to the conventional utility systems [9]. Florez-Orrego et al. [10]
developed a systematic method for method for synthesizing the best configuration of power hub using an
optimization subroutine in Python and based on the concept of sawtooth plot. The authors verified that the
best configuration strongly depends on the profile of energy demands, the minimum generation capacity and
the characteristics of the power generation systems. Unlike the present work, the previous research works
have not considered carbon abatement technologies and have not studied the effect of the integration of post-
combustion carbon capture and reinjection (CCS) systems on the overall energy balance of the offshore utility
plants. Other studies [11] solved the energy hub economic dispatch (EHED) problem by considering a set of
modular units, including transformers, power units, cooling and heating systems. Since the hub application
occurs onshore, the limitations of the offshore cogeneration plants have not been considered. Riboldi et al.
[12] analyzed few combined cycles in offshore applications. This arrangement posed fewer challenges in terms
of number of variables and combinatorial explosion. The authors did not implement an optimal dispatch
distribution by disabling some generation technologies, thus, the flexibility of the system was limited.

Few studies analyzed of the performance of power hubs equipped with a CCS unit. Hetland et al. [13] studied
the integration of a CCS unit in the Sevan GTW concept (450 MW). Roussanaly et al. [14] performed a techno-
economic analysis of the offshore power generation along with CO2 capture (CEPONG concept) either to
decarbonize the onshore electricity mix or to supply power to petroleum platforms. According to the authors,
the second applications is financially more attractive, whereas the transmission of the electricity generated
offshore is seemingly neither economically nor technically justifiable. Winden et al. [15] compared an offshore
power plant equipped with a CCS unit (OTPPC concept, 540 MW) to an onshore counterpart, envisioning the
injection of CO2 captured in offshore and onshore industries. As a result, the authors endorsed the advantages
of the power hub applications for improving the utility systems of the offshore platforms. Despite their
relevance, those research works neither presented detailed economic analyses considering carbon taxations
and variation of CCS unit cost, nor estimated the constrained space and weight allowances when the topsides
of the power hub are installed on decommissioned offshore platforms. More recently, FI6rez-Orrego et al. [16]
performed an optimization process of the dispatch and load distribution among a set of modular power units
(MPUs) equipped with carbon capture systems, aiming to supply the time-varying power demands of four
identical FPSOs. The incremental economic analysis has considered the variation of the specific cost of the
carbon capture unit, the carbon tax and the interest rate. According to the authors, carbon taxes above 40
USD/tcoz would be necessary in order to power hubs with CCS unit become competitive vis-a-vis the existing
cogeneration systems in offshore platforms. Despite its relevance, the effect of other critical factors, such as
the uncertainty of the natural gas price and opportunity cost, arisen from the delay in entry of operation between
productive platforms, has not been assessed. In the present manuscript, the analysis of those critical factors
have disclosed further conflicts between more efficient and more affordable alternatives aimed to supersede
the existing cogeneration plants. In view of the lack of detailed literature dealing with the installation of carbon
abatement technologies in power hubs for offshore applications; the present incremental economic analysis
aims to evaluates the feasibility of the integration of advanced power stations with carbon capture, bearing in
mind (i) the fluctuations of the fuel price and the energy demands, (ii) the depreciation of money over time, (iii)
the carbon taxes and cost of a CCS unit, along with (iv) the delay in entrance of operation (i.e. the opportunity
cost). Differently from what has been done in previous studies, the solutions found in this work comply with the
tight footprint and weight restrictions on a decommissioned and adapted FPSO, instead of adopting a new hub
hull, which entails lower investment costs.



2. Offshore petroleum processing plants and utility systems

The characteristics of the productive FPSO and the existing utility system are briefly described. The control
volume assumed for carrying out the comparative incremental assessment encompasses the utility system
that serves four identical FPSOs (Fig. 1a). Each FPSO can daily process up to 150 thousand barrels of oil
and 6 million Nm? of natural gas (Fig. 1b). In addition, it can treat 20 thousand m? of produced water per day
and store around 1.6 million barrels of oil, which are periodically transported by a shuttle tanker to the coast
[17]. In the processing plant of each FPSO, the petroleum mixture (gas, crude oil and water) is heated and
separated using hot water (150°C) produced by recovering waste heat from the exhaust gases of four
LM2500+ gas turbines. Large power consumers include the exportation and injection compression systems
and water and oil pumping. Since the gaseous phase from the well may contain a significant amount of COx,
it is sent to a membrane separation unit (50 bar), where COz: is partially removed. The separated CO2-rich
stream is compressed to 500 bar and reinjected, while the hydrocarbon-rich stream can be exported, injected,
used for gas-lift or partly consumed in the utilities plant. In Fig. 1b, it is assumed that enough gas production
allows for self-sustainable power generation between 3™ and 15t years [18]. In the remaining years, all the
produced gas bypasses the membrane system and import of fuel gas is required. Since the performance of
the topsides on a FPSO depends on the changing properties of the fluids extracted, an accurate
characterization of the energy demands is not a straightforward task (see Fig. 1c) [9]. For this reason, the
design of the utility systems used to drive the separation and compression processes occurring on a FPSO
must involve very flexible modular power units (MPUs), able to handle variable electricity and heating
demands. This situation suggests an opportunity to enhance the efficiency and mitigate the environmental
impact of the offshore utility systems by using a power hub, like that shown in Fig. 2. This power hub,
composed of several combined cycles, aims to supply electricity to four identical FPSOs, while minimizes the
offdesign operating condition and increases the overall efficiency of the cogeneration plant. For the sake of
reliability, a set of N MPUs remain active and an additional module (+1) acts as redundancy, in the event of
maintenance or unforeseen stops in the operation of any set [19]. Evidently, a shift towards more
environmentally friendly power technologies only comes at the expense of costlier installations. For this
reason, an incremental comparative study, considering the carbon taxation and the opportunity cost is
implemented to shed light on the effect of additional expenditures on the overall project feasibility.

