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Abstract: With the introduction of new technologies, such as waste heat recovery units (WHRU),
associated gas utilization, the energy flow coupling relationship is further deepened within the
energy system of the offshore oil and gas production platform. Besides, the energy system is closely
linked with the oil and gas production system, and a closed-loop relationship between energy flow
and material flow can be revealed. Uncertainties of energy supply and production process may
lead to system-wide fluctuations, which threaten the stable operation of the platform. Therefore, an
optimal planning model of integrated energy system for offshore oil and gas production platform
is proposed in this paper. Firstly, a generalized energy and material flow model is proposed, three
matrixes are defined based on laws of thermodynamics, including energy matrix, process matrix
and feedback matrix. Secondly, the energy-material conversion relationship between the energy
system and production system of a typical offshore oil and gas platform is quantitatively described,
together with the coupling between the input and output of the two systems. Thirdly, considering
the energy-material balance constraints and the uncertainties of production system, a multi-objective
stochastic planning model for the offshore integrated energy system is established, which takes
economics and environmental protection into consideration. A Monte Carlo simulation-based
NSGA-II algorithm is proposed to solve the model. Finally, the validity and feasibility of the proposed
methodology are demonstrated through an offshore oil and gas platform in Bohai, China. Compared
with the traditional planning method, the total cost and CO2 emissions of the proposed method are
reduced by 18.9% and 17.3%, respectively.

Keywords: energy system; production system; uncertainty; generalized energy and material flow
model; stochastic multi-objective optimization

1. Introduction

Serious environmental challenges and a plummeting international oil price facing the market,
have put the offshore oil industry in a dilemma: how to mitigate the CO2 emissions from offshore
oil projects without increasing the capital expenditure significantly [1]. In Norway, about 62% of the
carbon dioxide emissions in 2012 came from offshore oil extraction and processing tasks [2]. As a
result, a lot of efforts have been put into developing energy efficient technologies to mitigate the
CO2 emissions in offshore oil facilities. In general, the most feasible current ways to realize CO2

emission reduction in a cost effective way include: (i) improving the efficiency of energy generation
and utilization, (ii) the use of offshore energy generation technologies [3].
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The production system is a crucial part of offshore platforms and it is energy-intensive. Energy
management is necessary to ensure the stability and safety of production system operations [4,5].
The fluids are extracted from wells and transported to the production system through manifolds. In the
production system, oil, associated gas, and water in streams are separated and treated before being
exported to the shore or released into the environment. Besides, the integrated energy system provides
electrical power and heat required for operating the extraction, separation, and compression. Gas
turbine generators and gas/oil fired boilers were employed as the electric and thermal energy sources,
and the associated gases (AS) was used as fuel for the generators [6]. During oil production, the light
hydrocarbons and other impurities dissolved or dispersed in the heavier hydrocarbon compounds
(crude oil) are separated and released from well fluids under low-pressure conditions. This is called
the associated gases. A flare gas recovery system (FGRS) is designed to minimize the amount of
associated gas being flared either as a means of disposal or as a safety measure to relieve gas pressure.
The methods used by FGRSs include gas collection, compression, electricity generation, and gas to
liquid conversion, etc. For example, the associated gas can be injected to the existing gas distribution
networks after exported from an offshore location, or it can be converted into electricity in offshore
platforms and then transmitted to shore [7]. If the volume of associated gas with oil production is high
enough, it can also be liquefied for sale [8,9]. Additionally, considering that approximately 50% of
the total energy supplied to offshore oil and gas platforms is lost through exhaust flues, waste heat
recovery units (WHRU) are employed to reuse the heat in the waste gas [10]. In [11], a supercritical
carbon dioxide Brayton cycle was tested in a WHRU, and it performed better for energy-saving
and emission mitigating than a simple Brayton cycle. In [12], a comparison between a single loop
and a dual loop WHRU was conducted, and an organic Rankine cycle (ORC) was recommended
to be added into the single loop WHRU to improve its efficiency. In addition, a multi-objective
optimization method was proposed to select the working fluid of an ORC, considering efficiency,
weight and space of an offshore platform, and the NSGA-II method was used to solve the optimization
model [13]. A detailed mathematical optimization model for a WHRU based on ORC was presented to
calculate the steady-state operational point of the WHRU, and the SQP solver was used to solve the
model [14]. Design, sizing, and operating of the multiple components of such systems are generally
challenging, especially when multiple conflicting objectives are aimed. Optimisation techniques
based on meta-heuristics population approaches such as the Genetic Algorithm and Particle Swarm
Optimisation were used to deal with these issues [15,16]. In general, the ORC was considered as a
promising technology to utilize the medium-quality-heat sources with highest recovery efficiency
in offshore oil industries [17,18]. Recently, carbon capture and storage (CCS) systems have been
installed in offshore platforms for further mitigation of CO2 emissions. In [19], the Exergy balance of
two platform configurations, with and without CCS, were assessed and the potential opportunities
were found for improving the efficiency of the CCS section. In [1], a CCS with the pre-treatment and
post-combustion units was proposed, which reduces the CO2 emissions of a platform in the North
Sea by more than 15%. However, as a CCS itself is an energy-intensive unit, the introduction of a
CCS reduces the CO2 emissions, it also causes the deterioration of the energy efficiency of offshore
platforms [20].

It is noted that new technologies such as WHRU and ORC are not widely implemented in offshore
oil extraction and processing platform, and the implementation of CO2-capture systems has not
be proven offshore except for gas processing with high CO2-contents. To explore the feasibility of
these new technologies in marine engineering, this paper introduce the various abovementioned
technologies into the Bohai oil and gas platform to modify the structure of the offshore platform energy
system. Simultaneously, there are significant discrepancies between the available energy and the
power demands. Hence, it is necessary to coordinate the use of various energies, i.e., electrical power,
heat, associated gas, and imported fuel (diesel in most methods). In this paper, the energy system of
the offshore oil extraction and processing platform is regarded as an Integrated Energy System (IES)
for considering the coupling of multiple forms of energy [21].
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At present, many researchers have addressed the problem of the uncertainty planning of IES
worldwide [22]. A bi-level fuzzy programming method was developed in [23] for energy systems
planning and carbon dioxide mitigation under uncertainty, and the linear ranking function the first of
Yager was used to solve the model. In [24], a bi-objective mathematical model was presented for energy
hub scheduling with consideration of preventive maintenance policy to determine the preventive
maintenance cycles and the best strategy to allocate hub energy capacity under different demand
scenarios, and CPLEX Optimizer of the General Algebraic Modeling System (GAMS) was used to
solve the model based on the Epsilon-constraint method. The concept of probabilistic power flow in
power systems was extended to IES because of the coupling relationship between power systems,
thermal systems and natural gas systems [25,26]. A chance constrained and reliability programming
optimization model was proposed for solving the long-term integrated energy planning problem and
their performances in [25], and then a chance constrained planning approach was proposed to minimize
the investment cost of integrating new natural gas-fired generators, natural gas pipeline, compressors,
and storage required to ensure desired confidence levels of meeting future stochastic power and natural
gas demands in [26]. A two-stage stochastic multi-objective optimization algorithm was proposed to
solve the optimal capacity of the cogeneration system under uncertain energy demand, the “greedy”
approach was used to solve the problem in [27]. A robust optimization method incorporating piecewise
linear thermal efficiency and electrical efficiency curves was proposed to deal with the uncertainties
caused by energy supply, load prediction and equipment nonlinear efficiency, and a Monte Carlo
simulation was adopted to sample random variables to demonstrate the effectiveness of the uncertain
set in the robust optimization model in [28], and a two-interval mixed integer linear programming
model and its solution algorithm were proposed for planning integrated energy-environment system
in [29]. The uncertainties of energy supply, energy coupling, and load fluctuation have been considered
in the mentioned papers. However, only energy systems are considered in most of studies, but the
energy supply system is closely linked with the production system in offshore oil and gas production
platform, and a closed-loop relationship between energy flow and material flow can be revealed. Due
to the uncertainty of the production system is the most important factor for the offshore platform,
it is essential to describe the relationship between energy supply system and production system, and
explore the impact of this uncertainty on the planning of offshore platform energy supply systems,
which are the innovations of this paper seldomly studied.

