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Abstract 
Oil and gas offshore platforms present similar structural designs and include process operations 

such as separation, compression and pumping. They process fluids with various thermo-physical and 
chemical properties and they operate on fields with different characteristics. It is therefore not possible 
to suggest a standard system design of an offshore platform. In this work, the different technological 
alternatives for the separation and upgrading of oil and gas are first modelled and embedded in a 
general superstructure. Several plant configurations are then simulated for different petroleum 
compositions, based on actual data from Norwegian and Brazilian fields. Finally, the most promising 
pathways are optimised and ranked based on two main performance criteria, which are the total exergy 
consumption and separation efficiency. The results illustrate the clear trade-off between these two 
objectives and allow understanding the synergies between each process. For example, better oil and 
gas recoveries are achieved with higher power consumption for volatile petroleum or with greater 
heating demand for heavy ones.      

1 Introduction 

The overall structural design of an oil and gas plant stays similar across different oil and gas 
fields, and includes separation, compression, purification and treatment processes. This offshore 
processing may be energy-intensive: the power consumption can range from a few MW to several 
hundreds, and the heating demand can be negligible or amount to several tens. These variations in 
energy demands result from the differences in the system operating conditions (e.g. temperatures and 
pressure levels), properties of the extracted petroleum (e.g. oil, gas water, and impurities), operating 
strategies (e.g. carbon dioxide separation, gas injection or export), and installed [2]. For example, 
floating production, storage and offloading (FPSO) facilities are attracting more attention in Brazil. 
They may operate on remote fields where the produced petroleum contains significant amounts of 
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carbon dioxide (as high as 25% on a molar basis) and has a low temperature (lower than 50°C). In 
such a case, the integration of heaters in series is needed to enhance the separation between the vapour 
and liquid phases, and to achieve the desired vapour pressure of the final oil product. The 
implementation of a carbon dioxide separation process, using membranes, is also required to purify the 
associated gas before further export. On the contrary, the petroleum extracted in fields within the 
North and Norwegian Seas has generally a much higher temperature and low content of carbon 
dioxide, implying that feed heating and carbon separation processes are not required [13].       

In general, the priority of the oil and gas operators is to maximise the oil throughout, while gas is 
a by-product, either exported or injected, and water is cleaned and discharged into the environment. 
The reduction of the energy use is considered secondary, as both the power and heating demands can 
be satisfied by burning a small fraction of the produced gas in on-site gas turbines. A higher energy 
performance of the processing plant would nevertheless result in fuel savings, which would translate 
into energy and economic benefits.   

The processing plant is therefore built with the aim of maximising the production of stabilised oil. 
However, a major challenge is that the petroleum production curves and properties change through the 
field lifetime, and this creates challenges when designing the system. The production of crude oil 
ramps up in the first years, reaches a peak, and then declines over time, whilst the extraction of 
produced water increases [5]. The production of associated gas follows the same trend as oil, although 
the oil and gas production peaks may not correspond [6]. The exploitation stops when the hydrocarbon 
production is not enough to justify longer operation. Additional wells may be erected if relevant, as 
this could extend the economic viability of the petroleum field. In practice, the design procedure of the 
processing plant lies on a heuristic approach, based on the engineer’s experience. 

The large differences in field properties and production flowrates across platforms imply that 
there are many technological alternatives and possible operating conditions. We suggest the use of a 
superstructure approach as presented in [11] to evaluate the relevant processing paths. The aim is to 
evaluate the performance of a given processing path with respect to the separation between the oil and 
gas phases, which should be maximised, and the energy demand on-site, which should be minimised. 

Previous works discuss the energy performance of oil and gas plants, with most dealing with the 
cases of Brazilian and Norwegian facilities. Svalheim [13] pinpointed the large power demand 
associated with the gas compression and water injection processes, which was significant over the 
entire field lifespan. In a further work [14], the authors emphasise that the substantial variations of the 
production flowrates result in severe part-load conditions of the facility. They lead, for example, to the 
use of power-intensive control techniques such as anti-surge recycling. These findings are confirmed 
by several exergy assessments performed by Voldsund et al. [15] and Nguyen et al. [9].They show 
that, for platforms processing high-temperature feeds, the largest exergy destruction takes place in 
these processes, meaning that the compression operations should be improved in priority. On the 
contrary, for platforms processing a low-temperature feed, Oliveira and Van Hombeeck [10] prove 
that substantial amounts of exergy are destroyed in the petroleum heating process. 

