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Our intelligence and our technology have
given us the power to affect the climate.
How will we use this power? Are we wil-
ling to tolerate ignorance and complacency
in matters that affect the entire human
family? Do we value short-term advan-
tages above the welfare of the Earth? Or
will we think on longer time scales, with
concern for our children and our grand-
children, to understand and protect the
complex life-support systems of our pla-
net? The Earth is a tiny and fragile world.
It needs to be cherished.

Carl Sagan, Cosmos (1980)






RESUMO

A presente dissertacao contempla o melhoramento do desempenho de
uma plataforma de processamento de dleo e gds por meio da incor-
poragao hipotética de um ciclo Rankine organico (ORC). Esse ciclo
termodinamico recuperaria parte do calor residual associado aos gases
de exaustao das turbinas na planta, para geracao de poténcia adicio-
nal, permitindo um decréscimo na carga das mesmas e, portanto no
consumo de combustivel. O modelamento do processo foi desenvolvido
com o proposito de caracterizar a operacao normal da plataforma e
assim estabelecer as condigoes de referéncia para comparar o desempe-
nho energético da mesma. A partir da informacao obtida do modelo,
uma andlise exergética permitiu identificar as operagoes com maior ir-
reversibilidade e também com potencial para recuperagao da exergia
perdida. Além disso demonstrou diferencgas significativas na ordem de
grandeza entre os fluxos de exergia associados as correntes de dleo e
gas produzidos e as demais correntes relacionadas com o seu proces-
samento. Considerando isto, foram considerados trés indicadores de
eficiéncia, dois relacionados com os fluxos de exergia e um relacionado
com o gasto energético. De outro lado, o sistema ORC foi definido
tendo em conta os resultados de estudos recentes focados na selecao
do fluido de trabalho e na configuracao do ciclo, visando as melhores
condigoes de operagao do ciclo enquadrado dentro das restrigoes impos-
tas pelo processo. Considerando a grande variabilidade dos pardmetros
de producao deste tipo de instalacao, a comparagao dos resultados do
modelo incluindo o ORC integrado com o processo foi feita ao longo de
um perfil de produgao que contempla a variagao de cinco parametros
de maneira independente: (i) vazdo de 6leo, (ii) vazdo de dgua de
producdo, (iii) pressao de pogo, (iv) vazao de gas injetado e (v) vazao de
agua injetada. Os resultados mostraram que a implementacao do ciclo
traz um melhoramento dos indicadores de eficiéncia energética propos-
tos, independentemente da variagao nos parametros de produgao, com
um melhoramento dos indicadores relativamente uniforme ao longo do
perfil analisado. Os parametros de producdo com maior impacto so-
bre a poténcia gerada pelo ORC correspondem as vazoes de gas e de
agua injetadas no reservatdério, sendo essas as operacoes que demandam
maior poténcia e portanto uma maior producao de gases de exaustao
nas turbinas. Em geral, a metodologia adotada pretende avaliar o im-
pacto de uma tecnologia para o melhoramento da eficiéncia energética



(nesse caso o ORC) em um processo industrial existente, considerando
a caracterizagao detalhada do processo em questao e a variagao dos
parametros mais relevantes de produgao, de tal forma que os resulta-
dos oferecam um panorama mais amplo na hora de aplicar este tipo de
sistema.

Palavras-chave: Eficiéncia Energética, Processamento de Oleo e Gis,
Anadlise Exergética, Ciclo Rankine Orgénico, FPSO.