Four scenarios of power hubs have been analyzed, built upon combined cycles with either one or two levels
of pressure of steam injection, and without or with carbon capture and compression (CCS) units. Scenarios 1
and 2 rely on power hubs composed of N1+1 and N2+1 combined cycles equipped with CCS technology,
respectively (see Figs. 3a and b). Unlike the scenario 1, the scenario 2 considers two levels of pressure of
steam generation. Meanwhile, scenarios 3 and 4 employ Ns+1 and Ns+1 MPUSs, respectively, analogously to
scenarios 1 and 2, except for the absence of carbon capture units (see Fig. 3c and d). In the carbon capture
process, the cooled flue gas is contacted in the absorption column with a selective solvent (MEA amine,
35%wt.) designed to remove up to 90% of the CO2. The hot rich amine enters the desorption column, wherein
steam energy is consumed (3.5-4 MJ/kgCO2) to release the CO2 absorbed [20]. The hot lean solvent is cooled
and pumped back to restart the loop, while the CO:2 desorbed is released overhead, then conditioned and
compressed for reinjection purposes (500 bar). Post-combustion carbon capture applications (<7 mol% CO2)
for gas power plants are still in development [21] or demonstration [22] stages. In this work, the reference
plant considered for the sizing of the post-combustion carbon capture unit is the SSE's Peterhead gas power
station (230 MW), with an estimated production of 3,300 tcoz/day (absorption column: diameter 11.8 m, height
53.3 m; desorption column: diameter 5.6 m, height 36.2 m) [23]. Regardless of the internal energy demands
of the power hub (e.g. COz desorption heat and compression and pumping power consumption), the net power
demanded by the four productive FPSOs shall be entirely supplied by a suitable number of MPUs. In this
regard, the optimal operation parameters for the heat recovery steam generation system, the supplementary
firing system and the extraction-condensing steam turbine have been previously optimized using the concept
of sawtooth plot that represents the solution to the optimal dispatch problem when no electricity export to
shore is intended [24]. Moreover, since the power hub becomes responsible for the power supply, the heating
demand on each productive FPSO is guaranteed by five fired heaters (5x10 MW). Finally, the transmission
system consists of transformers and submarine cables, which will be responsible for bringing the electricity
generated in the power hub to each FPSO [25].
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Fig. 1. Standalone FPSOs: (a) cogeneration and processing plants [9]; profiles of (b) production and (c) energy demands of one FPSO. Adapted from [18].
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3. Methods and tools

This study assesses the techno-economic viability of installing advanced offshore power stations equipped
with or without a CCS unit on a decommissioned FPSO, considering different scenarios of carbon taxation. An
incremental financial analysis is performed to shed light on the relative advantages and limitations of the
proposed technologies, in comparison to the conventional utility system. Due to the conflicts between the
thermodynamic, environmental and financial targets, a proper evaluation of the physical properties, mass and
energy balances, as well as of the exergy, economic and environmental indicators is fundamental to achieve
reliable and comparable results [24]. The tools and methods used in this paper are described in the following
section.

3.1. Process modeling

The thermodynamic properties of relevant streams, as well as the mass and energy balances of the power
hub configurations, have been determined by using Thermoflow® software (Fig. 4). GTPRO® suite of
Thermoflow® has been used to design, size and economically asses the MPUs, based on its extensive libraries
of commercially available equipment. A multi-objective genetic algorithm is executed using OptimTool toolbox
of Matlab® software to determine the best configurations of MPUs [16]. The targets are weighed according to
desired decision criteria (area: 0.1, weight: 0.1, investment cost: 0.4 and efficiency: 0.4) in order to generate
single objective-based solutions whose performance can be later analysed at offdesign operating conditions
by using GTMASTER® and MACRO® suites of Thermoflow®.
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Fig.4. Flow diagram of the process synthesis and optimization of the power hubs based on the use of
Thermoflow, Matlab, Excel and Aspen Hysys.