The comparison of these studies suggests that there is a clear trade-off between the energy 
performance and the recoveries of oil and gas on-site. Moreover, this trade-off is different depending 
on the petroleum properties and is sensitive to the pressure and temperature levels of the separation 
and compression processes. The present work aims at investigating the relation between these design 
variables and the plant performance, which would give hints on how to improve the energy 
performance of an offshore platform without compromising the oil production, and the research is 
two-folded. First, we assess the trade-offs between the separation and energy performance of an oil 
and gas platform, and we analyse then how those differ with the system set-up and petroleum 
properties.   
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2 Methods 

2.1 System description and modelling 

As stressed by Bothamley (2004), oil and gas processing plants can be classified into two 
categories, depending on the degree of processing performed offshore and onshore. The aim is either 
to produce a stabilised crude oil, meeting the sales requirements, together with a clean and dehydrated 
gas, or an unstabilised one, which satisfied only the water and vapour pressure requirements for further 
export in tanks or pipelines. The corresponding choice has an impact on e.g. the number of pressure 
levels of the separation train and the operating temperatures at the inlet of each stage. 

However, all plants present the same processes, which are:  
• the production manifolds, in which the streams extracted from the wells are mixed and 

depressurised; 
• the separation train, in which the oil, gas and water phases are separated in several stages, 

with decreasing pressure (throttling valves) and possibly higher temperature (heaters); 
• the oil treatment or export pumping process, in which the oil is stabilised if required, and 

pumped to the storage or export pressure; 
• the produced water treatment process, where the associated water is treated and oil 

droplets are removed with degassers and cyclones; 
• the gas recompression train, with a compression of the separated gas to the initial feed 

pressure, before mixing with the gas extracted at the first separation level; 
• the gas compression and treatment process, where the produced gas is compressed for 

further dehydration and removal of carbon dioxide if needed; processes such as dew 
point control, gas dehydration with glycol, membranes or chemical absorption with 
amines may be integrated 

• the carbon dioxide compression train, where the recovered carbon dioxide is compressed 
for further injection into the reservoir; 

• the fuel gas system, where a fraction of the recovered gas is heated and dehydrated by 
scrubbing for further use in the gas turbines 

• the gas turbines, where the actual power requirements are satisfied by burning the fuel 
gas; 

• the waste heat recovery process, where a hot medium is used to recover heat from the 
exhaust gases for satisfying the heating demand in the petroleum separation. 

The two processes described last can be referred to as the utility plant, where the power and heat 
required on-site are generated, while the other processes can be describes as the processing plant, 
where oil, gas and water are processed.  

Figure 1 illustrates the typical processes that can be present on Brazilian floating production 
storage and offloading platforms. Norwegian platforms present overall the same processes, with the 
exception of the CO2-separation process which is not installed. 

The process models were developed with Aspen PLUS ® version 7.2 [1] based on the Peng-
Robinson [12] equation of state. The following assumptions are considered: 

• a crude production of 150 000 barrels per day is assumed, which corresponds to a feed input 
of about 627 tons per hour; 

• the feed properties are taken to be 2300 kPa and 20°C after the production manifold, which is 
a sub-system excluded from the analysis; 

• processes such as oil desalting, gas dehydration with glycol and carbon dioxide separation 
with membranes are not investigated in details, and perfect separation is assumed in these 
cases; 
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Fig. 1.  Block diagram of a typical Brazilian floating production storage offloading (FPSO) platform. 
The grey arrows denote the petroleum and oil streams, the yellow ones the associated gas before 
purification, the indigo ones the condensate recovered from the gas scrubbing, the brown ones the 
cleaned gas after dehydration and CO2-cleaning, and the green ones for the CO2-rich gas streams.  

• an adiabatic efficiency of 75% is assumed for all centrifugal compressors present in the 
compression and recompression trains; 

• an efficiency of 96% is assumed for the generators; 
• the export pressure is 25 MPa and the injection pressure 55 MPa. 

 
The feed compositions taken for the analysis are the following: 

• a volatile petroleum (Composition 1), typical of Norwegian fields, with a negligible carbon 
dioxide content (less than 1%), and about 81% methane, 6.5% ethane, 3.6% propane, 6% 
butanes, on a molar basis; 
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• a CO2-lean and “less volatile” petroleum (Composition 2), from a Brazilian field, with a 
negligible carbon dioxide content (less than 1%), and about 62% methane, 7% ethane, 5% 
propane and 3% butanes; 

• a CO2-rich petroleum (Composition 3), from a Brazilian field, with a content of 26% carbon 
dioxide, 41% methane, 5% ethane and 3% propane. 