The main contributions of this paper are as follows: Firstly, based on the structural coupling
features between IES and production system of offshore oil and gas platform, a generalized energy
and material flow model is proposed, which describes the multi-energy coupling relationship and
correlation between energy system and production system. The IES discussed in this paper includes
multi-fuel gas turbines, waste heat boilers, ORC, CCS and power storage. Secondly, the energy-material
flow and conversion relationship in production systems are quantitatively calculated based on
enthalpy analysis. Thirdly, considering the energy-material balance constraints and the uncertainties
of production system, a multi-objective stochastic planning model for the offshore IES is established,
which takes economics and environmental protection into consideration. A Monte Carlo simulation
based Non-dominated Sorting Genetic Algorithms II (NSGA-II) is proposed to solve the model. Finally,
the validity and feasibility of the proposed methodology are demonstrated through an offshore oil and
gas platform in Bohai, China.

This paper is organized as follows: the specific properties of the investigated system architecture
and the proposed IES are described in Section 2, followed by a generalized energy and material
flow model and its mapping details in Section 3. Section 4 presents the stochastic multi-objective
optimization method to plan the IES for the offshore oil project, and Section 5 discusses the results of
the optimization in detail. Concluding remarks are given in Section 6.
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2. IESs for Offshore Oil Extraction and Processing

An existing offshore oil project, which consists of four offshore platforms, including one oil
extraction and processing platform, one support and maintenance platform, one oil storage platform
and one mooring platform is employed as a reference. The oil extraction and processing platform is
also the central power platform which provides power for the other platforms through subsea cables.
The platform facilities are characterized by a peak power demand of about 44 MW and a heating
demand greater than 12 MW. The temperature range of heat loads is from 50 ◦C to 120 ◦C. Two turbines
are used to generate power using diesel oil or gas. An exhaust fired boiler uses turbine exhaust with a
temperature near 500 ◦C to heat oil and adjusts its combustion to ensure heat exchanger meet the load
requirements. The thermal efficiency of the gas turbines varies from 27% to 32%. The total daily CO2

emissions produced reach about 300–500 tons, and more than 80% corresponds to the operation of
gas turbines.

In this study, gas turbines are replaced by co-firing gas/oil turbines which can consume diesel,
natural gas, and hydrogen. An ORC is employed to recover the exhaust heat of the boiler at about
160 ◦C–220 ◦C to improve the thermal efficiency further. Therefore, the ORC and the boiler constitute a
heat recovery system of hierarchy, and the higher temperature (from 400 ◦C to 500 ◦C) and the lower
temperature (from 160 ◦C to 220 ◦C) heat can be recovered simultaneously. Moreover, a two-level CO2

capture unit proposed in [1] for an oil platform is used to mitigate the emissions. The first level is a
Pre-CO2 capture unit with the structure presented in [30], where natural gas is converted into hydrogen.
The CO2 generated in the conversion is absorbed by chemical absorption with triethanolamine and
the hydrogen is fed to the turbines. The second level is a Post-CO2 capture unit which is responsible
for the carbon capture of the flue gas. A super-capacitor (SC) based energy storage is used to balance
the source and loads. Figure 1 illustrates the proposed IESs and its relationship with the offshore oil
extraction and processing system.
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3. Generalized Energy and Material Flow Model

Different from multi-energy systems connected to electricity grids, the IESs for offshore oil
platforms must run independently. They are sensitive to the fluctuations in extraction and processing
systems. As a result, when a mathematic model is employed to describe such an IES shown in Figure 1,
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the impact of extraction and processing systems on the electricity and thermal consumption cannot
be neglected. Moreover, material flows in addition to energy flows need to be considered in an IES.
For example, the process in Figure 1 consumes the heat and electrical power generated from the IES
and handles sea water and oil streams as well. At the same time, the processing system produces
associated gas for the IES, which sends the energy to the processing system. Energy and material flow
model of such a system can be represented by Figure 2.Energies 2019, 12, x FOR PEER REVIEW 5 of 28 
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In Figure 2, the Energy Section represents IESs, such as the one in Figure 1. Mathematically,
the mapping of energies from the input to the output of the Energy Section can be described by an
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The Process Section denotes the process of production, e.g., the extraction and processing of
oil, where the energies from Energy Section are consumed. Also, necessary materials used in the
process are input into the Process Section, e.g., water and catalyst. In this section, a processing system
can be divided into several sub-systems according to their functions, e.g., the Process Section in
Figure 1 includes a drilling and mining system, a crude oil process system, a natural gas system,
a water treatment system, and a living-quarters system. Based on energy and material (non-energy)
consumption in Process Section, a multi-input and multi-output mapping is developed as shown
in Figure 2. In the mapping of Process Section, an energy-material coupling element (EMCE) is
defined, which represents the energy and non-energy relations of a sub-system. Figure 3 shows a basic
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framework of an EMCE. The detail expression of an EMCE is decided by its sub-system, which can
be a factor or a function. A sub-system can be one EMCE or multiple EMCEs. Equation (2) shows
the mathematic details of the Process Section in Figure 2. Here, an EMCE matrix, Z, is introduced to
describe the relationship between production outputs and the consumption of energies and materials
in the Process Section.
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as Equation (3). Since not all of the outputs are fed back to the Energy System, B is a highly sparse
matrix. When all entries of a column in B are zero, the corresponding production are not fed back to
the input:

[
P
U

]
=



I1
...
In
...

In+m


︸ ︷︷ ︸

I

+



b11 · · · b1n · · · b1,n+m
...

. . .
...

. . .
...

bn,1 · · · bn,n · · · bn,n+m
...

. . .
...

. . .
...

bn+m,1 · · · bn+m,n · · · bn+m,n+m


︸ ︷︷ ︸

B



O1
...

On
...

