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Summary
Well-defined performance indicators can motivate optimal opera-
tion of offshore oil and gas platforms. We evaluate several ther-
modynamic performance indicators presented in the literature 
according to three criteria: Thermodynamic performance indicators 
should evaluate the use of technically achievable potential, they 
should evaluate the use of theoretical potential, and they should 
evaluate the total use of energy resources. The performance indica-
tors are tested on four North Sea facilities, and the results are dis-
cussed. We recommend the use of a set of indicators for a thorough 
evaluation of oil and gas platforms—the best-available-technology 
efficiency on an exergy basis, a task exergy efficiency, and the spe-
cific exergy destruction.

Introduction
Offshore oil and gas extraction was responsible for approximately 
20% of the total gross greenhouse-gas emissions in Norway in 2011 
(Statistics Norway 2013). These emissions were mainly caused by 
the natural-gas and diesel-oil combustion required on offshore 
facilities to meet the on-site power and heat demand. Reduction 
of carbon dioxide (CO2) and nitrogen oxide (NOx) emissions on 
oil and gas offshore facilities is a challenge because performance 
and reliability requirements, as well as space limitations, lead to 
conservative choices of technology. The overall design of such 
installations is similar for all platforms. However, each oil field 
has specific natural characteristics (e.g., gas/oil and water/oil ra-
tios, pressure and temperature levels, reservoir-fluid properties), 
each platform has particular design setups (e.g., number of com-
pression trains, export specifications, unit inventory), and different 
oil-recovery strategies (e.g., seawater or gas injection, pressure de-
pletion) are used. Moreover, the production flows on-site vary sig-
nificantly over the lifespan of the field, which creates challenges 
in maintaining efficient processing. Evaluation of such systems is 
complicated, and performance indicators should be chosen with 
care to make a meaningful comparison. 

Svalheim and King (2003) pointed out that the performance of 
an offshore platform can be measured by the specific volumes of 
CO2 emitted or of gas consumed onsite (fuel, venting, and flaring) 
and by the specific power consumption on a net-produced oil-
equivalent basis. However, it was underlined that these metrics can 
be misrepresentative and favor facilities that process oil and gas 
with higher energy contents. In addition, platforms with certain op-
erating conditions may be favored because they can more easily 
achieve their tasks with low power consumption.

Possible other approaches, applied in similar research fields, are 
to compare the overall energy use with that used when integrating 

state-of-the-art technologies (Margarone et al. 2011) or during op-
timal energy management (Svalheim and King 2003). These allow 
benchmarking of the energy required and assessment of further po-
tentials for energy savings. However, as also emphasized in Marga-
rone et al. (2011), energy accounting does not provide information 
on the extents and locations of the thermodynamic inefficiencies 
that are present in the overall plant and its subsystems. Such infor-
mation is given by an exergy analysis (Bejan et al. 1996). A few ex-
ergy analyses of oil and gas platforms are reported in the literature, 
with case studies conducted by De Oliveira and Van Hombeeck 
(1997) on a Brazilian platform, by Voldsund et al. (2013a) on a 
Norwegian platform, a comparison on four Norwegian platforms 
(Voldsund et al. 2014), and a generic analysis by Nguyen et al. 
(2013). It was pointed out that field conditions, such as gas/oil ra-
tios, feed-pressure levels, and outlet-pressure specifications in the 
products, have a high impact on the fuel consumption. Further-
more, operation away from the nominal design point and inefficient 
compression give rise to additional exergy destruction, and thus 
fuel consumption that could have been avoided. Recommendations 
for improvement were discussed in these works, but the literature 
appears to contain no systematic discussions on thermodynamic 
performance indicators that consider energetic and exergetic as-
pects of oil and gas platforms and allow a rational comparison. The 
present work aims to help address this gap by a further study of 
the four platforms simulated by Voldsund et al. (2014) that follows 
these steps: (1) presentation of three criteria for suitable perfor-
mance indicators, (2) definition and investigation of energy- and 
exergy-based indicators, and (3) comparison of the four oil and gas 
installations and discussion of the parameters. The present work is 
the continuation of ongoing research projects, the preliminary re-
sults of which were presented in Voldsund et al. (2013b).

The paper is structured as follows. First, an introduction is given 
to the concept of exergy. Criteria for suitable thermodynamic per-
formance indicators are given before the indicators themselves are 
presented. This is followed by the results obtained for each plat-
form, with the different indicators, and a discussion of the rele-
vance of these criteria. Finally, concluding remarks are given.  

Methodology
Exergy Analysis. Exergy analysis derives from both the first and 
second laws of thermodynamics, and exergy is defined as the max-
imum obtainable work that can be extracted from a matter in in-
teraction with the environment. This leads to a higher value for 
thermal energy, with temperatures far above or below the ambient 
temperature rather than close to it. Exergy analysis differs from en-
ergy analysis, which derives from the first law of thermodynamics 
only and treats all forms of energy as equivalent (Kotas 1995). En-
ergy accounting does not provide information on the extents and 
locations of thermodynamic inefficiencies present within the plant, 
at the contrary of an exergy accounting (Margarone et al. 2011).

Exergy Accounting. Exergy is not conserved in nonideal pro-
cesses and is destroyed to a certain extent (Kotas 1995; Moran 

Thermodynamic Performance Indicators 
for Offshore Oil and Gas Processing: 

Application to Four North Sea Facilities
 

Mari Voldsund, Norwegian University of Science and Technology; Tuong-Van Nguyen and Brian Elmegaard, Technical University 
of Denmark; and Ivar Ståle Ertesvåg and Signe Kjelstrup, Norwegian University of Science and Technology

Copyright © 2014 Society of Petroleum Engineers

Original SPE manuscript received for review 4 January 2014. Revised manuscript received 
for review 16 June 2014. Paper (SPE 171565) peer approved 4 August 2014.



52 Oil and Gas Facilities  •  December 2014 December 2014  •  Oil and Gas Facilities 53

1989). The systems investigated within this study can be consid-
ered open systems operating at steady-state conditions. The de-
stroyed exergy, expressed here as an exergy destruction rate Ėd, is 
then the difference between the rates of exergy entering a system 
(Ėin) and the exergy leaving it (Ėout) through mass flows, work, and 
heat transfer: 

in out jjQWd j
E E E E E m e= − = + +∑ ∑ ∑� � � � � � .  .................. (1)

Symbols ĖW and ĖQ are the rates of exergy accompanying work 
and heat, respectively, and ṁj and ej are the mass-flow rate and the 
specific exergy of the stream of matter j, respectively. This exergy 
balance can be expressed as

p f d lE E E E= − −� � � � ,  .............................................................(2)

where (Tsatsaronis 2007)
•  Ėp is the rate of product exergy, which represents the desired 

results, expressed in terms of exergy, generated by the system, 
process, or component of consideration. 