2.2 System analysis and optimisation 

2.2.1 Processing performance 

In general, the goal of the platform operators is to recover the light hydrocarbons such as 
methane, ethane and propane in the exported gas, while hydrocarbons heavier than pentanes should 
preferably be present in the oil stream. Butanes may either be exported in a gas or liquid form, 
depending on the vapour pressure requirements of the exported crude. It is therefore possible to define 
three performance parameters that assess the quality of separation of the oil and gas phases at the 
platform level: 

• the recovery of light hydrocarbons 𝑟light: 

𝑟light =
∑ �̇�𝑖, gas𝑐4
𝑐1

∑ �̇�𝑖, feed𝑐4
𝑐1

 

• the recovery of heavy hydrocarbons 𝑟heavy: 

𝑟heavy =
∑ �̇�𝑖, oil𝑐5+

∑ �̇�𝑖, feed𝑐5+
 

• the separation performance 𝜀sep: 
𝜀sep = 𝑟light ∗ 𝑟heavy 

 

2.2.2 Thermodynamic performance 

In this work, the performance of an oil and gas processing path is assessed by means of an 
energy, exergy and pinch analysis. The first law of thermodynamics states that energy cannot be 
created or destroyed, but is only transformed from one form to another. It gives therefore indications 
on the processes in which energy is converted, lost and dissipated, but cannot be used to assess the 
performance of a given process.  

For an open control volume, in steady-state conditions and steady-flow processes, the energy 
balance is written as [3]: 

 
�̇� − �̇� = ��̇�𝑜𝑜𝑜ℎ𝑜𝑜𝑜 −��̇�𝑖𝑖ℎ𝑖𝑖 

Where �̇� and �̇�stand for the energy rates in the form of heat and power, �̇� for the flow rate of a 
given material stream (inflowing or outflowing) and h the specific enthalpy.  

Exergy may be defined as ‘the maximum theoretical useful work (shaft work or electrical work) 
as the system is brought into complete thermodynamic equilibrium with the thermodynamic 
environment while the system interacts with it only’. Unlike energy, exergy is not conserved, but a 
fraction is destroyed because of the irreversible phenomena taking place in real systems such as heat 
transfer across finite temperature differences. Therefore, unlike the first law of thermodynamics, the 
second law of thermodynamics pinpoints the performance losses in the system under study. It gives 
therefore hints on how to identify and quantify potentials for improving the overall system 
performance. The exergy balance of an open control volume in steady-state and steady-flow processes 
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can be expressed as [3]: 
 

�̇�𝑑 = ��̇�𝑜𝑜𝑜𝑒𝑜𝑜𝑜 −��̇�𝑖𝑖𝑒𝑖𝑖 + ��̇�𝑄 −�̇� 
 

where �̇�𝑑 is the destroyed exergy, ∑�̇�𝑜𝑜𝑜𝑒𝑜𝑜𝑜 and ∑ �̇�𝑖𝑖𝑒𝑖𝑖 are the exergy flows associated with 
material streams, and ∑ �̇�𝑄 the exergy flow associated with heat transfer. The exergy flows associated 
with streams of matter are related to their physical (temperature and pressure) and chemical properties 
(chemical composition), while the exergy associated with a heat flow is related to the temperature at 
which the heat transfer process takes place. The concept of exergy is intrinsically linked to a dead 
state, which is defined here as 1.013 bar, 20°C, and with the chemical composition of the environment 
defined by Morris and Szargut [8]. 

Pinch-based analysis methods belong to the category of energy and process integration methods 
[4], which aim at minimising the use of external energy utilities (e.g. boiler and refrigeration) by 
maximising the internal heat recovery of the system under study. The thermodynamically attainable 
energy targets are calculated. The ways to achieve them are determined by optimising the use of the 
different heating and cooling sources. The minimum temperature approach (ΔT/2) is taken to 2 K, 4 K 
and 8 K for phase-changing, liquid and gaseous flows. 