On+m


︸ ︷︷ ︸

O

, (0 ≤ b ≤ 1) (3)

Therefore, Equations (1)–(3) represent the generalized energy and material flow model (GEMFM)
of an IES and processing system illustrated as Figure 2.
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4. Multi-objective Optimal Planning of the IESs

4.1. IESs Model

The proposed IES shown in Figure 1 consists of Co-firing gas turbines (GT), exhaust-fired-boilers
(EFB), ORC, a two-level CO2 capture unit, a super-capacitor based energy storage, and pipeline system
for gas and heat. According to the Section 3, an energy hub model is used to describe the IESs.
The electricity output of Co-firing turbines is formulated as Equation (4):

EGT = GGTVASηE
GT + DGTVDOηE

GT + H2VH2 ηE
GT (4)

The carbon dioxide emissions from the turbines is formulated as Equation (5):

CDEGT = λGT(GGT)GGT + λGT(DGT)DGT (5)

The thermal energy contained in the exhaust of turbines is a function of electrical generation,
shown as Equation (6):

QGT = δGT(GGT)GGT + δGT(DGT)DGT + δGT(H2)H2 (6)

The thermal demands provided by the exhaust-fired-boiler through a thermal-oil system is:

Qoil = (GEFBVAS + DEFBVDO + α1QGT)η
Q
EFB (7)

The carbon dioxide emissions (CDE) from the boiler is:

CDEEFB = λEFB(GEFB)GEFB + λEFB(DEFB)DEFB (8)

The thermal energy in the exhaust from EFB to the ORC is (9):

QORC = α2(δEFB(GEFB)GEFB + δEFB(DEFB)DEFB + QEFB) (9)

And the electricity generated by the ORC is (10):

EORC = ηE
ORCQORC (10)

The Pre-CO2 section converts a part of associated gas into the hydrogen as a fuel for GT and the
CO2 to be absorbed, which consumes a proportion of power, i.e., EPre:

GPre
EPre=σPre(GPre)GPre−−−−−−−−−−−→ H2 + CDEPre (11)

CDEPre = λPre(GPre)GPre (12)

H2 = Rh(GPre)GPre (13)

The electrical and heat energy consumed in the CCS section is related the CO2 amount captured,
i.e., CDECCS, as shown in Equations (14) and (15):

ECCS = kE
CCSCDECCS (14)

QCCS = kQ
CCSCDECCS (15)

Here, Equations (16)–(18) denote the outputs of the hub:

LE = EGT + EORC − ESC − EPre − ECCS (16)
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LH = Qoil (17)

LCDE = CDEGT + CDEEFB + CDEPre − CDECCS (18)

P1 = GGT + GEFB + GPre (19)

P2 = DGT + DEFB (20)

Hence, the model of the IESs is Equation (21) and its energy and emission flow mapping is shown
as Figure 4, which corresponds to the ES section in Figure 2:

 LE
LH
LCDE

 =

 rGT(VASηE
GT + α1α2δGT(GGT)η

E
ORC) + rGB(α2δEFB(GEFB)η

E
ORC) + rPre(Rh(GPre)VH2 ηE

GT + α1α2δGT(H2)Rh(GPre)η
E
ORC − σPre(GPre)) χGT(VDOηE

GT + α1α2δGT(DGT)η
E
ORC) + χGB(α2δEFB(DEFB)η

E
ORC)

rGT(α1λGT(GGT)η
Q
EFB) + rEFB(VASηQ

EFB) + rPre(α1δGT(H2)Rh(GPre)η
Q
EFB) χGT(α1λGT(GGT)η

Q
EFB) + χEFB(VDOηQ

EFB)

rGT(λGT(GGT)) + rEFB(λEFB(GEFB)) + rPre(λPre(GPre)) χGT(λGT(DGT)) + χEFB(λEFB(DEFB))

[ P1

P2

]

−

 1 kE
CCS

0 kQ
CCS

0 1

[ EEC
CDECCS

]
(21)
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4.2. Oil Extracting and Processing System Model (OEPS)

Figure 5 shows the OEPS of the actual offshore platform in this paper. This OEPS consists of
drilling and mining system, crude oil process system, natural gas process system, water treatment
system and living-quarters system, each of which includes one or more functional units. The OEPS
shown in Figure 5 has two kinds of input: electricity and thermal energy provided by IESs; and
materials for production and living, regularly supplied by a ship. OEPS output includes associated
gas, oil product and water. The associated gas from OEPS is mostly delivered to IESs gas turbine for
power generation or to waste heat boiler, and the redundant associated gas is burned off. Oil product
from OEPS is delivered to the oil storage platform. The water recovered from OEPS can be re-injected,
purified and discharged.

On the one hand, different functional units of OEPS have varied energy-material couplings and
can be expressed using EMCE. Their energy-material input/output relationship can be described using
EMCE matrix. On the other hand, the energy consumed by oil and gas production depends on the
temperature, pressure, quality and velocity of the production process, in order to accurately calculate
the energy consumption of each unit and specifically reflect the corresponding relationship between
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energy consumption and material production in each EMCE of the production process, this paper
establishes an energy-material coupling model for each functional unit of OEPS using exergy analysis
and derive EMCE matrix Z for OEPS from this model, so as to describe the relationship between OEPS
production output and material & energy input.Energies 2019, 12, x FOR PEER REVIEW 9 of 28 

 

Power Heat

Energy Section

Drilling and 
mining system

Three-
phase 

separator

Natural gas process 
system

Crude oil 
process system

Water treatment  
system

Mixed
 oil

Water 

Mixed raw 
liquid

Associated gas

Material system

Living-quarters 
systemAssociated gas

Production 
material

Mixed gas

Oil

Water 

Mixed water 

Production and 
living material

Crude oil process system

well 
stream

 

Figure 5. Schematic diagram of OEPS. 

4.2.1. Theory of exergy analysis for energy-material coupling model 

Equation (22) expresses the exergy composition of a material flow x. Equations (23)‒(26) are 
equations for calculating kinetic exergy,potential exergy, physical exergy and chemical exergy of 
material flow x [32]: 

x x k x p x p h x c hE X E X E X E X E X− − − −= + + +  (22) 

21=
2x k x xEX m v−  (23) 

=x p xEX m gH−
 (24) 

1 0 0 1 0= ( ) ( )x p hE X h h T s s− − − −  (25) 

0
0

00

= lnx ch
PEX RT
P−  (26) 

Equation (27) is an equilibrium expression of exergy for EMCE i. Equations (28) and (29) are 
equations for calculating product exergy, utilized exergy. This paper assumes there is no heat or mass 
loss due to exchange with environment, i.e., EX i_L = 0. Equation (30) is the equation for calculating 
exergy destruction for EMCE i, where εi is efficiency defect of EMCE i [33]: 

- -i P i U i L i DEX EX EX EX− − − −=  (27) 

i P o x br x
x x

EX EX EX− − −= −   (28) 

Figure 5. Schematic diagram of OEPS.

4.2.1. Theory of exergy analysis for energy-material coupling model

Equation (22) expresses the exergy composition of a material flow x. Equations (23)–(26) are
equations for calculating kinetic exergy, potential exergy, physical exergy and chemical exergy of
material flow x [32]:

EXx = EXx−k + EXx−p + EXx−ph + EXx−ch (22)

EXx−k =
1
2

mxv2
x (23)

EXx−p = mxgH (24)

EXx−ph= (h1 − h0)− T0(s1 − s0) (25)

EXx−ch = RT0 ln
P0

P00
(26)

Equation (27) is an equilibrium expression of exergy for EMCE i. Equations (28) and (29) are
equations for calculating product exergy, utilized exergy. This paper assumes there is no heat or mass
loss due to exchange with environment, i.e., EXi−L = 0. Equation (30) is the equation for calculating
exergy destruction for EMCE i, where εi is efficiency defect of EMCE i [33]:

EXi−P = EXi−U − EXi−L − EXi−D (27)

EXi−P = ∑
x

EXo−x −∑
x

EXbr−x (28)
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EXi−U = ωiLE + ξiLH (29)

EXi−D = εiEXi−U (30)

Material flow direction and conversion relationship should be taken into consideration for
offshore oil engineering design and planning. Equation (31) is a conversion relationship expression for
input/output materials of EMCE i:

ox = θxUy (31)

Based on Equations (22)–(31), the general expression Equation (32) of EMCE matrix for EMCE i
can be obtained:

Oi = ZiÛi =

[
EXi−P

ox

]
=

[
ωi(1− εi) ζi(1− εi) 0

0 0 θx

] LE
LH
Uy

 (32)

4.2.2. EMCE Matrix of Offshore Platform OEPS

Drilling and Mining System

Drilling and mining system includes the drilling and mining unit (DM) for oil extracting. This
unit consumes certain raw material Uma and electricity exergy EXDM_U in producing per unit output
of well stream ows. Its EMCE matrix is shown in Equation (33).