•  Ėf is the rate of fuel/used exergy, which illustrates the re-
sources expended to drive the system of interest and to gen-
erate the desired product.

•  Ėd is the rate of destroyed exergy, which represents the ther-
modynamic inefficiencies of a system (entropy generation) 
because of the irreversibilities taking place within its bound-
aries (internal).

•  Ėl is the rate of lost exergy, which illustrates the thermody-
namic inefficiencies of a system caused by the transport of 
exergy with energy and material streams to the environment 
(external).

The exact expression for each of these terms depends on the system 
investigated.

Exergy Transfer. The exergy flow rate transferred to the system 
with work is equal to its energy:

WE W=� � ,  ................................................................................(3)

while it depends on the system and environmental temperatures when 
transferred with heat. For temperatures above the environmental, 
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The symbols T0 and Tj are, respectively, the temperatures of the en-
vironment and at the boundary of the system under study, and Q�  
and Ẇ correspond to the energy transfer rates by heat and work, re-
spectively. 

The exergy flowing with a stream of matter e can be expressed 
as the sum of the kinetic ekin, the potential epot, the physical eph, and 
the chemical ech components:

kin pot ph che e e e e= + + + .  ......................................................(5)

Specific physical exergy accounts for temperature and pressure dif-
ferences with the ambient conditions (T0, p0) without considering 
any changes in chemical composition. It can be expressed as

( ) ( )ph
0 0 0e h h T s s= − − − ,  ..................................................(6)

where h and s are the enthalpy and entropy calculated at the stream 
conditions, respectively, and h0 and s0 are the same-state variables 
at environmental temperature and pressure. Similarly, the specific 
chemical exergy accounts for the maximum obtainable work re-
sulting from the differences in chemical composition and environ-

mental composition, while maintaining the same temperature and 
pressure. It is expressed as
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where Term I represents the chemical exergy of the components in 
pure state, with xi being the mass fraction and ēi being the specific 
chemical exergy on a mass basis. Term II corresponds to the de-
crease of chemical exergy because of mixing effects (namely, the 
exergy of mixing) with hi,0 being the mass chemical enthalpy of the 
pure component i and si,0 being the corresponding mass entropy at 
environmental conditions. Term III denotes the chemical exergy of 
the components in the mixture, with ie the specific chemical exergy 
of the component i in the mixture. The specific potential and kinetic 
exergies are assumed negligible in comparison with the chemical 
and physical exergies.

Thermodynamic Performance Indicators. The present study is 
among the first studies on the thermodynamic performance of off-
shore oil and gas processing. The primary goal is to investigate 
the usefulness of several indicators. We consider that a useful 
indicator should

1.  Evaluate whether the technically achievable potential is used. 
A useful indicator should answer whether the performance of 
the platform could be enhanced further, considering all im-
provements that could be brought to the system with the best-
available technologies (BAT). These improvements can be 
related to the use of more-efficient equipment, such as com-
pressors and pumps, or to a better process integration. 

2.  Evaluate whether the theoretically achievable potential is 
used. A process with a given set of boundary conditions, such 
as temperatures, pressures, compositions, or flow rates, can 
never consume less exergy than in the reversible case. This 
case sets an upper limit for energy efficiency, and a useful 
indicator should answer whether the process under consider-
ation is far from this limit. This criterion favors indicators that 
motivate the use of both BAT and research and development 
of new solutions.

3.  Evaluate the total use of energy resources. Oil and gas plat-
forms may operate under very different conditions (e.g., dif-
ferent feed compositions, temperatures, or pressures). The 
total use of energy resources for extraction of petroleum will 
vary significantly across oil fields, even when they all are run 
as efficiently as possible. The total use of energy resources 
should be a part of the evaluation of the performance of oil 
and gas platforms. Such indicators would motivate the ex-
traction of the least-energy-demanding petroleum resources. 

The first two criteria focus on the use of potentials (i.e., the techni-
cally and theoretically achievable potentials), while the third crite-
rion is different because it focuses on quantification of the energy 
resources used only.

To satisfy each criterion, the indicator should be sensitive to the 
improvements made in the process with respect to the criterion in 
question. A set of indicators may be necessary to assess the dif-
ferent aspects of the performance of an oil and gas platform.

Among thermodynamic indicators, we distinguish those that are 
based on energy and those that are based on exergy. They describe 
different properties of a process, and definitions are provided in the 
following subsections for some typical and some special indicators.

Energy-Based Indicators. There exist several energy-based per-
formance indicators for industrial processes. One indicator already in 
use in the oil and gas sector is the energy used per unit of oil and gas 
exported. When investigating only the oil- and gas-processing part of 
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the platform, the energy use corresponds to the use of power and heat 
in the process. We name this factor the specific energy use. It can be 
given per standard volume of oil equivalent export rate exportV� : 

in in
volume

export

W QEnU
V

+
≡

��
� . .........................................................(8)

However, as emphasized by Svalheim and King (2003), the calo-
rific value of the oil and gas produced on-site differs with the char-
acteristics of the oil field. It is therefore relevant to also calculate 
the specific energy use per energy exported:

in in
energy
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≡
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� ,  .........................................................(9)

where LḢVexport is the lower-heating-value export rate. In this 
work, the lower heating value is considered in the expression of 
the EnUenergy indicator because it is the norm in the Norwegian oil 
and gas industry.