2.2.3 System optimisation 

The optimisation problem may be formulated as follows. The objective is to maximise the 
separation performances, considering the performance indicators 𝑟light, 𝑟heavy and 𝜀sep, while 
minimising the power consumption �̇�. These objectives may be conflicting, the results are displayed 
under the form of a Pareto front [7], where any point displays a solution where any better-off in 
relation to a single objective results into a worsen-off of another one. The decision variables or, in 
other words, the design parameters that can be adapted by the process designer are the number of 
separation and compression stages for each process, the implementation of heaters at the inlet of the 
separators, the temperature and pressure levels of each stage. Based on the literature and on the 
technical documentation of several offshore processing plants, the decision variables can be varied as 
follows: 

• the number of separation stages is comprised between 2 and 4;  
• the number of recompression stages must be higher than the number of separation stages, 

to avoid mixing of gas streams at different pressure levels; 
• the outlet temperatures of the heaters in the separation train are comprised between the 

inlet temperature and 80°C; 
• the outlet pressures of the expansion valves, at the inlet of each separation stage, are 

comprised between the feed pressure (2300 kPa) to the atmospheric one (101 kPa); 
• the outlet pressures of the compression stages are comprised between the inlet pressure, 

which cannot be lower than the feed pressure (2300 kPa) to the maximum discharge 
pressure of carbon dioxide (55000 kPa) for carbon-rich streams, and the maximum 
injection pressure of natural gas (25000 kPa) for the treated gas. 

The optimisation constraints are related to technical limitations (e.g. final outlet pressures and 
temperatures, vapour pressure of the produced oil) or thermodynamic unfeasibilities (e.g. crossover in 
heat exchangers).  

The optimisation problem is non-linear (non-linear relationships and variables) and includes 
integer (e.g. inclusion or not of an additional separation stage) and continuous (e.g. temperatures and 
pressures) variables – it can therefore be formulated as a MINLP problem. It is solved by use of a 
genetic algorithm, which emulates the decision variables and uses the results from each evaluation to 
converge towards optimums. 
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3 Results 

The results section is divided into three sub-sections. First, the trade-off between the oil and gas 
recoveries is assessed for different separation configurations, optimising solely the separation train 
(temperature and pressure levels, number of stages). It is then compared to the same trade-off, 
optimising then the whole processing plant, to investigate the benefits of system integration. Secondly, 
the trade-off between the total power consumption and separation efficiency is shown and the 
differences emerging from the differences in chemical composition of the petroleum are commented. 
Thirdly, several exemplary configurations, which correspond to the highest separation performance 
and minimum power consumption are analysed more thoroughly, based on pinch and exergy 
assessments. 

3.1 Design and optimisation of the separation plant 

The comparison of the seven different separation layouts (Figure 2) illustrates the limits in terms 
of oil and gas recoveries, when possibly implementing a heater and additional separation stages. It can 
be clearly seen that 3-stage configurations perform significantly better than 2-stage ones, with or 
without heater. For example, the maximum gas and oil recoveries cannot exceed 98.5% and 97% for 
the 2-stage case, while they reach 99.3% and 98% if a third stage is added. Similarly, the integration of 
a heater reveals to be beneficial in all cases, increasing the gas recovery and resulting in a lower 
vapour pressure of the produced oil. 

 

 

Fig. 2. Trade-off between the recoveries of light and heavy hydrocarbons for the first composition, 
characterized by a low carbon dioxide and high methane fractions – the circle and triangle signs 
denote the 2- and 3-stage configurations, respectively. “i-HEX” indicates that a heater is included on 
the ith separation level.    

Optimising the entire system rather than the separation and recompression sections alone (Figure 3) 
shows to be critical. It can be seen that the designs where the separation and gas compression 
processes are well-integrated with each other perform better in terms of separation efficiency, in all 
cases.  
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Fig. 3. Trade-off between the recoveries of light and heavy hydrocarbons for the first composition, 
considering an “isolated” or an “integrated” separation process –  “i-HEX” indicates that a heater is 
included on the ith separation level.    

The large differences between these results can be explained by the optimisation of the gas 
compression process. Large quantities of heavy hydrocarbons are recovered from the gas cooling 
section, are scrubbed in a phase separator and recycled at the inlet of each separation stage.  

3.2 Design and optimisation of the processing plant 

The differences in terms of oil and gas recoveries are significant when comparing the two 
Brazilian feed compositions (Figure 4). It can be seen that higher oil recoveries, by about 0.7%-point, 
can be achieved with feeds with high CO2-content, as less heavy hydrocarbons are entrained.    