ODM = ZDMÛDM =

[
EXDM−P

ows

]
=

[
ωDM(1− εDM) 0

0 θws

][
LE

Uma

]
(33)

Crude Oil Process System

A crude oil process system comprises the three-phase separation unit (CR-sep) and the crude oil
process unit (CR-oil). The CR-sep separates ows into mixed oil omix-oil, mixed associated gas omix-gas and
mixed water omix-wa and delivers them respectively to crude oil processing unit, natural gas process
system and water treatment system. Total amount of electricity and heat exergy consumed by this unit
during separation is EXCR-sep_U. CR-oil processes mixed oil from CR-sep into oil product ooil for output;
total amount of electricity and heat exergy consumed by this unit is EXCR_oil_U. EMCE matrices of
CR-sep and CR-oil are shown in Equations (34) and (35):

OCR−sep =


EXCR−sep−P

omix−oil
omix−gas
omix−wa

 = ZCR−sepÛCR−sep =


ωCR−sep(1− εCR−sep) ζCR−sep(1− εCR−sep) 0

0 0 θmix−oil
0 0 θmix−gas
0 0 θmix−wa


 LE

LH
ows

 (34)

OCR−oil = ZCR−oilÛCR−oil =

[
EXCR−oil−P

ooil

]
=

[
ωCR−oil(1− εCR−oil) ζCR−oil(1− εCR−oil) 0

0 0 θoil

] LE
LH

omix−oil

 (35)

Natural Gas System

The natural gas system includes the natural gas treatment unit (NG-tr) and the natural gas
compression unit (NG-co). The NG-tr dehydrates and deacidifies mixed associated gas omix-gas from the
CR-sep to output combustible associated gas. The NG-co is responsible for natural gas compression
transportation. Electricity and heat exergy consumed by this two unit, and their EMCE matrixes are
shown in Equations (36) and (37):

ONG−tr = ZNG−trÛNG−tr =

[
EXNG−tr−P
oNG−tr−gas

]
=

[
ωNG−tr(1− εNG−tr) ζNG−tr(1− εNG−tr) 0

0 0 θNG−tr−gas

] LE
LH

omix−gas

 (36)
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ONG−co = ZNG−coÛNG−co =

[
EXNG−co−P
oNG−co−gas

]
=

[
ωNG−co(1− εNG−co) ζNG−co(1− εNG−co) 0

0 0 θNG−co−gas

] LE
LH

oNG−tr−gas

 (37)

Water Treatment System

Water treatment system includes a water treatment unit (WT). This unit processes mixed water
omix-wa from CR-sep into wastewater owa_WT that complies with discharge standard, electricity exergy
consumed by this unit is EXWT_U. Its EMCE matrix is shown in Equation (38):

OWT = ZWTÛWT =

[
EXWT−P
owa−WT

]
=

[
ωWT(1− εWT) 0

0 θwa−WT

][
LE

omix−wa

]
(38)

Living-Quarters System

The living-quarters system includes multiple living-quarters units (LQ). These units mainly
consume fresh water Ufwa from external source and discharge properly wastewater oswa-LQ; electricity
and heat exergy consumed by these units is EXLQ_U; the EMCE matrix is shown in Equation (39):

OLQ = ZLQÛLQ =

[
EXLQ−P
oswa−LQ

]
=

[
ωLQ(1− εLQ) ζLQ(1− εLQ) 0

0 0 θswa−LQ

] LE
LH

U f wa

 (39)

EMCE Matrix of OEPS

Therefore, offshore platform PS can consist of the above 6 EMCE functional units and the
production tasks of the offshore platform can be fulfilled through coordination between these functional
units. Based on Equations (33)–(39), EMCE matrix expression Equation (40) for the offshore platform
OEPS can be derived:

OOEPS =



EXCR−oil−P
EXNG−co−P

EXWT−P
EXLQ−P

ooil
oNG−co−gas

oswa−WT
oswa−LQ


= ZOEPSÛOEPS =



ωCR−oil(1− εCR−oil) ζCR−oil(1− εCR−oil) 0 0
ωNG−co(1− εNG−co) ζNG−co(1− εNG−co) 0 0

ωWT(1− εWT) 0 0 0
ωLQ(1− εLQ) ζLQ(1− εLQ) 0 0

0 0 θoilθmix−oilθws 0
0 0 θNG−co−gasθNG−tr−gasθmix−gasθws 0
0 0 θswa−WTθmix−waθws 0
0 0 0 θswa−LQ




LE
LH

Uma

U f wa

 (40)

EMCE material flow exergy calculation and input/output material flow conversion relationship
on offshore platform OEPS can be seen in Appendices A and B.

4.3. Multi-Objective Stochastic Optimization Model

4.3.1. Uncertainty Analysis

The energy system serves the production system in offshore platform. Therefore, before the energy
system planning, it is necessary to pre-determine an oil and gas production plan based on factors such
as the amount of oil and gas exploration, the quality of crude oil quality, and then the electricity and
thermal consumption of production system can be calculated according to the production process. Since
the planning period of offshore oil and gas project is very long, generally 20–25 years, improvements
in mining techniques or inaccurate reservoir estimates result in significant deviations between actual
production and estimated values, which leads to uncertainties. The operational data of the Bohai
platform indicates that such deviations will lead to frequent start-up of standby units, which will
reduce the stability of the offshore platform micro-grid and cause great economic losses. Therefore,
it is necessary to consider this uncertainty when planning.

This paper considers the impact of uncertainty in oil extraction on optimization of the energy
systems, using the IESs and OPES model established in Sections 4.1 and 4.2. According to Figure 4,
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Figure 5 and Equations (21) and (40), IESs output electricity and heat are energy input for OEPS, while
some associated gas from OEPS is fuel input for IESs. Therefore, IESs input and load are correlated.
The deviations between the actual value of the electric load, the heat load, and the associated gas
output and the estimated value are treated as random variables in this paper. And the three random
variables were assumed to follow a normal distribution [34], multi-dimensional Gaussian Copula
function [35] is selected to describe the relevance of variables, as shown in Equation (41): c(u1, · · · , un) =

1
|Acov| 1/2 exp −qT(A−1

cov−I)q
2

q= (q1, · · · , qn)
T , qi = Φ−1(ui)

(41)

4.3.2. Objective Function

Considering cost-effectiveness and environmental performance are main indicators in offshore oil
engineering, the proposed IESs optimization is aimed at minimizing total cost and total carbon dioxide
emissions during planning period. The objective function is shown in Equation (42). Equation (43) is
an equation for calculating fTTC and fTCDE:

min(F) = min( fTTC, fTCDE)
T (42)

fTTC =
Y
∑

y=1
f y
TAC

fTCDE =
Y
∑

y=1
f y
CDE

f y
TAC = f y

CC + f y
MC + f y

OC

(43)