These energy-performance indicators provide limited informa-
tion on the performance of the processes running on the offshore 
platform, as discussed by Svalheim and King (2003) and similarly 
by Margarone et al. (2011). In addition, they do not address the dif-
ferent qualities of power and heat energy. They may not allow a fair 
comparison of different facilities because they likewise do not con-
sider the specific conditions of each platform, such as 

•  The field conditions (e.g., initial pressure, temperature, and 
well-fluid composition)

 •  The specifications of the oil- and gas-processing system (e.g., 
the export pressures of the oil-pumping, gas-recompression, 
and treatment sections)

 •  The possible additional processes (e.g., condensate treat-
ment, seawater injection, produced-water treatment, crude-oil 
heating, gas dehydration, and purification)

Margarone et al. (2011) suggested evaluating the plant performance 
of an upstream gas-treatment facility by comparing it against the 
performance reachable with the BAT. The proposed indicator, 
called the BAT efficiency (ηBAT), is defined as the ratio of the en-
ergy content of the fuel required on-site, with the BAT for com-
pression and pumping, to the energy content of the fuel consumed 
on-site in the reference case. When looking only at the oil- and gas-
processing part of an oil platform, this corresponds to

BAT,in BAT,in
BAT
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+
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,  ...................................................(10)

where the subscript BAT denotes that the variable is for a process 
with BAT. 

The state-of-the-art components are assumed to be 
•  Intercooled compressors suitable for the relevant flow rates 

(i.e., without gas recirculation to prevent surge) with an isen-
tropic efficiency of 85% and intercoolers with a maximum dis-
charge temperature of 100°C (if intercooling does not cause 
formation of liquid droplets) and optimal pressure ratios in the 
compression trains 

•  Pumps suitable for the relevant flow rates with efficiencies of 85%  

Exergy-Based Indicators. An exergy-based indicator corre-
sponding to the specific energy use is the specific exergy use. It can 
be given per standard volume of oil equivalent exported, 
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or per exported exergy Ėexport,
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The specific energy use and the specific exergy use are both sensi-
tive to reductions in thermodynamic irreversibilities taking place 
within the studied system. An indicator that measures this property 
directly is the specific exergy destruction (ExD). It can also be cal-
culated per standard volume of oil equivalent exported, 

volume
export

dEExD
V

≡
�
� ,  .............................................................(13)

or per exported exergy,

exergy
export

dEExD
E

≡
�
� .  .............................................................(14)

The term exported exergy in Eqs. 12 and 14 refers to the exergy 
content of oil and gas transported to the shore, and should not be 
confused with the term product exergy.

The thermodynamic performance of a given system can be ex-
pressed by calculating any of these exergetic indicators. The ExD 
indicator of Eq. 14 describes in a straightforward manner the mag-
nitude of the thermodynamic irreversibilities taking place within 
the system boundaries. 

 In this work, we calculate two different types of exergy effi-
ciency found in the literature. The total exergy efficiency (Lior and 
Zhang 2007), also called the overall exergy efficiency, is defined 
as the ratio of all exergy outputs of the system to all exergy inputs. 
We choose to use the formulation in which only the exergy of the 
output streams that are useful (e.g., exported oil and gas) is taken 
into account as exergy output, while the exergy of the waste outputs 
(e.g., cooling water and flared or vented gases) is regarded as lost 
(Fratzscher et al. 1986; Wall 2004):

,tuo,tuo ,tuo,tuo
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Subscript u denotes useful streams, while subscript l denotes 
streams with exergy that is lost. This distinction is of particular im-
portance when the exergy of the waste streams, such as produced 
water and flared gas, is significant. This efficiency formulation is 
unambiguous and can be applied to any type of plant or process. 
However, the total exergy efficiencies take into account the exergy 
flows entering and exiting a system without considering whether 
they are used in thermodynamic conversions. They do not consider 
the purpose of operating the system under consideration. This is the 
idea behind the definition of task exergy efficiency. 

The task exergy efficiency is defined as the ratio of the product 
exergy of the plant to the fuel/used exergy. In the exergy analysis 
of the Brazilian oil platform performed by De Oliveira and Van 
Hombeeck (1997), the product exergy was defined as the increase 
in physical and chemical exergy of the feed streams:

*
feedp kk

E E E≡ −∑� � � ,  ............................................................(16)

where subscript k denotes product stream k, while subscript “feed” 
denotes the feed streams of the platform. The fuel/used exergy was 
defined as the exergy of the fuel consumed by the utility plant: 

*
fuelfE E≡� � .  ............................................................................(17)
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This gave the following formulation of the task exergy efficiency 
for the entire platform:

*
feed

task* *
fuel

kp k

f

E EE
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ε
−
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� � .  ...........................................(18)

The same approach was used in the work of Voldsund et al. (2013a) 
for the oil- and gas-processing plant of a North Sea oil platform 
(the platform that in this work will be referred to as Platform A). 
Also here, the product exergy was defined as the increase in phys-
ical and chemical exergy of the feed streams: 

feedp kk
E E E≡ −∑� � � .  ............................................................(19)

Because the control volume was drawn around the oil- and gas-pro-
cessing plant, the fuel/used exergy was defined as the exergy asso-
ciated with the thermal energy and power delivered to the process 
by the utility plant:

heat
f Q WE E E≡ +� � � .  .................................................................(20)

The lost exergy was defined as the exergy associated with the 
thermal energy transferred to the cooling water:

cool
l QE E≡� �  .  ...........................................................................(21)

 This resulted in the following formulation of the task exergy ef-
ficiency:
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Superscript “heat” denotes thermal energy that is added to the plant 
for heating purposes, while superscript “cool” denotes thermal en-
ergy that leaves the plant through the cooling system. Because the 
focus of this work is on the oil- and gas-processing plant, Eq. 22 is 
used for calculating the task efficiency. 

Case Studies. The four platforms investigated in this work are lo-
cated in the North Sea region, and these specific platforms were 
selected because they present the features most common to the fa-
cilities operating in that area. Meanwhile, they differ by their age, 
oilfield conditions, energy demands, system, and process setups as 
well as by the recovery and operating strategies, and they illustrate 
the variety of the platforms in this area. 

The purpose of all platforms is to separate oil, gas, and water 
and to deliver oil and gas at specified purity, pressure, and temper-
ature levels. Conversely, there are some differences between plat-
form types in different parts of the world. For instance, as described 
by Bothamley (2004), in the Gulf of Mexico, more of the oil sta-
bilization takes place offshore and less onshore, compared with in 
the North Sea. This results in more-complex offshore processes, 
and generally a larger heating demand. The difference in heat de-
mand can also be observed when comparing the platforms studied 
here with the Brazilian platform studied by De Oliveira and Van 
Hombeeck (1997).

An extensive description of the so-called Platform A is pre-
sented in Voldsund et al. (2013a), and all four platforms, as well as 
the modeling details, are described extensively in Voldsund et al. 
(2014). The main part of the process descriptions is repeated here 
to facilitate reading.