Based on the designs determined by GTPRO®, GTMASTER® and MACRO® help assessing the performance
of the components of the utility systems when they operate at partial load. In this way, the efficiency can be
correlated to the load of the MPUs on the power hub in order to create the surrogate models that are later
implemented in the dispatch optimization problem in Matlab®. In this way, the saw-tooth efficiency plot for



each power hub can be outlined, as described in previous works [24]. On the other hand, the CO: capture,
compression and pumping systems have been simulated in Aspen® Hysys using Acid Gas® package (CO:
capture) and the Benedict-Webb-Rubin equation of state (EoS) with Starling modifications (CO2 compression
and pumping), in order to determine the energy consumption and the capture performance. Those results have
been used as input to the Thermoflow® carbon capture unit, which behaves as a black box model, since a
direct connection between Aspen Hysys and Thermoflow® has not been achieved. Finally, based on Monte
Carlo simulations, all the obtained solutions are analyzed in the light of the uncertainty of the natural gas price
along the project lifespan, as well as the effect of the delay in entrance of operation, the carbon taxation and
the depreciation of money with time, as it will be discussed in the next sections.

3.2. Performance indicators

Due to the expected conflicting targets in the offshore power plant applications, the trade-offs between the
best thermodynamic performance, the lowest environmental burden, and the most profitable power hub setups
must be thoroughly weighed so that the best alternative is selected. To this end, different performance
indicators are adopted. The exergy method was used to evaluate the thermodynamic performance of the
proposed configurations of power hubs. The exergy of the natural gas used as fuel has been calculated using
the correlations proposed by Szargut and coworkers [26] and considering a typical composition of natural gas
produced and purified in a FPSO located in the Brazilian pre-salt (76% methane, 10.63% ethane, 6.30%
propane, 0.83% isobutane, 0.22% isopentane, 0.49% n-pentane, 0.64% nitrogen, 3.08% carbon dioxide) [27].

The yearly exergy efficiency of the utility systems (7, ) over the project lifespan is calculated using Eq.(1). This

indicator assesses the ability to convert the chemical exergy of the fuel (m.__ b into net power (Whet)

fuel ™ fuel
and heat exergy (B?), both consumed in the processing plants of the productive FPSOs:
W, +B°
= m bCH

fuel ™ fuel

Based on the variation of the yearly exergy efficiency of the proposed hub layouts, the mean lifespan exergy

e 1)

efficiency (7,,) can be calculated. It is worthy to notice that the exergy efficiency indicator reported in Eq.(1)

refers only to the utility systems of the offshore petroleum platforms and not to the primary processing plants.
On the other hand, the net cumulative CO2 emissions can be determined as the sum of the yearly CO:2
emissions. The latter emissions can be, in turn, calculated on the average yearly natural gas consumption, the
emissions factor of the natural gas fuel burned and the capture efficiency of the carbon abatement
technologies. In other words, by knowing the overall fuel consumption for every year, which is determined by
the combined power and heat exergy production and the yearly exergy efficiency of the utility systems, the
overall CO2 emissions can be calculated depending on the existence and efficiency of the CCS unit (90%).
Thus, the net cumulative CO2 emissions indicator, calculated as the sum of the net yearly CO2 emissions, does
not account for the CO:2 produced via fuel combustion when it is reinjected into the oil reservoir.

Meanwhile, an incremental financial assessment aims to determine the marginal benefits obtained when more
advanced utility systems supersede the conventional layout, even at the expense of higher initial investment
costs. In this regard, the effect of the variation of relevant economic parameters on the total project cost is
evaluated, namely the specific cost of the carbon capture unit [USD/kW], the carbon tax [USD/tCO:] and the
interest rate [%)]. Two critical operating parameters, such as the uncertainty about the natural gas price and
the delay in entry of operation between productive FPSOs, are also evaluated. These parameters have not
been previously studied in the revised literature, but they may rapidly shift the project from a feasible operating
zone to an unfeasible one. In fact, although a delay in entry of operation may substantially reduce the initial
investment cost of the offshore utility systems in 40% by flattening the peak of the energy requirements [24],
the incremental net revenues are also impaired with large delays due to the fluctuations of the fuel market
price, the time-varying energy demands and the depreciation of money over time. Thus, the likelihood of loss,
a financial performance indicator associated to the investment risk and defined as the probability of achieving
negative incremental net present values, Eq.(2), is analyzed in the light of the opportunity costs of the natural
gas not sold at the present value.
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In Eq.(2), (R-C) is the net cash flow (i.e. revenues minus expenses) for each of the several (N) yearly periods
(n), calculated for a certain configuration B, that is compared with a reference configuration A, whereas i is the
average interest rate adopted. The capital expenditure of the power hub components is calculated via
Thermoflow® software. Table 1 summarizes the variable and fixed operation & maintenance (O&M) costs
adopted as a function of the power technology adopted [28, 29]. The hull cost for the power hub is assumed
as arepresentative cost for conversion (50 MUSD) [30]. An owner’s cost multiplying factor (foc) of 1.6 is applied
to the acquisition cost (AC) to reflect not only the purchase cost, but also the direct and indirect costs due to
transportation (TC), installation (IC), startup (SC) and contingencies (Co) [31]. The total investment cost (TIC)

can be calculated according to Eq.(3):

N
TIC (KUSD) = foe x> ,AC=AC+TC+IC+SC +Co ©)
n=1
The total capital investment is divided between the first (60%) and second (40%) years. A decommissioning
cost of 5% of the overall CAPEX is assumed. Additionally, it is considered that each platform enters in operation
with a delay of 0, 1, 2, 4 or 6 years, from the entry of the previous FPSO. Transmission costs estimates have
been adapted from data of offshore wind farms, due to the lack of open information for the ultra-deep waters
case [32].