4.3.3. Constraints

Constraints of the proposed IESs optimization planning include energy-material equilibrium
of IESs and OEPS as shown in Equations (21) and (40), gas-network pipeline equilibrium,
electricity-network equilibrium and thermal-network equilibrium as shown in [34]. The inequation is
shown in Equation (44), and the chance constraints of gas flow, injection power and thermal medium
flow on nodes of each network are shown in Equations (45)–(47):

Ieqmin ≤ Ieq ≤ Ieqmax (44)

Pr

{
ωmin

i ≤ ωi ≤ ωmax
i

}
≥ β1 (45)

Pr

{
Pmin

s,i ≤ Ps,i ≤ Pmax
s,i

}
≥ β2 (46)

Pr

{
Mmin

s,i ≤ Ms,i ≤ Mmax
s,i

}
≥ β3 (47)

4.3.4. Optimization Method and Solving Steps

To sum up, the proposed multi-objective stochastic optimization model is expressed as
Equation (48): {

obj. min(F) = min( fTTC, fTCDE)
T

st. (21), (40), (44), (45), (46), (47)
(48)

With a long planning period for offshore oil engineering, optimized objectives in this paper are
calculated in two steps in order to ensure accuracy when solving the objective function. In step one, fTAC
and fCDE of the offshore platform during the maximum load are optimized, optimal capacity solution
set of IESs component is obtained in feasible region. The target values are normalized separately and
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summed according to the 50% weighting factor, the solution with the smallest value is selected as the
best one.

The decision variables of the optimization model are mainly composed of the energy consumption
and output power of each unit, as well as the load, which are all continuous variables, as shown in
Table 1. Energy consumption and output power of each unit are deterministic variables, and electric
load, thermal load and associated gas input are uncertain variables.

Table 1. The decision variables.

Decision Variables Type

EGT (kW) deterministic
EORC (kW) deterministic
ECCS (kW) deterministic
ESC (kW) deterministic
Qoil (kW) deterministic
Qccs (kW) deterministic

GGT (Sm3/h) deterministic
GEFB (Sm3/h) deterministic
GPre (Sm3/h) deterministic

DGT (kg) deterministic
DEFB (kg) deterministic

P1 uncertain
LE uncertain
LH uncertain

At present, gas turbines are widely used in offshore platforms, and there are many products to
choose from the market. However, technologies such as CCS\ORC\WHRU have not been widely
used in offshore engineering and there are quite few units to choose from, which can be customized
according to the conditions. When selecting equipment, the load rate is often selected as reference
indicator. The higher the load rate, the better the economy, but the load rate is not allowed to exceed
0.95. Equation (49) is equation for calculating the load rate:

r =
op
dp
× 100% (49)

Hence, in step two, the model and combination of the equipment are determined according to the
load rate.

Finally, average annual cost and annual emissions for each year in the planning period are
calculated based on the design parameters selected, leading to fTTC and fTCDE in the planning period
for the offshore platform. The multi-objective genetic algorithm NSGAII and Monte Carlo simulation
are used in this paper to solve the problem, and statistical sampling and probability distribution
functions are used to simulate the effects of uncertain variables [35]. The flow chart of multi-objective
stochastic optimization is shown in Figure 6.
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Figure 6. The flow chart of multi-objective stochastic optimization.

5. Results

This study is based on an offshore oil extraction and processing site platform in the Bohai Sea
area. Figure 7 shows the estimated curve of electric and thermal load demands and associated gas
production for this platform in the coming 20 years. According to Figure 7a, electric load is over twice
the thermal load, indicating the gas turbine on this platform produces abundant residual heat from
flue gas. According to Figure 7a, load demand in the planning period varies significantly, with a
different reference load each year and culminating in the middle of the production period. To ensure
the planned equipment capacity can meet the load demand of the platform in any period, this paper
conducts verification against maximum reference load estimated for the offshore platform, i.e., electric
load of 44,157 kW, thermal load of 14,100 kW and associated gas production of 9000 Sm3/h. According
to forecast in Figure 7b, associated gas production is high in early production period but falls sharply
afterward, suggesting associated gas may fall short of the demand of gas turbine in the middle and
later periods of production, thus requiring diesel supply. Meanwhile, actual oil extraction may be
different from the plan, which must be considered in planning. This study assumes that the mean of
the random variables is ±10% of the predicted value, as shown in Figure 7a,b.
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Figure 8 shows IESs sensitivity analysis at maximum reference load. Figure 8a,b show analysis
of sensitivity of annual total cost and annual carbon dioxide emissions. The standard deviation of
random variables are 0.001–0.002 times the mean values, and confidence level of chance constraint
discussed in this paper are 0.85–0.95. Figure 8a,b show an increase in either joint distribution variance
or confidence level of chance constraint leads to a rise in annual total cost and annual carbon dioxide
emissions. Therefore, to address the uncertainty in offshore production and load, more investment
needs to be made into the system to ensure stable production; meanwhile, ignoring the uncertainty in
process and load may make IESs unable to satisfy the requirement of stable production. Since offshore
platform IESs require high levels of safety and stability, this paper conducts optimization under a
chance constraint confidence level of 0.95 and variance of 0.002.
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Figure 8. Analysis of IESs sensitivity under maximum reference load in 2026 (a) annual total cost; (b)
annual carbon dioxide emissions.

In a complicated and ever changing process of actual oil extraction, the changing gas-oil ratio and
oil-water ratio make accurate forecast of associated gas production impossible, with an impact on IESs
operating cost and CO2 emissions. In addition, the electricity and thermal consumption of the offshore
platform depends mainly on the real-time operating conditions of OEPS. Figure 9 shows data samples
of correlations between associated gas production and electric load (Figure 9a), between associated
gas production and thermal load (Figure 9b), between electric load and thermal load (Figure 9c).
Distributed data closer to center line suggests a higher correlation between variables. It can be seen
from the Figure 9 that the electric and thermal loads are highly correlated to each other, while they
have roughly the same correlation with the associated gas.
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Figure 9. Data samples of correlation between random variables at maximum reference load in 2026:
(a) associated gas production and electric load; (b) associated gas production and heat load; (c) heat
load and electric load.

This paper adopts three methods to planning and design of energy supply system for this platform.
Method 1 is an existing method for offshore platform; its energy supply system is Combined Heat and
Power (CHP) system consisting of dual-fuel gas turbine and waste heat boiler; its equipment capacity
is calculated using the method specified in design code [6]. This method is deterministic planning.
Moreover, Method 1 takes account of only cost-effectiveness while CO2 emissions are not considered.
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Method 2 offers a stochastic planning method that takes account of random effects of electric and
thermal loads and associated gas production, on the basis of Energy-Hub model as shown in Figure 4.
Method 3 offers a stochastic planning method that takes account of correlation between IESs and OEPS,
on the basis of Generalized Energy and Material Flow Model (GEMFM) as shown in Figure 2.

Figure 10 shows the planning results of annual average cost and annual emissions using the
three methods at maximum reference load. According to Figure 10, the results of methods 2 and 3 are
better than those of Method 1, because: Method 1 is deterministic, requiring large spare capacity to
ensure stability in energy supply for OEPS; in comparison with IESs, CHP is free of low-temperature
waste heat recovery device (ORC) and emission reduction measures (CCS), resulting in more energy
consumption and CO2 emissions in Method 1 than in methods 2 and 3. Figure 10 also suggests better
results from Method 3 than from Method 2. This is because: when fluctuation in associated gas
production affects electric and thermal loads of IESs, IESs can quickly respond to load fluctuation
through SC charging/discharging to meet the electricity demand of OEPS; the cascaded utilization
of waste heat and diesel coordination and compensation in IESs weakens the secondary impact of
fluctuation in associated gas production on load. Therefore, it is helpful to consider the impact of IESs
-OEPS correlation on IESs optimization.
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Figure 10. Comparison of results from the three methods.