ABSTRACT

The present dissertation contemplates the energy performance enhance-
ment of an oil and gas processing platform by means of the hypothetical
incorporation of an Organic Rankine Cycle (ORC). This thermodyna-
mic cycle would recover part of the waste heat associated with exhaust
gases coming from gas turbines in order to produce additional power,
allowing a decrease in their load and consequently in their fuel consump-
tion. The process modeling was developed with the aim of characte-
rizing the plant normal operation and thereby establish the reference
conditions for comparing its energy efficiency. With the information
obtained from the model, a detailed exergy analysis enabled the identi-
fication of the operations with greatest irreversibility and with potential
for the exergy losses recovering. In addition, it showed a great diffe-
rence between the exergy fluxes associated with produced oil and gas
streams when compared with the other streams associated with their
processing. Considering that, the use of three energy efficiency indi-
cators was analyzed, two of these indicators are related to the exergy
fluxes and the other with the energetic expense. On the other side, the
ORC system was defined taking into account the results of recent stu-
dies focused on the selection of the ORC working fluid and the ORC
configuration, aiming the best operating conditions framed into pro-
cess constraints. Considering the great variability of the production
parameters in this kind of installations, the comparison of the model
results with the ORC integrated was made along a production profile
that comprises the variation of five parameters independently: (i) oil
flow, (ii) production water flow, (iii) well pressure, (iv) injected gas flow
and (v) injected water flow. The results demonstrated that the imple-
mentation of the ORC improves the proposed indicators, independently
of the variation of the chosen production parameters. The energy im-
provement was found relatively uniform along the production profile.
The production parameters with a greater impact over the ORC output
correspond to the gas and water flows injected back into the reservoir.
These operations demand the highest amount of power and thus the
greatest production of exhaust gases at gas turbines. This procedure
pretends to evaluate the effect of an energy enhancement technology
(in this case the ORC) in an existing process, characterizing its beha-
vior under variable production conditions. In this way, the results can
give a wider panorama when applying this kind of systems for energy



performance improvement.
Keywords: Energy Efficiency, Oil and Gas Processing, Exergy Analy-
sis, Organic Rankine Cycle, FPSO.
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1 INTRODUCTION

Recently, the enhancement of the energy efficiency in the oil in-
dustry has attracted much attention, mainly due to the different chal-
lenges coming from three current circumstances: (i) the growing oil
and gas demand, (ii) the necessity of reducing COs and other green-
house gas emissions and (iii) the increasing production costs. According
to a recent forecast done by the International Energy Agency (IEA),
considering the existing policy commitments and assuming the imple-
mentation of those recently announced, by 2035 the world oil demand
will increase around 15% and a remarkable rise of 50% is projected for
gas demand (IEA, 2012). On the other hand, a gradual enforcement of
the existing legislation and the establishment of new commitments re-
lated to the pollution control are expected in order to avoid a dangerous
climate change, limiting consequently the CO5 emissions generated by
the industry (IEA, 2008; LUDENA; MIGUEL; SCHUSCHNY, 2012). These
factors are aggravated by the rapid depletion of the known reserves of
oil and gas (SIMMONS, 2009; IEA, 2012) and the increasing costs associ-
ated with the development of the new oil and gas fields (SHIMAMURA,
2002; BULLER, 2009).

The offshore production has been an important part of the de-
velopment of the oil and gas industry during the past two decades,
about 33% of world oil production by 2007 was obtained from offshore
platforms (KOCAMAN, 2008) and its contribution is projected to be
relatively stable until 2035. Considering that over 45% of currently
known oil resources are located under the sea and about a quarter of
these resources corresponds to deepwater (water with a depth of 400
meters or above), a production growth of 81% is estimated for this
type of fields (IEA, 2012). It should be noted that this notable figure
is predicted even considering the technical difficulties and high costs
inherent to the exploitation of oil and gas at remote locations.

Diverse types of offshore installations have been spread around
the world, of which the floating platforms are the most suitable for
deepwater production (BARTON, 2009; KINNEY, 2012). Among them,
the Floating Production, Storage and Offloading (FPSO) units present
technical advantages especially in the development of short-lived and
marginal fields in remote locations where fixed platforms were imprac-
tical and uneconomical (SHIMAMURA, 2002; GORDON, 2012). Nowa-
days, Petrobras has the second largest number of FPSO units (about
10 owned and 30 operated), representing about 15% of all the existing



worldwide (MAHONEY; KITHAS, 2013; CRAGER, 2010).

The main purpose of the production plant on an FPSO is to sep-
arate the well fluid into oil, gas and water meeting the specifications for
their export or further treatment. The most common operations carried
out for the separation of these streams includes (ARNOLD; STEWART,
2008): (i) well fluid gathering and well pressure reduction, (ii) gravity
separation, (iii) oil treatment and storage, (iv) gas compression and
dehydration and (v) water treatment and pumping. Depending on the
specific characteristics of the well fluid and field development, the FPSO
may contain operations like (BOTHAMLEY, 2004): (i) gas lift/injection,
(ii) gas liquefaction and storage, (iii) gas export via pipelines, (iv) gas
flaring or (v) seawater treatment and injection.