Table 1. Variable and fixed operation and maintenance (O&M) costs as a function of the power technology
considered in the conventional and power hub-based utility systems.
Process parameter Conventional Combined cycle Combined cycle w/ CCS
Ns+1 or Na+1 N1+1 or N2+1

4 FPSOs each

Number and equipped with 341 GE LM6000 in GE LM6000 in
reference of MPUs . quipp . combined cycle & 4+1 combined cycle & 4+1 fired
. Siemens gas turbines . .
installed SGTA35 & WHRUS fired heaters on each heaters on each productive
productive FPSO FPSO

Variable O&M costs

.002 .004 .
(USD/KWHh) 0.00 0.00. 0.006
Fixed O&M costs

11. 19. 27.
(USD/kW-y) 0 9.0 0

3.3. Monte Carlo method used for estimating the stochastic profiles of the natural gas price

Natural gas cost may drastically vary along the project lifespan. This fact, together with the fluctuation of the
efficiency of the utility systems and the depreciation of money with time, only sheds more uncertainty to the
financial feasibility and the attractiveness of the project. In order to simulate the effect of the uncertainty about
the natural gas price on the economic performance of the proposed cogeneration systems, a series of Monte
Carlo simulations are used to generate multiple profiles of natural gas price (see for instance Fig. 5) for various
the delays in entry of operation (1-6 years). To this end, it is assumed that natural gas price shows a normal
distribution with a mean price of 5 USD per GJ and a standard deviation of 3 USD per GJ, which is
representative for the market variation of the natural gas price during the last two decades [33]. In each Monte
Carlo iteration, Excel® random number function is used to generate different values between 0 and 1
associated to the natural gas cost probability for every year of the project lifespan. Those probability values
are used to look up into the normal probability density function in order to determine the yearly random cost of
natural gas at each year of the project lifespan. In this way, different profiles of natural gas cost can be
generated, allowing to simulate the uncertainty about the natural gas price, instead of assuming a constant
natural gas cost along that lifespan [16]. Since this task is probabilistic in nature, the larger the amount of
simulations conducted using random profiles, the higher the statistical probability of getting sufficient outliers to
render the variance analysis meaningful. It has been verified that, as the number of iterations increased, the
variance of the average output decreased (< 5%).

Next, considering each stochastic profile of the natural gas price over the time, the cash flows of both the
conventional and the power hub-based setups are calculated, and the INPV defined by Eq.(2) is evaluated for



each of the advanced configurations. To this end, different combinations of interest rate (5, 10 and 15%), specific
cost of CCS unit (500, 1000 and 1500 USD/kW) [34-38], and carbon taxation (0, 20, 40, 60, 80 and 100
USD/tCO2) have been considered [34-39]. Finally, further statistics on the results of the Monte Carlo
simulations are performed in order to define whether the probability of the INPVs being lower than zero is higher
than an acceptable value (i.e. if the ratio between the number of scenarios in which INPV < 0 and the total number
of simulated scenarios is higher than a given threshold). For the sake of clarity, a procedural example is
described taking as reference the profile of natural gas price shown in Fig. 5. This profile has been generated
assuming the mentioned distribution of natural gas price and the random number generation function described
above. It is specific for a delay in entrance of operation of 6 years between productive FPSOs; thus, other
different profiles can be generated based on the same probability density function and other values of delay in
entry of operation, since the latter factor influences the project lifespan. Based on the profile shown in Fig. 5,
the cash flow and the NPVs of the advanced configuration is calculated taking into account the maximum
lifespan (defined by the delay in entrance in operation), the stochastic profile of the natural gas cost, the interest
rate, the carbon tax and the cost of the CCS unit. These NPVs values are compared to the NPV of the
conventional layout, which is calculated by assuming the same stochastic profile of the natural gas cost used
for the advanced configurations. In this way, the incremental NPV can be calculated as the difference of both
NPVs. Several iterations are performed fixing all the parameters, except for the profile of the natural gas price,
which will depend on the new results of the random probability generator execution. After enough amount of
iterations are attained (> 7000), the proportion of negative INPVs is determined and the analysis is repeated
for a different set of interest rate, CCS unit cost and carbon taxation, so that new stochastic profiles of natural
gas are generated and additional INPVs values are computed. Finally, the likelihood of financial loss of the
advanced systems is compared and the results of the Monte Carlo simulation are graphically represented in
contour plots.
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Fig. 5. Random profile used for simulating the variation of the natural gas price over the project lifespan with
a delay in entry of operation between FPSOs of 6 years. Different profiles can be generated based on the
probability density function and other delays in entry of operation.