Table 2 shows the power and heat dispatch in energy system using three methods under maximum
reference load. According to Table 2, in Method 1, the dual-fuel gas turbine and waste heat boiler
undertake all energy supply on the offshore platform; in methods 2 and 3, mixed gas turbine supplies
about 90% of electricity for the platform as core equipment of power supply, while ORC supplies
about 12% of electricity using low temperature waste heat power generation. High temperature waste
heat from the gas turbine is far greater than all the heat IESs needs, so the waste heat boiler can meet
thermal load for the platform without refueling. Low temperature waste heat available to ORC is in a
large amount, but low temperature heat sources are not fully used due to restrictions on ORC efficiency.
Pre-CO2 and CCS processes consume about 5.8% of electricity; CCS process consumes about 6.8% of
heat energy.

Table 3 shows the comparison of energy system performances using three methods under
maximum reference load. According to Table 3, total power generating capacity and heat generating
capacity in methods 2 and 3 are larger than in Method 1, consuming less total calorific value of fuel
than in Method 1. This is because IESs generates power using low and medium temperature tail gas
from the boiler through ORC, resulting in higher energy efficiency and lower fuel consumption. In this
case, associated gas production is not enough to meet the fuel demand of gas turbine, so diesel needs
to be supplied. To ensure stable energy supply, the use ratio of associated gas is set as 0.9 or smaller
(taken as 0.9 in this paper) while the unused portion is burned off.



Energies 2019, 12, 756 17 of 28

Table 2. Power and heat generation/consumption of units using three methods at maximum reference
load in 2026.

Unit Method1 Method2 Method3

GT-power generation (kW) 44,157 41,311–41,351 41,090–41,106

GT-high temperature waste heat
generation (kW) 37,850 35,409–35,443 35,220–35,234

EFB-thermal generation (kW) 14,100 15,951–16,040 15,813–15,869

EFB-low temperature waste heat
generation (kW) 25,328 23,694–24,022 23,367–23,373

ORC-power consumption (kW) - 5923.5–6005.5 5841.5–5843.2

Pre-CO2-power consumption (kW) - 1883.8–1968.9 1772.3–1784.2

CCS-power consumption (kW) - 650.2–886.7 559.5–764.7

CCS-thermal consumption (kW) 1050.5–1240.0 913.4–1169.3

Carbon dioxide capture (kg) - 2539.8–3460.9 2185.5–2987.1

SC-power generation (kW) - 25–40 22–35

Table 3. Comparison of energy system performances using three methods at maximum reference load
in 2026.

Criteria Method1 Method2 Method3

Total power generation (kW) 44,157 47,034–47,356 45,932–46,149
Total thermal generation (kW) 14,100 15,951–16,040 15,213–15,469

Associated gas consumption (Sm3/h) 8100 8530–8633 8450–8470
Diesel oil consumption (kg) 3485 2463–2471 2256–2282

Figure 11 shows distribution of optimal solution set using Method 3. According to this figure,
annual carbon dioxide emissions and annual total cost are in conflict with each other, forming a
non-dominated relationship. The best solution is pointed by the red arrow. Table 4 gives equipment
components of energy system and the capital cost of the equipment components in the three methods.
This article selects a co-firing gas turbine made by Siemens, which specific parameters are shown in
Appendix C.
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Table 4. Equipment components of energy system and the capital cost.

Unit Method1 Method2 Method3 Ref.

GT-size 2 × 27,200 (kW) 32,200 (kW) + 14,320 (kW) 32,200 (kW) + 14,320 (kW)
GT-capital cost 450 ($/kW) 450 ($/kW) 450 ($/kW) [6]

EFB-size 3 × 5232 (kW) 2 × 5232 (kW) + 6977 (kW) 2 × 5232 (kW) + 6977 (kW) [6]
EFB-capital cost 3 × 32 × 104 $ 2 × 32 × 104 $ + 38 × 104 $ 2 × 32 × 104 $ + 38 × 104 $ [6]

ORC-size - 6000 (kW) 6000 (kW)
ORC-capital cost - 1.33 × 106 ($) 1.33 × 106 ($) [36]

SC-size - 30 (kW) 25 (kW)
SC-capital cost - 143 ($/kW) 143 ($/kW) [37]

CCS-size - 3.0 (tons/h) 2.5 (tons/h)
CCS-capital cost - 1.35 × 106 ($) 1.24 × 106 ($) [38]
Total capital cost 2.51 × 107($) 2.47 × 107 ($) 2.46 × 107 ($)

Table 5 presents proportions of electricity and heat consumed by five subsystems of the offshore
platform OEPS under maximum reference load in 2026. The drilling and mining system consumes the
most electricity exergy, because the electric submersible pump for extraction of mixed fluid consumes
large amounts of electricity. Crude oil process system consumes the most heat exergy because its
three-phase separation unit and crude oil processing unit need large amounts of heat to meet the
requirements for mixed fluid separation and crude oil processing.

Table 5. Proportions of electricity and heat consumed by five subsystems of the offshore platform OEPS.

Systems Power Percentage (+10%) Thermal Percentage (+10%)

Drilling and mining 46.5% 28.6%
Crude oil process 31.4% 64.3%

Natural gas system 6.4% 3.1%
Water treatment 10.2% 0
Living-quarters 5.5% 4.0%

Total 100% 100%

Table 6 shows the exergy consumption of OEPS five subsystems using three methods under
maximum reference load. According to Table 6, OEPS consumes more heat and electricity exergy
in methods 2 than in Method 3. The underline reason is that the associated gas production is less
and OEPS process less oil and gas when the correlation is considered, hence it consumes less exergy
energy. Figure 12 shows the dispatch of associated gas in the three methods. According to Figure 12,
the dispatch of associated gas can be divided into two parts: one part is delivered to IESs for power
generation whereas the other is burned off. In general, comparison with Method 390 Sm3/h more
associated gas are allocated to IESs by Method 2, which means 332.5 kW of exergy, but it consumes
more 1844 kW.

Table 6. Exergy consumption (kW) of OEPS five subsystems using three methods under maximum
reference load in 2026.

Systems Method1 Method2 Method3

Power Thermal Power Thermal Thermal Thermal

Drilling and mining 20,533 4033 21,662 4254 21,010 4227
Crude oil process 13,865 9066 14,623 9565 14,188 9278

Natural gas process 2826 437 2982 461 2892 447
Water treatment 4504 0 4753 0 4609 0
Living-quarters 2429 564 2562 595 2485 577

Total 44,157 14,100 46,582 14,875 45,184 14,429
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Table 7 gives the comparison of total cost and total CO2 emissions in a 20-year planning period
using the three methods. Method 3 entails the minimum total capital cost, total maintenance cost,
total operating cost and total CO2 emissions over the planning period, because it significantly cuts
acquisition and installation costs for gas turbine and requires minimum diesel consumption over the
planning period. Compared with Method 1, Method 2 can reduce 11.21% and 12.4% the total cost
and CO2 emissions, respectively. And the reduction of total cost and CO2 emissions are 18.9% and
17.3% by Method 3, respectively. Hence, Method 3 is the most economy and environmental friendly
planning method.