Structural Design of Oil and Gas Offshore Processing. Reser-
voir fluids are complex chemical mixtures that contain crude oil, 
gas, and water—the chemical components range from branched 
and aromatic hydrocarbons to various impurities such as carbon 
dioxide, hydrogen sulfide, and vanadium. Physical and chemical 
properties of such fluids vary significantly across oil fields be-
cause of different gas/oil and water/oil ratios and different reser-
voir  conditions. 

These natural differences result in different operating strategies 
and design setups when building these facilities. The conceptual 
design setup is nonetheless similar and is presented in Fig. 1. Pro-
duction manifold, staged separation, oil/condensate pumping, gas 
recompression, gas treatment/compression, and fuel-gas system are 
typical subsystems present on an oil and gas platform.

Reservoir fluids are extracted through several oil and gas wells 
and enter one or several production manifolds, where the pressure 
is decreased and the streams are mixed before entering the separa-
tion subsystem. Oil, gas, and water phases are separated by gravity 

Gas import from 
other platform

Fuel gas to
turbines and flares

Well streams
from reservoir

Seawater

Gas for injection,
lift, or export

Condensate
for export

Oil or condensate
for export

Water for disposal 
or discharge

Water injected
into reservoir

Gas treatment

Condensate
treatment

Recompression

Separation

Seawater
injection

Fuel-gas
system

Production
manifold(s)

Oil/condensate
export

Fig. 1—A generalized overview of oil and gas processing on a North Sea platform. The arrows represent one or several mass 
streams, while the blocks represent different subsystems. Solid arrows are the same for all the studied platforms. Dotted arrows 
denote flows that are not present at all four platforms.
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in two or more stages, and the pressure is further reduced by expan-
sion in throttling valves. 

Oil or condensate recovered at the outlet of the last separation 
stage is pumped before export by means of pipelines or shuttle 
tankers, while water is treated and either discharged to the envi-
ronment (separate reservoir or sea) or reused for injection or lift. 
Gas, which consists mostly of light-weight hydrocarbons, is recom-
pressed to a pressure equal to or greater than that at the inlet of 
the separation train and is processed afterward in the gas-treatment 
section. Depending on the export and injection specifications, gas 
may be dehydrated and/or compressed. In parallel, seawater may 
also be pumped and injected into the oil field to maintain high pres-
sure and to recover more petroleum over time. 

Main Characteristics of the Four Platforms. The four dif-
ferent platforms that are investigated in this paper present different 
characteristics. The main characteristics are listed in the following 
bullet points and shown in Table 1. The typical pressure varia-
tion through each platform process, from the wells to the export 
and treatment sections for oil and gas, is illustrated in Figs. 2 and 
3,  respectively. 

•  The first platform, denoted Platform A, has been operated for 
nearly 20 years and exports oil with a flow rate of 133 std m3/h. 
It has a gas/oil ratio (gas and oil are given in std m3 in the gas/
oil ratio in this work) of 2800, and the gas is injected back into 
the reservoir to enhance oil recovery by pressure maintenance. 
Oil recovery is also improved by injecting water produced at 
another platform. Produced water is cleaned and released to 
the environment. The gas/oil ratio is currently increasing. The 

recompression train is run in off-design conditions, and anti-
surge recycling is practiced to protect the compressors. The 
three gas-injection trains are run at full capacity.

•  Platform B has been in operation for approximately 10 years 
and produces gas and condensate with a gas/oil ratio of 3200. 
Both the condensate and gas are exported, with flow rates 
of 239×103 and 761×103 std m3/h, respectively. The reser-
voir is characterized by its high temperature and pressure, and 
gas and condensate are produced through pressure depletion. 
There is no need for further compression and dehydration after 
the first separation stage, resulting in a small power demand. 
Unlike Platform A, produced water is injected into another res-
ervoir for disposal.

•  Platform C has been in operation for approximately 10 years 
and is characterized by a heavy and highly viscous crude 
oil. There is, therefore, a significant need for heating to en-
hance separation between the different phases. The demand is 
met both with waste heat recovered from the exhaust gases 
of the power-generation system and by heat integration with 
several process streams. The gas/oil ratio is 190 and is cur-
rently increasing—gas is imported at 160×103 std m3/h for 
injection and lift to ease oil recovery and to decrease the den-
sity of the reservoir fluid. Oil is exported with a flow rate of 
1106 std m3/h. Produced water is discharged to the sea.

•  Platform D has been in operation for approximately 20 years 
and produces oil, gas, and condensate because the propane and 
medium-weight hydrocarbons content of the crude oil is sig-
nificantly higher than for other crudes of this region. A par-
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Platform A B C D 

Output streams Exported oil Exported condensate Exported oil Exported oil 
Injected gas Exported gas Injected gas Exported gas 

Fuel gas Fuel gas Lift gas Lift gas 
Discharged produced 

water 
Injected produced water Fuel gas Fuel gas 

 Discharged produced 
water 

Discharged 
produced water 

  Injected seawater 
Product flow rates     

Oil/condensate (std m3/h) 133 239 1106 280 
Gas, 103 (std m3/h) 379 763 394 63 
Produced water (std m3/h) 67 12 250 1110 
Injected seawater (std m3/h) — — — 860 

Table 1—Output streams and flow rates of Platforms A through D. 

Fig. 2—Pressure profiles of oil for Platforms A, B, C, and D from 
well to outlet of production manifold (1→2), from outlet of pro-
duction manifold to outlet of separation train (2→3), from out-
let of separation train to oil export (3→4); see Fig. 1. The y-axis 
shows the range of pressures in the wells in operation. (Only 
wells producing to the high-pressure manifold are included.) 

Fig. 3—Pressure profiles of gas for Platforms A, B, C, and D from 
well to outlet of production manifold (1→2) and from outlet of 
production manifold to outlet of gas treatment (2→5); see Fig. 1. 
The y-axis shows the range of pressures in the wells in opera-
tion. (Only wells producing to the high-pressure manifold are 
included.)
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allel condensate-treatment section was integrated to reduce 
the power consumption of the gas-recompression train and to 
allow a better separation of the different phases. The gas/oil 
ratio is 130, and the export flow rates of oil, condensate, and 
gas are 280×103, 6×103, and 6.2×103 std m3/h, respectively. 
Gas and condensate are dehydrated, and heating is performed 
to ease separation of the different phases and to regenerate the 
glycol agent. Gas lift and water injection are used to improve 
oil recovery. The gas/oil ratio is currently decreasing, while the 
water/oil ratio is increasing. The gas- and oil-production peaks 
are passed, and the processing plant is at present run in condi-
tions far from the nominal design points. 