4. Results and discussion

In this section, the main results regarding the thermodynamic, environmental and economic performance of
the proposed power hubs are discussed. Each power hub configuration is based on an arrangement of similar
MPUs operating in parallel. Each MPU is composed of a LM6000 PC topping cycle and a specific design of
bottoming cycle (Figs. 3a-d). Table 2 shows the operating conditions of the bottoming cycles for each scenario,
as well as the cost breakdown of the specialized equipment related to the power generation and control. The
costs of the power hub hull, the submarine transmission cables and the fired water heaters installed in the
FPSOs are summarized in Table 3. It must be pointed out that other aspects related to the compliance with
the space and weight restrictions on the deck of the decommissioned and adapted FPSO have been verified
and discussed in ref. [24]. As expected, power hub configurations not equipped with a carbon capture and
reinjection unit are lighter and less expensive, but only it only comes at the expense of a large amount of
atmospheric emissions.



Table 2. Optimal design operating parameters and other economic characteristics of the MPUs with and
without CCS unit corresponding to each studied scenario.

Process parameter Scenario 1 Scenario 2 Scenario 3 Scenario 4
Type of MPUs used in the hub Fig. 3a Fig. 3b Fig. 3c Fig. 3d
Carbon capture unit installed Yes Yes No No
Topping cycle characteristics GT LM6000 GT LM6000 GT LM6000 GT LM6000
PC PC PC PC
Bottoming cycle characteristics
Low pressure steam to reboiler (bar/°C) 4/143 4/143 - -
Intermediate pressure steam (bar/°C) - 25/240 - 25/230
High pressure steam (bar/°C) 25/447 41/445 25/420 35/447
Specialized components purchase cost for
each MPU (kUSD)! 416,877 448,099 374,409 405,274
a) Gas turbine 164,031 164,031 147,628 147,628
b) Steam turbine 48,370 48,928 48,522 52,451
c) Heat recovery steam generator 29,994 43,366 19,899 32,715
d) Condenser 2,105 2,722 3,468 3,654
e) Fuel gas compressor 15,449 15,449 13,904 13,904
f) Continuous emissions monitoring system 3,840 3,840 3,456 3,456
g) Distributed control system 1,884 1,950 1,813 1,894
h) Transmission voltage equipment 13,430 13,916 12,950 13,522
i) Generating voltage equipment 3,013 3,104 2,872 2,978
j) Others? 15,898 19,937 14,877 18,777
k) Mechanical 46,678 55,509 38,496 43,421
I) Electrical assembly and wiring 14,209 16,206 13,299 15,235
m) Engineering and plant startup 57,976 59,142 53,225 55,639

1. It excludes the costs of power hub hull, submarine transmission cables, fired water heaters in the FPSOs and the costs of the CCS
units; 2. “Others” include pumps, tanks, cranes, medium/low voltage equipment, general instrumentation, miscellaneous; and
“Mechanical” costs include onsite transportation and rigging, equipment erection and assembly, piping and steel.

Table 3. Costs of power hub hull, submarine transmission cables and fired water heaters in the FPSOs.

Process parameter All scenarios
Power hub hull cost (kUSD) 50,000
Submarine transmission cable (x 4) cost (kUSD) 17,176
Fired water heaters cost (x 5) x 4 FPSOs (kUSD) 15,136

The results for the minimum number of MPUs, overall owner’s cost, mean lifespan exergy efficiency, net
cumulative CO2 emissions and yearly rate of CO2 emission of the various power hub configurations as a
function of the delay in entry of operation between productive FPSOs are summarized in Table 4. Since the
costs of the CCS unit depend on the capacity installed (in kW), the total project costs are shown for each
specific CCS cost assumed (USD/kW), as a function of the delay in entrance of operation (0 to 6 years).
According to Table 4, the minimum number of MPUs that requires to be installed can be appreciably reduced
by increasing the delay in entrance of operation, since longer delays allow reducing the peak of power demand.
The delay in entry of operation visibly impacts the overall owner’s costs, as it reduces the number of idle
equipment required for attending the peak demand, which only occurs during a short interval of the hub
lifespan. For instance, when this delay increases from 0 to 6 years, the required installed capacity reduces by
57.2% and, thus, the overall owner’s cost drops by 38-42%. For the advanced utility systems without CCS unit
(scenarios 3 and 4), as the delay increases beyond two years, the initial investment cost becomes even lower
than that of the conventional configuration. Remarkably, despite the radical reduction of the initial investment
cost with the delay in entrance of operation; for a given scenario, the mean lifespan efficiency remains
invariable regardless of the value of the delay, due to the dispatch optimization performed based on the saw-
tooth profile of each power hub [24, 40]. The mean exergy efficiencies over the lifespan of the utility systems
based on power hubs with CCS units, namely, the scenarios 1 (35.6%) and 2 (37.0%), are 1 to 2 percentage
points higher than that of the conventional cogeneration system (34.0%), even if they include a CCS
technology. The utility systems corresponding to the scenarios 3 and 4 present comparable mean lifespan
exergy efficiencies (43.1-43.6%), and much higher (~9 percentage points) than that of the conventional
cogeneration plant in the offshore platforms.