Table 7. Total cost and total CO2 emissions in a 20-year planning period using the three methods.

Parameters Method1 Method2 Method3

Total maintenance cost ($) 6.93 × 105 6.72 × 105 6.69 × 105

Total operating cost ($) 2.57 × 108 2.24 × 108 2.05 × 108

Total cost ($) 2.82 × 108 2.49 × 108 2.30 × 108

Total carbon emission (tons) 4.69 × 106 4.08 × 106 3.88 × 106

6. Conclusions

Studies on optimization and uncertainty of the integrated energy system have become a hot topic.
This paper investigates the long-term plan and uncertainty of IESs for offshore platforms. It is found
that the uncertainty produced in the OEPS of the offshore platform leads to fluctuations of input
energy and load in the IESs of the offshore platform, and it is the key factor for the IESs uncertainty.
OEPS and IESs are closely related in terms of structure, specifically, OEPS is the “electric and thermal
loads’ for IESs, while IESs is the “associated gas load” for OEPS. As a result, the input energy and load
uncertainty of IESs are relevant, which is the characteristic of the offshore platform. Regarding this
characteristic, a generalized energy and material flow model comprising energy-hub, process-hub and
feedback-hub is proposed in this paper. An input/output conversion matrix is established according
to energy conservation, exergy equilibrium and material conservation theories. It can address the
special structure of coupled output and input ends of energy-material flow. Besides, the proposed
model can analysis the uncertainty and correlation in each process. What’s more, a multi-objective
stochastic planning method is developed to achieve the system’s optimization.

IESs obtained according to the proposed method highlights thermal-electric coupling and
cascaded utilization of waste heat. The high-temperature waste heat from gas turbine is used to
meet heat load requirements and the low-temperature waste heat is used for power generation to
bridge the gap due to the decreased capacity of gas turbine and adoption of CCS. Introduction of ORC
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could reduce the installed capacity of gas turbine, thus cutting IESs construction and maintenance
costs. Planning results in this paper represent 17.3% less CO2 emissions due to less use of primary
energy and deployment of CCS.
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Nomenclature

Sets and Indices

L the set of energy outputs
P the set of energy inputs
C the coupling matrix of the Energy Section
S the set of energy storages
Pm the mth input energy carrier of the Energy Section
Ln the nth output energy carrier of the Energy Section
cnm the coupling factor which defines the coupling between Pm and Ln

O the set of the production outputs
U the set of non-energy inputs
Z the coupling matrix of the Process Section.
Eθ the sub-matrix which reflect the relationship between energy and energy
Eτ the sub-matrix which reflect the relationship between energy and non-energy
Zπ the sub-matrix which reflect the relationship between non-energy and energy
Zψ the sub-matrix which reflect the relationship between non-energy and non-energy
Um the mth non-energy inputs to the Process Section
Hr the rth output energy carrier of the Process Section
Fn the nth output non-energy carrier of the Process Section
ern/znn the coupling factor which defines the coupling of an energy-material coupling element (EMCE)
ukj the kth non-energy input of the jth EMCE
lwj the wth energy input of the jth EMCE
fjj the jth non-energy output of the jth EMCE
hjj the jth energy output of the jth EMCE
I the sets of energies imported to the Energy Section
B the feedback matrix
bnm the feedback factor between Om and Ln

Parameters and Variables

Ex electricity generation or consumption of unit x
Gx associated gas input to unit x
VAS calorific value of associated gas, 38 MJ/Sm3

VDO calorific value of diesel oil, 42 MJ/kg
ηE

x electricity conversion efficiency of unit x
ηQ

x electricity conversion efficiency of unit x,
Dx diesel oil input to unit x
H2 hydrogen inputs
CDEx CO2 emission of unit x
λx(.) emission function of the input material x
Qx heat generated/consumed by unit x
δx(.) heat function of the input material x
αx waste heat utilization ratio by x
σpre(Gpre) power consuming function of Pre-CO2
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Rh(Gpre) hydrogen generation function of Pre-CO2

kE
CCS electrical consumption of CCS, 0.256 kW/kg

kQ
CCS heat consumption of CCS, 0.38 kW/kg

LE the electricity output of the energy section
LH the heat output of the energy section
LCDE the CO2 output of the energy section
P1 the total amount of associated gas input
P2 the total diesel input
EXx_k kinetic exergy of material flow x
EXx_p potential exergy of material flow x
EXx_ph physical exergy of material flow x
EXx_ch chemical exergy of material flow x
EX x_P product exergy for EMCE i
EXi_U utilized exergy for EMCE i
EX i_L exergy loss for EMCE i
EX i_D exergy destruction for EMCE i
EX o_x output exergy of material flow x
EX br_x input exergy of material flow x
mx mass flow rate of fluid x
vx flow speed of fluid x
g gravitational acceleration
H relative height of fluid x
h specific enthalpy
s specific entropy
T0 the ambient temperature
R molar gas constant on material flow x
P0 function of environmental pressure
P00 partial pressures of material flow x
ωi coefficients of electricity consumed by EMCE i
ξi coefficients of heat consumed by EMCE i
ox output material flow x of EMCE i
θx the coefficient of converting
Uy input material flow y of EMCE i
Oi output matrix of EMCE i
Zi EMCE matrix of EMCE i
Ui input matrix of EMCE i
QXo-x mass flow rate of fluid x
GXo-x volume flow rate of fluid x
VXo-x output speed of fluid x
Pa0 ambient pressure
Pax-1 inlet pressure of fluid x
Pax-2 outlet pressure of fluid x
Tx-1 inlet temperatures of fluid x
Tx-2 outlet temperatures of fluid x
Hexows average liquid depth
Cpx-1 constant-pressure specific heat of fluid x at inlet
Cpx-2 constant-pressure specific heat of fluid x at outlet
c(.) probability density function of Copula
ui the specific value of the ith uniformly distributed random variable
Acov covariance matrix
I unit matrix
qi normal integral
q vector quantity comprising qi
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Φ−1 inverse cumulative distribution function
fTTC total cost
fTCDE total carbon dioxide emissions
Y project planning period
fTAC

y annual total cost in the yth year
fCDE

y annual carbon dioxide emissions in the yth year
fCC

y capital cost in the yth year
fMC

y maintenance cost in the yth year
fOC

y operating cost in the yth year
Ieq equation constraint set
Ieqmax upper limits of inequation constraint set
Ieqmin lower limits of inequation constraint set
Pr{.} probability of satisfied inequation in {.}
ωi gas flow at node i
ωi

max upper limits of gas flow at node i
ωi

min lower limits of gas flow at node i
Ps,i injection power at node i
Ps,i

max upper limits of injection power at node i
Ps,i

min lower limits of injection power at node i
Ms,i supply mass flow rate at node i
Ms,i

max upper limits of supply mass flow rate at node i
Ms,i

min lower limits of supply mass flow rate at node i
β confidence level of chance constraint
r the rate load
op operating power
dp design power

Abbreviations

GT Co-firing gas turbines
EFB exhaust-fired-boilers
ORC organic Rankine cycle
CCS CO2 capture and storage system
SC super-capacitor
AS Associated gas
DO Diesel oil
Pre Pre-CO2 capture unit
CDE carbon dioxide emissions
DM the drilling and mining unit
ws well stream
CR-sep the three-phase separation unit
CR-oil the crude oil process unit
NG-tr the natural gas treatment unit
NG-co the natural gas compression unit
WT the water treatment unit
LQ the living-quarters unit