The systems were assumed at steady-state conditions, and batch 
processes, such as oil storage and intermittent leakages, were not 
considered. Process flow sheets for the processing plants of the 
four platforms are given in Appendix A. 

The system analysis is delimited to the oil-, gas-, and water-
processing plant exclusively, meaning that the utility plant (i.e., the 
power-generation and waste-heat-recovery modules) is not investi-
gated. The focus of this work is on the processing plant, and inclu-
sion of the utilities would steal the focus because large amounts of 
exergy are transformed or destroyed there. In the work performed 
by Nguyen et al. (2013), it was shown that for a complete platform, 
62 to 65% of the total exergy destruction is attributable to the utility 
plant, while 35 to 38% is attributable to the processing plant. Most 
exergy destroyed in the utilities is associated with the combustion 
taking place in the gas turbines. Little can be done to improve this 
part of the process, unless power is supplied by other means. Fur-
thermore, gas turbines operating at the design point are by far more 
efficient than gas turbines operating at off-design conditions. If the 
utility plant was included in the analyzed control volume, several 
of the indicators would evaluate the performance of the utility plant 
to a large extent and evaluate the processing plant to a lesser extent. 

Results and Discussion
All the presented performance indicators were calculated for each 
of the four studied platforms. The two variants of specific energy 
use (Eqs. 8 and 9) and specific exergy use (Eqs. 11 and 12) are 
shown for each platform in Fig. 4. The calculated best-available-
technologies (BAT) efficiency (Eq. 10) and the exergy efficiencies 
(Eqs. 15 and 22) are given in Fig. 5. Fig. 6 shows the two types of 

specific exergy destruction (Eqs. 13 and 14). We discuss and com-
pare each indicator, and evaluate them with respect to the three cri-
teria set up in the Methodology section. 

The plot on the left side of Fig. 4 shows a very large variation in 
the two EnU indicators among the platforms. Platform A has a very 
high specific energy use (667 MJ/std m3 oil equivalent) because it 
compresses much gas (see Fig. 3 and Table 1). It is followed by Plat-
form D, with 270 MJ/std m3 oil equivalent; Platform C, with 136 
MJ/std m3 oil equivalent; and Platform B, with the lowest energy 
use at 20 MJ/std m3 oil equivalent. For all four platforms, at least 
70% of the energy use was related to the compression work; there-
fore, the sequence is determined by the total amount of compres-
sion work needed. The good performance of Platform B according 
to this indicator is explained by the high feed pressure and low gas-
export pressure (Fig. 3); thus, a small compression  demand.  

Both EnU indicators give the same order of performance of 
platforms, but Platform A seems to perform worse when we apply 

Fig. 5—Values for total and task exergy efficiency and BAT ef-
ficiency on an energy basis and an exergy basis calculated for 
Platforms A through D. The task exergy efficiency of Platform 
B is not visible in the plot, but the calculated value amounts 
to –215%.

Fig. 4—Specific energy use EnU (left) and specific exergy use ExU (right) of Platforms A through D. Subscripts “volume,” “energy,” 
and “exergy” indicate whether the value is given per exported standard volume of oil equivalent, exported energy, or exported ex-
ergy, respectively.
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EnUenergy (Eq. 9) rather than EnUvolume (Eq. 8) for comparing the 
different facilities. This results from a lower energy density in the 
exported oil equivalents of Platform A than of the other platforms. 
The use of oil equivalents exported as a standard for comparison is 
useful from an economic point of view because oil is paid for on a 
volume basis. However, the ratio presented in Eq. 9 is better from 
a thermodynamic perspective because it takes the calorific value 
into account.

The plot on the right side of Fig. 4, which displays the exergy-
based indicators, shows the same overall picture as the plot of the 
energy-based indicators (left side of Fig. 4). With the exergy-based 
indicators, the energy is evaluated in terms of theoretical ability to 
perform work. In this approach, heat is valued lower than power, 
and heat with higher temperature is valued higher than heat with 
temperature closer to the ambient. The reason that the indicators 
give such similar results is that very little, if any, heat is used on 
these platforms. This also results in similar values for the two 
types of indicators. For Platforms A and B, ExUvolume=EnUvolume 
because no heat is added to the processes on these platforms. By 
closer inspection of the indicators of Platforms C and D, we see 
that ExUvolume<EnUvolume. These two platforms require some 
heat, and the exergy transported with heat is smaller than its associ-
ated thermal energy. Platforms with ExU≈EnU are typical for the 
North Sea area because of the low heat demand. In other parts of 
the world, larger quantities of heat may be required. One example 
is the Brazilian platform studied by De Oliveira and Van Hombeeck 
(1997), where the petroleum enters the separation subsystem at a 
much lower temperature, and large quantities of heat are used to 
preheat the feeds for enhancing the oil, gas, and water separation. 
For a comparison of oil and gas platforms worldwide, the use of 
ExU instead of EnU would therefore make a difference. 

In general, an exergy-based evaluation of performance is pre-
ferred to an energy-based evaluation. In energy analysis, all types 
of energy inputs or outputs are taken as equal, while in exergy 
analysis, the inputs and outputs are measured in terms of the poten-
tial to do work (Kotas 1995). For the specific examples provided 
here, specific exergy use instead of specific energy use as a mea-
sure of performance motivates the use of low-temperature heat for 
heating instead of high-temperature heat or power that could have 
been used for other purposes. 

The specific energy use EnU and the specific exergy use ExU do 
not indicate the technically achievable or theoretically achievable 
improvement potential. In this respect, they do not fulfil Criteria 1 
and 2, but they do illustrate the total amount of energy resources 
used to extract the petroleum, and therefore satisfy Criterion 3.

From Fig. 5, we first note that the total exergy efficiencies of 
all platforms are very high. All platforms have a performance 
within 98.0 to 99.8%, as measured with this indicator alone. This 
is because the exergy content of hydrocarbons passing through the 
system is very high. Such high total exergy efficiencies are ex-
pected for all offshore platforms. The property is characteristic 
for facilities processing oil and gas; see Margarone et al (2011), 
Nguyen et al. (2013), or Rivero et al. (2004) for other examples. 
The total exergy efficiency alone may give the wrong impression 
that there is limited room for improvement or that no improve-
ment is needed.  Kotas (1995) and Tsatsaronis (2007) support this 
view, arguing that the concept of total exergy efficiency may be 
directly misleading. This type of efficiency has little sensitivity to 
performance improvements, and may therefore hide the potential 
to reduce system inefficiencies and mask improvement strategies. 
Thus, the total exergy efficiency does not meet any of the three pre-
sented criteria. 