These installations include the production of the energy required
by their own processes, using a part of the oil (or gas) produced in the
plant as fuel for the generation of power, cold and heat. Improving the
use of this energy through the plant will reduce the fuel consumption,
which has important benefits like the abatement of pollutant emissions
and the reduction of operating costs. In that direction, the IEA (2008)
has shown the combined heat and power (CHP) as a good alternative
to increase the energy efficiency in various industrial sectors in the
short term. By other side, the Department of Energy of United States
(DOE) (BCs, 2008) has presented the main opportunities, challenges
and barriers to the research, development and demonstration (RD&D)
for the development of technology related with waste heat recovery
(WHR) in some industries.

Numerous investigations have been focused on the utilization
of the waste heat to activate thermodynamic cycles supplying power,
cold or upgraded heat (LITTLE; GARIMELLA, 2011; DENG; WANG; HAN,
2011). Among these systems, the organic Rankine cycle (ORC) is a rec-
ognized technology for power generation that already has been used to
improve the efficiency in many industrial operations (TCHANCHE et al.,
2011). Particularly, the integration of ORC in offshore processing plat-
forms has been the focus of a handful of recent studies (LARSEN et al.,
2013; PIEROBON et al., 2013; PIEROBON; NGUYEN, 2012a). However,
these studies have not considered the inherent variation in the plat-
form process conditions along its lifespan. Consequently, more work is
needed in order to determine the actual advantages of the ORC inte-
gration under variable production circumstances within the platform.

The application of exergy concept and the exergy balance is a
well-known and accepted technique employed to delimit and quantify



the energy efficiency in chemical and physical operations, which deter-
mines the maximum useful work obtainable from a system interacting
with its surroundings, as well its potential destroyed by irreversibil-
ity (SZARGUT; MORRIS; STEWARD, 1988). Despite its usefulness, this
method has not yet been fully adopted in many industrial sectors —
including the petrochemical segment, principally due to the absence of
a strategy of implementation, the low priority given and the lack of
information to work with such kind of analysis (GRIP et al., 2011).

Considering the usefulness of the exergy balance and the cur-
rent situation of the offshore industry, this study formulates an exergy
analysis of a Brazilian FPSO to characterize its energy performance,
and then analyzes the effect of the incorporation of an ORC over its
efficiency. The development of this work contemplates the following
subjects: (i) production plant and ORC modeling, (ii) calculation of
the exergy associated with petroleum and its fractions, (iii) use of ad-
equate energy performance indicators, (iv) coupling of the ORC to the
plant and (v) effect of the main production parameters over the en-
ergy efficiency of the plant. The document is organized in sections as
described in the paragraphs below.

The first section corresponds to the bibliographic review, where
the main concepts and theoretical basis are summarized. This section
covers aspects as the oil and gas production, the ORC operation and
its utilization in the waste heat recovery.

The methodology section describes the steps proposed in order
to obtain the results expected in this work. The process model was
developed considering the design conditions of the plant, in order to
establish the magnitude of its operations as well as their mass and
energy balances. Next, a rigorous exergy analysis was carried out in
order to identify the operations and processes with the greatest irre-
versibility and the highest exergy losses. Based on these results, various
performance indicators were proposed for the comparison of the energy
efficiency of the plant when coupling the ORC. The configuration and
the working fluid of this system were established based on previous
studies focused on its optimization (BRANCHINI; PASCALE; PERETTO,
2013; PIEROBON et al., 2013). Finally, the behavior of the proposed in-
dicators was analyzed along a production profile formed by 16 scenarios
varying five production parameters independently. the parameters con-
sidered are: (i) produced oil flow, (ii) production water flow, (iii) well
pressure, (iv) injected gas flow and (v) injected water flow.

The third section summarizes and discusses the obtained results
in order to recognize the impact of the ORC over the energy perfor-



mance of the plant accounting the variation of its main production
parameters.