Table 4. Minimum number of MPUs, overall owner’s cost, mean lifespan exergy efficiency, net cumulative CO, emissions and yearly rate of CO, emission of the various
power hub configurations as a function of the delay in entry of operation between productive FPSOs.

Scenario 1 Scenario 2
Delay (years) 0 1 2 4 6 0 1 2 4 6
Project lifespan (years) 25 28 31 37 43 25 28 31 37 43
Minimum number of MPUs (N+1) 10 10 9 8 7 10 9 9 7 7
Total installed capacity (kW) 490,350 490,350 441,315 392,280 343,245 509,139 458,225 458,225 356,397 356,397
Overall owner’s cost (kUSD)
for different specific investment cost
of CCS unit (USD/KW)
500 994,489 994,489 903,271 812,054 720,836 1,053,840 956,687 956,687 762,382 762,382
1000 1,239,664 1,239,664 1,123,929 1,008,193 892,458 1,308,410 1,185,800 1,185800 940,580 940,580
1500 1,484,839 1,484,839 1,344,586 1,204,333 1,064,080 1,562,979 1,414,912 1,414,912 1,118,779 1,118,779
Mean lifespan exergy efficiency (%) 35.85 35.49 35.36 35.70 35.52 37.31 37.01 36.81 37.03 36.90
Net cumulative emissions (ktCOy) 6,805 6,835 6,834 6,778 6,824 6,698 6,721 6,720 6,711 6,721
Average yearly rate of CO; 8.30 7.47 6.77 5.66 4.92 8.17 7.35 6.66 5.60 4.84
emissions (kg/s)
Conventional Scenario 3 Scenario 4
Delay (years) 1 0 1 2 4 6 0 1 2 4 6
Project lifespan (years) 28 25 28 31 37 43 25 28 31 37 43
Minimum number of MPUs (N+1) 16 9 9 8 7 6 9 9 8 7 6
Total installed capacity (kW) 461,120 483,152 483,152 429,468 375,785 322,101 486,715 486,715 432,635 378,556 324,477
Overall owner’s cost (kUSD) 675,228 681,365 681,365 614,803 548,242 481,680 730,750 730,750 658,702 586,653 514,604
Mean yearly exergy efficiency (%) 34.01 43.58 43.49 43.33 43.13 43.30 43.85 43.66 43.63 43.36 43.42

Net cumulative emissions (ktCOy) 28,326 23,011 22,999 23,046 23,321 22,986 22,863 22,910 22,936 22,999 22,934

Average yearly rate of CO>
emissions (kg/s)

30.97 28.07 25.15 22.84 19.46 16.57 27.88 25.05 22.73 19.19 16.53




As for the cumulative CO2 emissions reported in Table 4, it is important to highlight that the less efficient
scenarios 1 and 2 do not necessarily respond by the largest environmental impact, as long as the efficiency
penalty is rather associated to the integration of a CCS unit. Moreover, like the exergy efficiency for each
power hub scenario, the net cumulative CO2 emissions remain almost invariant regardless of the delay in
entrance of operation adopted. The cumulative CO2 emissions of the power hub with CCS units (1 and 2) are
three to four times lower than those of the conventional case or even the other counterparts without CCS unit
(i.e. scenarios 3 and 4). Clearly, it only comes at the expense of doubling their investment costs. Yet, as it will
be later discussed, this drastic cutdown in atmospheric emission contributes to increasing the financial
feasibility of the environmentally friendly technologies adopted in the scenarios 1 and 2, especially when more
stringent environmental regulations are envisaged, such as those including Pigovian taxes.

Figure 6 shows the evolution of the efficiency of the offshore utility systems for each scenario as a function of
the delay in entry of operation. As it can be seen, except for the period of the highest heating demand, the
power hub-based designs always present a higher efficiency along the project lifespan, which endorses the
results of the mean lifespan exergy efficiency. The fact that the conventional utility system relies on four simple
cycle gas turbines with large waste heat recovery units on each FPSO confers this arrangement advantages
over the power hub setups during the period of peak of heating requirement. The reason is that the power hub
concept displaced the power generation technologies to a centralized power station, delegating the heat
supply on the FPSOs to a series of fired heaters, which do not operate in cogeneration mode. Some studies
have demonstrated that installing an additional simple cycle gas turbine system on each FPSO, aside from
the power generation systems in the hub, may help increasing the overall efficiency [27]. It is also interesting
that the profiles of the exergy efficiency displayed for the advanced utility systems become flatter as the delay
in entrance of operation increases. This is also true for the profiles of yearly rate of CO2 emissions (Fig. 7).