The task exergy efficiency, as formulated in Eq. 22, ranges be-
tween 13 and 21% for Platforms A, C, and D (see Fig. 5). How-
ever, for Platform B, the calculated value amounts to -215%. The 
negative value for Platform B is because of decreasing pressure be-
tween the inlet and outlet streams (refer to Figs. 2 and 3). The task 
of this platform is different from that of the Brazilian case in which 
this formulation was first used. In the Brazilian case, the tasks in-
clude separation, compression, and pumping. The feed pressure 
was 11 bar, while the produced-gas and -oil pressures were 174 and 
69 bar, respectively. For Platform B, the feed streams have high 
pressures (122–125 bar), and the pressures required for the pro-
duced oil and gas are lower and are reached by throttling. The tasks 
for Platform B are separation and expansion. 

Exergy increase because of separation is less than 200 kW 
in any case, and is less than the amount of exergy destroyed by 
throttling. On Platform B, power and physical exergy are used to 
achieve this small chemical exergy increase and to achieve product 
streams with lower physical exergy than the feed streams. Thus, it 
is correct that Platform B has a lower performance when compared 
with the theoretically achievable potential, even though the use of 
Eq. 22 may be misleading. 

For Platforms A and C, the tasks are nearly the same as for the 
Brazilian case. On Platform A, the required oil-export pressure is 
lower than the feed-stream pressures, while the required gas-in-
jection pressure is higher. The task of this platform is, therefore, 
mainly to perform separation and compression work, but not much 
pumping. However, the gas/oil ratio is high and the produced gas 
dominates the “product” of the task efficiency. On Platform C, the 
oil-export pressure is higher than most of the feed streams, and the 
gas-injection pressure is higher than all feed streams. Eq. 22 may 
therefore be used as an approximation for these two cases. 

On Platform D, the oil-export pressure is lower, while the gas-
injection pressure is higher than the pressure of most feed streams. 
Therefore, the task of the platform is separation and compression, 
but not so much pumping. The gas/oil ratio is lower than, for in-
stance, that on Platform A. The task efficiency as formulated in 
Eq. 22 is therefore less suitable for this platform. 

In addition, Platform D has high water content in the feed (see 
Table 1) and discharges a significant amount of water to the sea. 
The water-discharge streams on all platforms are waste streams, 
and the exergy content of these streams is, in practice, lost exergy. 
In Eq. 22, the water is counted as a desired product. The water-flow 
rates on Platforms A through C are smaller than on Platform D, and 
thus have lower impact on the resulting efficiency. However, for 
Platform D, the high water-flow rate will impact the calculated ef-
ficiency formulated in Eq. 22. 

The task efficiency, as formulated in Eq. 22, measures the use 
of the theoretical potential for Platforms A and C. Performance 
losses in all types of processes, including throttling, compression, 
pumping, and heat transfer, are taken into account. However, be-
cause the tasks differ from one platform to another, and because no 

Fig. 6—Specific exergy destruction given per standard volume 
of oil equivalent exported and per exergy exported for Platforms 
A through D.
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distinction was made between product streams and waste streams, 
this formulation did not provide a realistic evaluation for all four 
platforms considered. It should be further developed to be suitable 
for evaluating several, and different, types of offshore platforms. 
Thus, Criterion 2 is partly fulfilled. The formulation in Eq. 22 does 
not evaluate whether the practical achievable potential is used or the 
total use of energy resources, so Criteria 1 and 3 are not  fulfilled. 

The BAT efficiency is defined to show the potential for im-
provement by updating old process units. These efficiencies for our 
platforms range from 62 to 79% on an energy basis and from 62 
to 74% on an exergy basis (see Fig. 5). This implies that the en-
ergy and exergy demands could be reduced to these percentages if 
state-of-the-art compressors and pumps were integrated to replace 
the current ones. As emphasized in the discussion on the specific 
energy use and the specific exergy use, exergy-based indicators are 
preferred to energy-based indicators.

It may be expected that old platforms have a lower BAT effi-
ciency than newer platforms. The technologies available on the 
market are being improved continuously, and old processes be-
come less efficient with time, as a result of aging and operation 
under off-design conditions. This is the case for our four platforms, 
and the consequences of aging and off-design conditions are pos-
sibly seen. Platforms B and C, which have been in operation for ap-
proximately 10 years less than Platforms A and D, seem to perform 
slightly better. 

The gas-treatment facility studied by Margarone et al. (2011) 
consumed twice as much power as an improved layout with state-
of-the-art technologies. Svalheim and King (2003) argued that 
the oil and gas facilities they studied had an excellent energy per-
formance and a small improvement potential. The four platforms 
studied here seem to lie between these two scenarios. They have 
a similar or better performance with the BAT efficiency than the 
facility studied by Margarone et al. (2011), but all of them show a 
considerable improvement potential. 

A limitation with the BAT efficiency is that it depends on the in-
terpretation of BAT. For instance, the state-of-the-art compressor 
efficiencies differ for the type of fluid processed, the component 
subclass (e.g., centrifugal, axial, reciprocating), and the pressure 
ratio, while efficiencies of pumps depend on, among other charac-
teristics, the magnitude and specific speed of the fluid volume flow. 
In this work, all actual compressors and pumps were replaced by 
components with an adiabatic efficiency of 85%, while in reality, 
the state-of-the-art efficiency varies slightly between the compo-
nents. Replacement of heat exchangers and throttling valves with 
more-effective equipment and expanders, if possible, was not con-
sidered. Moreover, the BAT efficiencies cannot show any improve-
ment potential for systems for which there is no mature technology 
readily available on the market. This is the case for production 
manifolds—depressurization is achieved by valve throttling, and 
multiphase expansion of fluids containing sand, water, oil, and gas 
is not currently feasible. Defining the state-of-the-art performance 
for mature technologies is also an issue because they evolve with 
time and may be improved in the future. In addition, the indicator 
compares a specific platform design with the same design using 
state-of-the-art technologies. The improvement potential associ-
ated with changes and improvements of the process setup is thereby 
not taken into account.