Appendix A

Appendix A.1. Exergy Formula for DM

EXo−ws = QXo−ws(Paws2 − Pa0)
T0

Tws2
+ GXo−wsgHexo−ws +

1
2

GXo−wsVX2
o−ws (A1)

EXbr−ws = QXbr−ws(Paws1 − Pa0)
T0

Tws1
(A2)
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EXDM−P = EXo−ws − EXbr−ws (A3)

EXDM−U = ωDM LE (A4)

EXDM−D = δDMEXDM−U . (A5)
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Appendix A.2. Exergy Formula for Crude Oil Process System

Appendix A.2.1. Exergy Formula for CR-sep

EXCR−sep−P = EXo−mix−oil + EXo−mix−gas + EXo−mix−gas − EXo−ws (A6)

EXo−mix−oil = QXo−mix−oil(Pamix−oil2 − Pa0)
T0

Tmix−oil2
+ GXo−mix−oil gHexo−mix−oil +

1
2 GXomix−oilVXo−mix−oil

2 (A7)

EXo−mix−wa = QXo−mix−wa(Pamix−wa2 − Pa0)
T0

Tmix−wa2
+ GXo−mix−wagHexo−mix−wa +

1
2 GXo−mix−waVXo−mix−wa

2 (A8)

EXo−mix−gas = QXo−mix−gas(Pamix−gas2 − Pa0)
T0

Tmix−gas2
+ GXo−mix−gasCpmix−gas2[(Tmix−gas2 − T0)− T0 ln Tmix−gas2

T0
] (A9)

EXCR−sep−U = ωCR−sepLE + ξCR−sepLH (A10)

EXCR−sep−D = εCR−sepEXCR−sep−U . (A11)
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Appendix A.2.2. Exergy Formula for CR-oil

EXCR−oil−P = EXo−oil − EXbr−oil (A12)

EXbr−oil = EXo−mix−oil (A13)

EXo−oil = QXo−oil(Paoil2 − Pa0)
T0

Toil2
+ GXo−oil gHexo−oil +

1
2

GXo−oilVXo−oil
2 (A14)

EXCR−oil−U = ωCR−oil LE + ξCR−oil LH (A15)

EXCR−oil−D = εCR−oil EXCR−oil−U . (A16)
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Appendix A.3. Exergy Formula for Natural Gas System

Appendix A.3.1. Exergy Formula for NG-tr

EXNG−tr−P = EXo−NG−tr−gas − EXbr−mix−gas (A17)

EXbr−mix−gas= GXbr−mix−gasCpmix−gas1[(Tmix−gas1 − T0)− T0 ln Tmix−gas1
T0

] + QXbr−mix−gas(Pamix−gas1 − Pa0)
T0

Tmix−gas1
(A18)

EXo−NG−tr−gas= GXo−NG−tr−gasCpNG−tr−gas2[(TNG−tr−gas2 − T0)− T0 ln TNG−trgas2
T0

] + QXo−NG−tr−gas(PaNG−tr−gas2 − Pa0)
T0

TNG−tr−gas2
(A19)

EXNG−tr−U = ωNG−tr LE (A20)

EXNG−tr−D = εNG−trEXNG−tr−U (A21)
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Appendix A.3.2. Exergy Formula for NG-co

EXNG−co−P = EXo−NG−co−gas − EXbr−NG−co−gas (A22)

EXbr−NG−co−gas= GXbr−NG−co−gasCpNG−co−gas1[(TNG−co−gas1 − T0)− T0 ln TNG−co−gas1
T0

] + QXbr−NG−co−gas(PaNG−co−gas1 − Pa0)
T0

TNG−co−gas1
(A23)

EXo−NG−co−gas= GXo−NG−co−gasCpNG−co−gas2[(TNG−co−gas2 − T0)− T0 ln TNG−co−gas2
T0

] + QXo−NG−co−gas(PaNG−co−gas2 − Pa0)
T0

TNG−co−gas2
(A24)

EXNG−co−U = ωNG−co LE (A25)

EXNG−co−D = εNG−coEXNG−co−U (A26)
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Appendix A.4. Exergy Formula for Water Treatment System

EXWT−P = EXo−wa − EXbr−mix−wa (A27)

EXbr−wa= GXbr−waCpwa1[(Twa1 − T0)− T0 ln
Twa1
T0

] + QXbr−wa1(Pawa1 − Pa0)
T0

Twa1
(A28)

Eo−wa= GXo−waCpwa2[(Twa2 − T0)− T0 ln
Twa2
T0

] + Qo−wa(Pawa2 − Pa0)
T0

Twa2
(A29)

EXWT−U = ωWT LE (A30)

EXWT−D = εWT EXWT−U . (A31)
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Appendix A.5. Exergy Formula for Living-quarters System

EXswa−LQ−P = EXo−swa − EXbr− f wa (A32)

EXbr− f wa= GXbr− f waCp f wa1[(Tf wa1 − T0)− T0 ln
Tf wa1

T0
] + QXbr− f wa(Pa f wa1 − Pa0)

T0
Tf wa1

(A33)

EXo−swa= GXo−swaCpswa2[(Tswa2 − T0)− T0 ln
Tswa2

T0
] + QXo−swa(Paswa2 − Pa0)

T0
Tswa2

(A34)

EXLQ−U = ωLQLE + ξLQLH (A35)

EXLQ−D = εLQEXLQ−U (A36)
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Appendix B

Appendix B.1. Input/Output Material Conversion Relationship for Crude Oil Process System

omix−oil = θmix−oilows (A37)

omix−gas = θmix−gasows (A38)

omix−wa = θmix−waows (A39)

ooil = θoilomix−oil (A40)



Energies 2019, 12, 756 26 of 28

Appendix B.2. Input/Output Material Conversion Relationship for Natural Gas System

oNG−tr−gas = θNG−tr−gasomix−gas (A41)

oNG−co−gas = θNG−co−gasoNG−tr−gas (A42)

Appendix B.3. Input/Output Material Conversion Relationship for Water Treatment System

owa−WT = θwa−WTomix−wa (A43)

Appendix B.4. Input/Output Material Conversion Relationship for Living-quarters System

oswa−LQ = θswa−LQU f wa (A44)

Appendix C

Table A1. The characteristics of 26 MW to 35 MW gas turbine.

Type SGT-A35 SGT-A35
(GT62)

SGT-A35
(GT61)

SGT-A35
(GT30)

SGT-A35
(GT30)

Power output (MW) 27.2 29.9 32.1 31.9 32.2
Gross efficiency (%) 36.4 37.5 39.3 37.3 37.5
Heat rate (kJ/kWh) 9904 9589 9159 9644 9611

Exhaust mass flow (kg/s) 91.0 95.0 94.0 99.2 99.8
Exhaust temperature (◦C) 501 503 509 504 503

Table A2. The characteristics of 11MW to 15MW gas turbine.

Type 11 MW Version 13 MW Version 15 MW Version

Power output (MW) 10.36 12.9 14.32
Gross efficiency (%) 34.8 34.8 35.4
Heat rate (kJ/kWh) 10342 10355 10178

Exhaust mass flow (kg/s) 33.8 39.4 44.0
Exhaust temperature (◦C) 508 555 540
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