 

 Fig. 4. Trade-off between the recoveries of light and heavy hydrocarbons for the second and third 
compositions, considering a separation plant with 3 stages and 2 heaters placed at the inlet of the 2nd 
and 3rd separation stages. 
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However, these results should be taken with caution and lower gas recovery should be expected 
in practice. At present, the simulations build on the assumption that no methane is entrained with the 
carbon dioxide in the membrane separation process. In reality, light hydrocarbons such as methane and 
ethane may be entrained with carbon dioxide. A better separation between these substances comes at 
the expense of a greater pressure difference between the permeate and retentate sides, which leads to a 
greater  power consumption. 

 

Fig. 5. Trade-off between the separation performance and power consumption for the second and third 
compositions, characterised by low (1%) and high (26%) fractions of carbon dioxide in the petroleum 
feed.    

 
These higher separation performances are also translated in terms of separation efficiency (Figure 

5), which is higher in the cases with high carbon dioxide content, for the same power consumption. 
However, it should be remembered that this analysis was performed for the same feed flowrate. It 
implies that the petroleum production is actually lower and more energy-intensive (for a given 
production throughout) for a feed with high carbon dioxide content. This result is consistent with the 
previous works in this field, as high carbon dioxide recovery results in a significant power demand in 
the secondary compression systems. 

3.3 Assessment of the optimised cases 

Two optimised cases, which correspond to the smaller power consumption, are considered for 
further investigation. They are chosen based on the Pareto fronts illustrated in Figure 5, for a CO2-lean 
and a CO2-rich composition, and compared in terms of exergy destruction on-site (Table 1). 

 
Table 1. Exergy destruction for each optimised case, expressed in kW, sorted by sub-system. 1 = 

separation, 2=oil treatment, 3=vapour recovery unit, 4=gas compression, 5=gas treatment, 6=gas 
export, 7=CO2-injection, 8=gas turbines, 9=water injection     
  1 2 3 4 5 6 7 8 9 
CO2-
lean 10082 281 240 7721 2994 3863 151 37369 1020 
CO2-
rich 11300 1450 1010 7210 3030 2280 3740 42860 1020 
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As expected, the power consumption and exergy destruction in the optimised case, with the CO2-
lean composition, are smaller. These are due to the low carbon dioxide content, which results in a 
negligible exergy destruction in the carbon compression process, and slightly higher in the gas 
compression section. The exergy destruction in the separation and recompression processes is smaller 
as well, because most gas is actually recovered at the first separation stage, bypassing the low-pressure 
compressors in the vapour recovery unit. It is worth noticing that, in all cases:  

• the critical decision parameter when optimising the processing plants is the pressure at 
the outlet of the gas compression system, i.e. before gas cleaning and CO2-separation; 

• the exergy destruction in the power and heat generation system is by far the most exergy-
destroying process, because of the combustion processes taking place, which are in 
essence irreversible. 

The pinch analysis shows that, in the ideal case, there is no need for external heating but only for 
external cooling (Figure 6). The extents of the cooling demand are correlated to the fraction of carbon 
dioxide in the feed – the higher the CO2-content, the greater the cooling demand. Carbon dioxide is 
indeed recovered at a low pressure from the membrane section, meaning that more compression power 
and cooling effect should be provided to reach the desired pressure of 55 MPa. There are large 
possibilities for internet heat recovery, which can reach up to 33% of the total cooling demand, at low 
temperatures (30-100°C). This corresponds to the demand for cooling from the gas compression 
processes, and the demand for heating of the petroleum in the separation system. 

 

 
Fig. 6. Temperature-heat profiles (grand composite curves) of the two optimised cases (CO2-

lean, left, CO2-rich, right). 

4 Conclusion 

The present work deals with the thermodynamic optimisation of preliminary system designs for 
offshore oil and gas processing. Three petroleum feeds characterised by different gas and carbon 
dioxide contents were chosen. All possible plant configurations were embedded in a general 
superstructure which was further optimised. The results indicate a clear trade-off between the energy 
performance and separation efficiency, and the addition of heaters and separation stages is greatly 
beneficial. The exergy analysis illustrates that, in sub- and optimised cases, the power and heat 
generation system is always the main location of exergy destruction. The pinch analysis indicates that 
there are large possibilities for system integration at low-temperature levels, and these findings are 
valid in all cases.  
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