We conclude that the BAT efficiencies enable us to evaluate the 
potential for improving the platforms with the technologies already 
present on the market, and therefore they satisfy Criterion 1. How-
ever, they can be used neither for assessing the performance of a 
facility in relation to its theoretically achievable performance, nor 
for estimating the total use of energy resources. Criteria 2 and 3 are, 
therefore, not fulfilled. 

The last indicators studied in this work, the specific exergy de-
struction per oil equivalent exported or per exergy exported (Eqs. 13 
and 14) are shown in Fig. 6. The ExD indicators give, according to 
their definition, a direct measure of the exergy destroyed. This is 
an essential difference compared with the ExU indicators, because 
some of the consumed exergy is transformed into another form and 
exported as part of the product. Platform A seems to perform the 
worst, with ExD of 523 MJ/std m3 oil equivalent, and Platform D 
follows with 192 MJ/std m3 oil equivalent. Platforms B and C have 
nearly the same specific exergy destruction, with 43 and 74 MJ/
std m3 oil equivalent, respectively. The same conclusions drawn in 
Fig. 4 can be drawn here. It makes little difference whether this in-
dicator is used on an oil- or exergy-equivalent basis, but we suggest 
the use of exergy equivalents for the same reasons discussed pre-
viously. Platforms A and D perform slightly worse with the latter 
measure, reflecting that these platforms have the lowest exergy 
density in the exported oil equivalents. The ExD indicators and the 
ExU indicators, as shown in Fig. 4, follow the same trends. This 
is expected because more work is performed and more entropy is 
produced as a consequence. An exception to this rule is Platform B, 
which performs slightly worse compared with the other platforms. 
Exergy entering the process with the feed streams is destroyed, and 
this is not accounted for in the ExU indicator at the difference of 
the ExD indicator. 

The ExD indicators do not evaluate the use of technically 
achievable potential, so Criterion 1 is not fulfilled. If all included 
processes had been reversible, the values for the ExD indicators 
would be zero, and in this respect, the indicator would evaluate the 
use of the theoretical potential. However, as mentioned previously, 
it favors processes in which only a small amount of work is needed. 
It is therefore particularly sensitive to the field and export condi-
tions, and Criterion 2 is not fulfilled. The indicators evaluate the 
total use of resources, so Criterion 3 is fulfilled. 

The results from the preceding reasoning are summarized in 
Table 2. Criterion 1 (to evaluate the use of the technically achiev-
able potential) is fulfilled only by the BAT efficiency, but this effi-
ciency presents some limitations. Criterion 2 (to evaluate the use of 
the theoretically achievable potential) is fulfilled partly by the task 
exergy efficiency found in literature for the Brazilian oil platform. 
Criterion 3 (to evaluate the total use of energy resources) is fulfilled 
by the EnU, ExU, and ExD indicators. None of the indicators ful-
filled more than one of the criteria.

The concept of the BAT efficiency could be improved by consid-
ering state-of-the-art performance of all types of process units. When 
exergy-based, this is similar to the approach of Tsatsaronis and Park 
(2002), which  distinguishes between avoidable and unavoidable ex-
ergy destruction. The BAT efficiency could be further developed by 
also considering possible improvements in process setup.

The EnU, ExU, and ExD indicators fulfilled Criterion 3. As dis-
cussed previously, the ExU indicator is preferred to the EnU in-

Performance Indicator Criterion 1 Criterion 2 Criterion 3 

EnU No No Yes 
ExU No No Yes 
εtotal No No No 
εtask No Yes, but… No 
ηBAT Yes, but… No No 
ExD No No Yes 

Table 2—Overview of performance indicators and their fulfilment of the criteria for good indicators. 
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dicator because, with the ExU indicator, the different qualities 
of power, high-temperature thermal energy, and low-tempera-
ture thermal energy are taken into account. Further, the ExD in-
dicator presents some benefits compared with the ExU indicator 
because it does not punish installations for the part of the con-
sumed exergy that they export, while it does punish destruction 
of exergy provided through the feed streams. The use of the ExD 
indicator is in accordance with Kjelstrup et al. (2010), who pro-
posed that all  companies should report their exergy destruction or 
entropy  production. 

The ExD indicator can be developed further by applying the 
concept of avoidable/unavoidable exergy destruction presented 
by Tsatsaronis and Park (2002), or the concept of minimum en-
tropy production presented by Johannessen et al. (2002), Johan-
nessen and Røsjorde (2007), and Wilhelmsen et al. (2010). In the 
concept of minimum entropy production, a fixed production target 
and other practical constraints are set for a process, and an optimi-
zation is performed to find a value for the minimum entropy pro-
duction with the set constraints. These two approaches provide an 
alternative benchmark to the reversible process. The ExD indicator 
could, with these approaches, fulfil Criterion 1 in addition to Crite-
rion 3 because it would evaluate the use of the technically achiev-
able potential; it would be zero if none of the technically achievable 
potential was wasted. 

The performance indicators recommended in the present work 
illustrate different aspects of a platform performance and will vary 
over time. Newer platforms will, in general, perform better than 
older ones because these platforms operate closer to their design 
conditions, the equipment is newer, and because the amount of 
exported exergy is high. Information on performance in the dif-
ferent phases of the life of an oil and gas facility could be helpful 
for decision makers in making trade-offs between exergy costs of 
operation vs. investment costs of new apparatus. They could also 
ease a comparison with different technologies, such as extraction 
of petroleum from tar sand. The indicators are also useful for eval-
uation of platforms in other parts of the world. The main differ-
ences in the results are expected to be of higher importance to the 
heating  operations. 

Because the scope of this work was to evaluate thermodynamic 
performance parameters, environmental parameters were not con-
sidered within this work. Emissions of carbon dioxide (CO2) from 
an oil and gas platform are, to a major extent, caused by the on-site 
fuel consumption in diesel and gas turbines to meet the power and 
heat demands of the processing plant (Statistics Norway 2013). The 
energy and the exergy of the power and heat demands make up the 
numerator in the EnU and ExU indicators. The widely used envi-
ronmental indicator (namely, the specific CO2 emissions per unit of 
produced petroleum) is therefore directly related to EnU and ExU, 
as long as the heat and power are produced on on-site utility sys-
tems and unless CO2 capture is integrated on the platform. Further-
more, the amount of destroyed exergy gives rise to fuel use that 
could have been avoided. The CO2 emissions are therefore indi-
rectly related to the ExD indicator. The BAT efficiency and the task 
exergy efficiency both motivate optimal energy management, and 
also trigger CO2-emission reductions. 