The advanced utility systems based on power hub concepts are expectedly bulkier and costlier, since they
incorporate a larger number of complex power technologies. However, misleading conclusions may be drawn
if those apparent disadvantages are not economically weighed in light of the growing awareness of the
environmental impact of the offshore petroleum sector. Consequently, an incremental financial analysis is
necessary to elucidate the actual benefits and challenges of employing power hubs. Some of those benefits
include (i) augmented economic revenues from an increased natural gas export; (ii) reduced carbon taxations
with the integration of CCS units; and (iii) relatively lower capital expenditure, due to the reduction of idle
equipment using longer delays in entrance of operation. On the other hand, the likelihood of loss is aggravated
owed to an opportunity cost arisen from money depreciation over time, uncertain natural gas price and the
delay in extracting and selling the natural gas in present time. Other challenges such as high interest rates
and costs of CCS units are related to risk perception and industrial maturity. Notwithstanding, according to the
High-Level Commission on Carbon Prices and the Carbon Pricing Corridors initiative, a global CO: price of
30-100 USD/tco2 would be needed by 2030 in order to decarbonize the power sector [41, 42]. Thus, many
firms are anticipating the potential impacts of more severe environmental regulations and envisaging business
opportunities related with carbon abatement technologies, which may help carbon markets to thrive and boost
the deployment of CCS units in offshore applications. For this reason, the following simulations assume that
suitable carbon taxes (0-100 USD/tcoz) and mature post-combustion carbon capture systems (500-1500
USD/kW) will be introduced at commercial scale.
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Fig. 6. Yearly exergy efficiency of the utility systems as a function of the delay in entrance of operation.

Overall hub energy demands are also shown.
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According to Fig. 8, the likelihood of loss only tends to zero for delays around one year. In fact, although longer
delays might reduce the capital expenditure by flattening the peak of demand in comparison to the
conventional case, they also incur penalties related to the rapid depreciation of money over time. This effect
cannot be offset by the increased revenues, which leads to higher likelihood of loss in the project. Thus, the
trade-off between investment costs and opportunity costs, arisen from delaying the selling of the natural gas,
suggests that lower delays in entrance of operation are more favorable. High interest rates also hinder the
financial feasibility of the power hubs proposed, although to a lesser extent. For scenario 4, i.e. without the
integration of a CCS unit (see Figs. 8g-h), a valley of zero likelihood of loss occurs at a delay in entry of
operation of one year, regardless of the interest rate adopted. Meanwhile, the most affected configuration is
the power hub based on the scenario 2, which rapidly becomes economically unfeasible as the interest rate
climbs from 5% to 15% and carbon taxes fall below 40 USD/tcoz (see Figs. 8a-f). Moreover, since additional
equipment is required for dealing with the peak of power demand when no delay is considered, adopting a
delay of zero years most likely leads to less profitable scenarios than those in which a delay of at least one
year is adopted (see Table 5).

Also from to Table 5, a very high CCS unit cost requires very low interest rates and high carbon taxes for
scenarios 1 and 2 becoming profitable. In other words, when the interest rate and the specific cost of the CCS
unit exceed 15% and 1500 USD/kW, respectively, it is virtually unlikely finding a profitable scenario (i.e.
likelihood of loss of 0%), except for extremely large carbon taxes (>100USD/tcoz). However, comparing these
two, the scenario 2 statistically holds the lowest likelihood of loss over a range of delay from 0 to 6 years and
of carbon tax from 0 to 100 USD/tco2. It can be explained by the higher efficiency of the double pressure steam
network system, which partially offsets the efficiency penalty due to the introduction of the carbon abatement
technology. Nevertheless, the integration of a steam network with two levels of pressure is not necessarily a
warranty of relatively better financial performance. In effect, since scenarios 3 and 4 show similar exergy
performance, the higher investment cost of the double pressure steam network adopted in scenario 4 leads
to a higher likelihood of loss compared to the scenario 3. Anyhow, power hubs without CCS units seem to be
profitable over a wider range of CO: taxes and the likelihood of loss becomes lower than 30% for a delay from
2 years on, even for interest rates as high as 15%. A thoughtful inspection of the likelihood of loss for the
power hubs based on scenarios 1 and 2 shows that this probability is higher at small CO2 taxes (< 10 USD/tco2)
and delays in entrance of operation (< 1 year), than for high carbon taxes (80-100 USD/tcoz) and middle to
high delays (3-6 years), which emphasizes the non-linear relationship of the involved parameters. For
instance, considering scenario 1, for a delay of entrance in operation of 6 years, interest rate of 5% and CCS
unit cost of up to 1500 USD/kW, the likelihood of loss can be reduced from 60.2% to 18.3% by solely increasing
the carbon tax up to 180 USD/tcoz2.

The adoption of internal carbon costs (shadow prices) for weighing the cost-benefits of integrating advanced
power technologies have a strong impact on the project feasibility and may help assessing risk and business
opportunities within firms, thus, supporting strategic decision-making linked to future capital investment [43].