Finally, in the conclusion section, the main findings of this work
are presented. The main contribution of the present study consists in
the proposal of a procedure aiming the effect of an energy enhancement
technology (in this case the ORC) in an existing process, characterizing
its behavior under variable production conditions. In this way, the
results can give a wider panorama when applying this kind of systems
where it could lead a great impact increasing the energy efficiency (e.g.
offshore oil and gas processing).

1.1 OBJECTIVES

In accordance with the outlined scope, the main purpose of this
study is to identify clearly the effect of an ORC over the energetic
efficiency of an offshore platform along a variable production profile,
such that the influence of each production parameter can be analyzed
separately. The following aims are contemplated in order to achieve
this purpose:

1. Develop the process model in order to determine the mass and
energy balances of each operation within the process. The model
must be adequate to analyze the behavior of the process condi-
tions under variable inputs, within the design constraints of the
plant.

2. Carry out an exergy analysis of the plant in order to quantify the
exergy fluxes within the plant as well as the irreversibility in each
operation and the potential exergy losses to be recovered by the
ORC. This analysis includes the proper calculation of the exergy
fluxes associated with hydrocarbon streams (i.e. petroleum and
its fractions).

3. Choose appropriate exergy performance indicators, in order to
make evident the effect of the chosen production parameters over
the plant efficiency. These indicators must be related with the
plant purpose and operation.

4. Develop the integrated model (the production plant with inte-
grated ORC) and quantify the effect over the energy efficiency of
the platform. This effect will be established by comparison of the
indicators proposed in the item above.



5. Determine the behavior of the exergy efficiency indicators under
variable operating conditions, such that the convenience of the
ORC implementation under different production scenarios can
be established.






2 BIBLIOGRAPHIC REVIEW

2.1 BACKGROUND

According to the data published by IEA (2012), the world oil
and gas demand by 2035 will grow about 2.75 million of cubic meters
per day and 1765 billion of cubic meters per year respectively, with-
out considering future changes in current environmental policies (see
Fig. 1). This fact seems to be positive for oil and gas market, but this
would be true if the current sources of oil and natural gas were enough
to meet these goals. The present situation indicates that the proved oil
and gas reserves are being rapidly depleted and are not enough to sup-
ply projected demand. In order to illustrate that, Fig. 2 presents the
production profiles of some fields located in Brazil (SIMMONS, 2009).
It would be necessary to find new oil and gas resources, but from the
information presented by Barton (2009) and Shimamura (2002), it can
be inferred that it is becoming more difficult to find new reservoirs
with an acceptable technical and economic feasibility. This signifies
that costs associated with oil and gas production will tend to increase,
which would imply a serious impact over the oil and gas market, and
consequently over the world economy.
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Figure 1 — World oil and gas demand (IEA, 2012).
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Figure 2 — Production profiles of some Brazilian fields (SIMMONS, 2009).

By the other hand, over the past three decades, the climate
change has become the most influencing aspect relating to the hu-
mankind sustainability and has compelled governments and policy mak-
ers to create commitments about the reduction of CO5 and other pollu-
tant emissions (LUDENA; MIGUEL; SCHUSCHNY, 2012). These premises
affect in a great extent the operation of the oil and gas plants, promot-
ing the investment in cleaner and more efficient systems of production.
Considering the goals established about economic and environmental
aspects, the use of technologies in order to improve the energy efficiency
of new as well as existing plants will be become a requisite more than
a choice for this industry.

In that way, DOE through BCS (2008), indicates the WHR as a
good alternative to affront this challenging scenario, considering that
as much as 20% to 50% of the energy consumed by the industrial sec-
tor is ultimately lost via waste heat. According to this reference, the
current profile of utilization of WHR is delineated mainly by the follow-
ing characteristics: (i) WHR frequently implemented, but constrained
by factors such as costs and temperature limits, (ii) most unrecovered
heat is at low temperatures and (iii) there are sectors where WHR is not
common due to factors such as chemical composition of heat carriers or



economic aspects required for recovery. Given that, Tab. 1 summarizes
WHR, opportunities and addressed barriers in order to guide RD&D
works.

Table 1 — RD&D needs for addressing WHR Barriers (BCS, 2008)
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