The criteria chosen for evaluation of the indicators focus on the 
thermodynamic aspects of the indicators. Some may argue that a 
useful indicator would be one that can be applied easily in practice, 
with a limited amount of resources and time, and understood by all 
public types. The results of the present work may be generalized 
to other processing plants involving significant amounts of transit 
exergy. This may be other petrochemical facilities (e.g., liquefied-
natural-gas-production plants).

Conclusion and Perspectives
In this paper, four North Sea oil and gas platforms were compared 
by use of several different energy- and exergy-based performance 
indicators. The list of indicators used is not exhaustive because 

other parameters illustrating the performance of oil and gas facili-
ties have also been used (see Rivero 2002). However, we believe 
that the most central parameters have been covered. Three criteria 
were listed for a well-performing indicator, and we conclude with 
the following recommendations:

•  None of the studied indicators fulfilled all criteria alone; thus, 
a set of different indicators is needed for a thorough evalua-
tion of thermodynamic performance of oil and gas platforms. 

•  For an evaluation of oil and gas platforms worldwide, we con-
clude that exergy-based indicators are better than energy-based 
indicators. 

•  The best-available-technologies (BAT) indicator evaluates the 
use of technically achievable potential. 

•  The concept of task exergy efficiency evaluates the use of the-
oretical potential. The formulation studied here provides a re-
alistic evaluation for platforms with higher physical exergy 
in the output streams than in the input streams. Further work 
should be conducted to find a formulation for task exergy effi-
ciency suitable for all platforms.

•  The specific exergy destruction ExD evaluates the total use of 
resources by the installations. This indicator quantifies the use 
of the theoretical potential of the process.

•  We recommend use of the BAT efficiency on an exergy basis, 
and the use of task exergy efficiency and the specific exergy 
destruction when evaluating the thermodynamic performance 
of offshore oil and gas processing. 

•  We support the reasoning of Tsatsaronis and Park (2002) and 
propose to further develop an indicator tailored for offshore 
use by including in a better manner unavoidable and avoidable 
exergy losses in the process.  

Nomenclature
 e = specific exergy, kJ/kg
 ech = specific chemical exergy, kJ/kg
 ekin = kinetic component of specific exergy, kJ/kg
 eph = specific physical exergy, kJ/kg
 epot = potential component of specific exergy, kJ/kg

 ēi = chemical exergy of pure component i, kJ/kg

 ie  = specific chemical exergy of component i in mixture, 
kJ/kg

 ej = specific exergy in stream j, kJ/kg
 Ėd = exergy-destruction rate, kW
 Ėexport = exergy-export flow rate, kW
 Ėf = used/fuel exergy flow rate, kW

 
*
fĖ  = used/fuel exergy flow rate for overall platform, kW

 Ėfeed = exergy flow rate of all feed streams, kW
 Ėfuel = exergy flow rate of fuel consumed, kW
 Ėin = input exergy flow rate, kW
 Ėk = exergy flow rate of product stream k, kW
 Ėl = exergy-loss flow rate, kW
 Ėout = output exergy flow rate, kW
 Ėout,l = lost output exergy flow rate, kW
 Ėout,u = useful output exergy flow rate, kW
 Ėp = exergetic product flow rate, kW

 
*
pĖ  = exergetic product flow rate for overall platform,  

kW
 ĖQ = heat exergy flow rate, kW

 
cool
QĖ  = exergy flow rate leaving with cooling water, kW

 
heat
QĖ  = exergy flow rate added for heating, kW

 ĖQ,in = input heat exergy flow rate, kW
 ĖW = work exergy flow rate, kW
 ĖW,in = input work exergy flow rate, kW
 EnUenergy = specific energy use, given per energy (LHV) 

exported, –
 EnUvolume = specific energy use, given per exported volume,  

kJ/std m3
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 ExDexergy = specific exergy destruction, given per exergy 
exported, –

 ExDvolume = specific exergy destruction, given per exported 
volume, kJ/std m3

 ExUexergy = specific exergy use, given per exergy exported, –
 ExUvolume = specific exergy use, given per exported volume,  

kJ/std m3

 h = mass enthalpy, kJ/kg
 hi,0 = mass enthalpy of pure component i at T0 and p0,  

kJ/kg
 h0 = mass enthalpy at T0 and p0, kJ/kg
 LHV = lower heating value, kJ/kg
 LḢVexport = energy (LHV) export flow rate, kW
 ṁj = mass-flow rate in stream j, kg/s
 p0 = ambient pressure, Pa

 Q�  = heat, kW

 BAT,inQ�  = input heat with BAT, kW

 inQ�  = input heat flow rate, kW
 s = mass entropy, kJ/kg∙K
 si,0 = mass entropy of pure component i at T0 and p0,  

kJ/kg∙K
 s0 = mass entropy at T0 and p0, kJ/kg∙K
 Tj = temparture at system boundary, K
 T0 = ambient temperature, K

 exportV�  = volume export flow rate, std m3/s
 Ẇ = work, kW
 ẆBAT,in = input work with BAT, kW
 Ẇin = input work flow rate, kW
 xi = mass fraction of component i, –
 εtask = task exergy efficiency, –
 εtask* = task exergy efficiency for overall platform, –
 εtotal = total exergy efficiency, –
 ηBAT = BAT efficiency, –
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Appendix A
This appendix contains process flow sheets for the four platforms 
given in Figs. A-1 through A-4. Details on process data for the 
platforms are described by Voldsund et al. (2013a; 2014). 
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Fig. A-1—Process flow sheet of Platform A. Gas streams are shown with orange arrows; water streams are shown with blue arrows; 
and oil, condensate, and mixed streams are shown with brown arrows.
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Fig. A-2—Process flow sheet of Platform B. Gas streams are shown with orange arrows; water streams are shown with blue arrows; 
and oil, condensate, and mixed streams are shown with brown arrows. Symbol explanations can be found in Fig. A-1.
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Fig. A-3—Process flow sheet of Platform C. Gas streams are shown with orange arrows; water streams are shown with blue arrows; 
and oil, condensate, and mixed streams are shown with brown arrows. Symbol explanations can be found in Fig. A-1.
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