At the same time, the financial sector is becoming progressively vocal on climate action, as investors pressure
increases due to the growing awareness of the impacts of industry operations and supply chains on the
environmental and social welfare. See for instance, Financial Stability Board-Task Force on Climate-related
Financial Disclosures (FSB-TCFD) [44]. Accordingly, many companies are gradually committing to net zero
targets [42]. In this regards, it is estimated that 45 billion USD have been raised in revenues with carbon
pricing in 2019, corresponding to 22% of the global GHG emissions (12 Gtcoz2) [41]. For this reason, the
analysis of the impact of the climate change policies on the assets and operating revenues shown in this
manuscript is a must-do in enterprises if they want to remain competitive in the coming period of energy
transition. Jurisdictions may also choose to implement a tax or an emissions trading system (ETC), which
could ramp up the price of carbon in the future to strengthen the influence of internal carbon pricing. For this
reason, the future analyses will include scenarios in which an uncertain annual variation of the carbon taxation
is considered, simulating the logic of a global carbon market (e.g. a speculative CO2 tax). This trend is in
agreement with a growing number of business initiatives within firms, in which the internal carbon price is
considered not only for planning purposes, but also for managing risk [45].
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Table 5. Likelihood of loss (%) as a function of the delay in entrance of operation, the interest rate, the specific CCS unit cost and the CO; tax.

i CCS cost | COz2Tax . —
%) | (USD/KW) | (USD/t 0 1 2 4 6 0 1 2 4 6 0 1 2 4 6 0 1 2 4
55.1 53.2 211 0.0 19.8 0.0
42.3 43.8 19.7 0.0 5538 - 199 0.0
29.3 29.6| 0.0 19.7 0.0 464 - 223 0.0 51.9
20.1| 0.0 51.1 19.5| 0.0] 47.9 17.6 0.0 439 - 222 0.0 441
104| 0.0| 30.7| 57.8 10.9| 0.0| 30.7| 54.6 183 0.0 389 - 159 0.0 39.2
45| 0.0| 15.0| 48.3 57| 0.0] 14.9| 39.6 148 0.0 325 16.8 0.0 34.0
5% 1000 0 246 0.0 254 0.0
5% 1000 20| 53.8 53.9 19.9 0.0 54.0 244 0.0 584
5% 1000 40| 42.0 42.2 18.7 0.0 51.0 228 0.0 525
5% 1000 60| 29.4| 51.2 30.8| 0.0 16.6 0.0 44.0 196 0.0 484
5% 1000 80| 21.4| 0.0| 455 20.7| 0.0f 471 156 0.0 36.7 - 184 0.0 424
5% 1000 100| 11.2| 0.0| 28.2| 55.4 13.6| 0.0| 27.8| 50.3 157 0.0 31.0 584 16.2 0.0 33.0
5% 1500 0 237 0.0 223 0.0
5% 1500 20 23.0 0.0 56.2 21.4 0.0
5% 1500 40| 56.6 56.1 19.2 0.0 48.9 21.2 0.0 528
5% 1500 60| 40.4 44.6 184 0.0 438 194 0.0 44.0
5% 1500 80| 30.3| 434 31.1| 0.0 16.1 0.0 36.8 189 0.0 416
5% 1500 100| 19.3| 0.0 427 184| 0.0] 41.4| 57.9 158 0.0 313 589 163 0.0 336




Table 5. Likelihood of loss (%) as a function of the delay in entrance of operation, the interest rate, the specific CCS unit cost and the CO; tax (cont’d).
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Table 5. Likelihood of loss (%) as a function of the delay in entrance of operation, the interest rate, the specific CCS unit cost and the CO; tax(cont’d).

Scenario 1 Scenario 3

CCS cost
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Conclusions

Limited weight load and space budget on existing FPSOs restrain electricity generation to low-efficiency
energy systems and hampers the efforts to radically abate the environmental impact produced. In this regard,
the power hub concept emerges as an interesting alternative to supply the power required by a set of four
FPSOs using more efficient and affordable energy technologies, envisioning a hypothetical scenario of
stronger regulatory system over oil and gas industry. Although power hubs may effectively increase the
thermodynamic and environmental performance of the offshore utility systems, many challenges are still
brought to companies that contemplate using those technologies, mostly due to the incremental costs
associated. Accordingly, a comparative incremental analysis is performed to shed light on the potential
benefits of the centralized power stations. Despite the advantages of the radical reductions in the initial
investment, very long delays in entrance of operation could be not profitable for companies aiming to increase
their net present revenues, as the opportunity cost related to the depreciation of money over time offsets the
profitability gained with longer delays (> 2 years). As for power hubs with CCS units, when the interest rate
and the specific cost of the CCS unit attain values above 15% and 1500 USD/KW, respectively, it is virtually
unlikely finding a fully profitable scenario (i.e. 100% likelihood of loss), except for extremely large carbon taxes
(>100 USD/tcoz). This conclusion holds even when the efficiency and the cumulative emissions remain
invariable over the project lifespan for each power hub scenario. For a delay of entrance in operation of 6
years, an interest rate of 5% and a CCS unit cost of 1500 USD/kW, the likelihood of loss of scenario 1 can be
reduced from 60% up to 18% by solely increasing the carbon tax up to 180 USD/tcoz. Configurations of power
hubs without CCS units seem to be more profitable for a wider range of CO: tax, as the likelihood of loss is
zero at one year of delay, regardless of the carbon tax, and even lower than 30% for 2 years of delay and
interests rate about 15%.
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