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1. Introduction

Alongside increasing use of renewable energy, the annual energy consumption of petroleum in
Indonesia is steadily rising, and it is projected to reach 496,090,105 Barrels of Oil Equivalent (BOE) in
2021 [1]. The Indonesian Government is actively pursuing methods to meet its petroleum needs,
including independent exploration and exploitation of petroleum reserves through national or
multinational business entities. The map (Figure 1) illustrates the allocation of the Indonesian
Government's endeavors as indicated by the distribution of exploration wells in Indonesia, suggesting
that offshore oil/gas activities play significant roles.
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Fig. 1. Exploration oil/gas well distribution map [2]

Offshore oil/gas exploration and production require infrastructure supporting the system,
typically consisting of offshore platforms and associated facilities and pipelines. These platforms,
associated facilities, and pipelines pose environmental and economic concerns from construction to
operation and post-operation. Hundreds of oil/gas offshore platforms that have completed
operations in Indonesia must be dismantled or decommissioned as required by the regulations [3,4].

High decommissioning costs become a significant obstacle for operators and the Indonesian
government, where the price of dismantling a typical offshore platform facilities is estimated to reach
about USS 6 million - USS 7 million [5]. In Indonesia, the decommissioning of oil and gas structires
must be carried out based on Ministry of Energy and Mineral Resources (ESDM) Regulation No.
15/2018. This regulation define post-operation activities as a series of activities for dismantling
equipment, installations and supporting facilities including permanent healthy closure, site
restoration, and handling the disposal or transfer of equipment, installations, and facilities in oil and
gas upstream business activities.

The offshore platforms constructed before 1994 did not require operators to prepare
decommissioning costs during the production phase [6,7]. However, such decommissioning is needed
to remove parts above the surface for components and equipment that are otherwise harmful to the
environment and shipping traffic or to submerge parts that are safe for the environment, such as fish
aggregating devices (FADs), etc. [8,9].
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In this context, an innovative decommissioning approach may reduce costs, such as reusing the
post-operation offshore oil/gas pipeline (POGP) [10]. This action can support energy transition as one
of Ocean Energy type [11-13]. Furthermore, reusing such a POGP as a cold-water pipe (CWP) might
result in less investment for an Ocean Thermal Energy Conversion (OTEC) system. According to
research by Vega [14], the CWP forms about 13% of the investment cost in the OTEC system .
Therefore, depending on a careful design and comprehensive feasibility study, this initiative could
offer double the potential cost reductions in POGP decommissioning and OTEC development.

In the OTEC system, a CWP is a pipe used to draw cold seawater from the deep sea to the surface,
either offshore or onshore, for thermodynamic processes in the power plant to produce electrical
energy [15,16]. For a typical OTEC design, drawing 5 °C cold seawater from a depth of about 900 m
requires a CWP longer than this depth because of the nature of bathymetry of the seabed from the
point of the 900 m depth to the surface at the OTEC power plant onshore. In cases of reuse of the
POGP, this length could typically be more than 60 km, during which the flow of the cold seawater in
the CWP will gradually be exposed to the ambient temperature through the thickness of the pipe.
Since the ambient temperature gets warmer as the water depth is closer to the seawater surface,
the cold seawater in the CWP will theoretically be warmer as it moves from the deep sea to a distance
closer to the surface at the onshore OTEC power plant.

For optimal efficiency, typical OTEC sytems are designed for temperature difference of 20 °C
between the deep cold seawater and the sea surface [17,18]. For this reason, an analysis of the
temperature distribution of the fluid in the CWP is required to obtain the temperature of the fluid
mass flowing in the pipeline reaching the terminal at the OTEC power plant onshore. Therefore, one
of the critical needs in the required feasibility study is to assess the temperature changes in the fluid
flowing in CWP from the deep sea to the surface.

This assessment is even more critical considering that in the previous research on this related
topic, the temperature distribution in CWP is usually regarded as insignificant and then neglected in
the design of power plants using OTEC systems. This is because it is normally assumed that the the
vertical CWP length is about 900 m or less for an offshore system, for which the temperature change
within an insulated CWP may typically be less than 1 °C. However, no potential onshore OTEC sites
in Indonesia has been identified requiring 900 m or less CWP length [19-21]. In fact, in cases of reuse
of POGP, it is practically impossible to install insulation as usually required because the POGP has
been on the seabed before reuse as a CWP.

The above conditions and the pipe length of 60 km or more have raised a question on how this
may affect the temperature changes in the cold seawater in the CWP as well as the suitability of such
cold seawater for the OTEC system. Therefore, this paper aims to assess the potential reuse of POGP
as a CWP in an OTEC system by considering the temperature change in the cold seawater in the CWP
to deliver a designed power capacity of an OTEC system. A heat and fluid dynamics approach using a
Computational Fluid Dynamics (CFD) method was employed in the analysis, as shown in the following
sections.

2. Data Analysis
2.1 The Case Under Consideration
2.1.1 Location of post-operation platform and pipeline

The location under consideration is in Makasar Strait, East Kalimantan Province, Indonesia. This
was based on permits issued by the Indonesian Government through the Ministry ESDM and the
Coordinating Ministry for Maritime Affairs and Investment on February 1, 2022, regarding
decommissioning of platform production facilities by converting offshore oil and gas platforms into
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become artificial coral reefs. The post-operation facilities were dismantled in East Kalimantan in the
Attaka-l, Attaka-UA, and Attaka-EB [22]. The permits give rise to opportunities for other oil and gas
platform equipment reuse, such as for OTEC in the same area. The POGP ,located in West Seno, East
Kalimantan, is used to transport il and gas to the Santan terminal managed by Indonesia Oil Company
[23].

The depth of the sea influences the difference in surface temperature, and the temperature in
the depths of the sea is greatly influenced by the local climate, which affects the duration of sunlight
that is reflected and absorbed by seawater, resulting in the differences between temperature at the
sea surface and at the sea bottom [24]. Based on this, secondary bathymetric data was collected for
alternative research locations using GIS data issued by the British Oceanographic Data Center (BODC)
in ASCIlI format. Using the Global Mapper application, the data was input as a map theme at
alternative locations in East Kalimantan Waters. Figure 2 shows the bathymetry map of water depth
at the oil and gas platform locations, at depth interval of 60 m. Alternative 2 (West Seno Block) has
better potential because the oil and gas platform is located at a water depth of 900 m compared to
other options 1 (Attaka I) and 3 (Attaka Il), which are in shallow water ofless than 100 m. According
to data from the Ministry of Energy and Mineral Resources, the cooperation contract at Alternative
Location 2 will end on December 3, 2027 [25]. Due to the deep water at the site, Alternative 2 is
believed to have a difference between the bottom and surface temperatures suitable for OTEC
system.
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Fig. 2. Bathymetry of the research location
2.1.2 Temperature of deep seawater
Indonesia has a tropical climate that gets sunlight almost all year round, and the average surface
seawater temperature is 27 to 31°C [24]. The depth-temperature profile in the North of Makassar

Strait near alternative 2 (West Seno Block) location is shown in Figure 3 [26]. It shows temperature
differences of more than 20°C between the surface and depth of 900m.
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Fig. 3. Monthly Average Sea depth-temperatures profile in the North of
Makassar Strait 2009-2018 [26]

The data in Figure 3 represents the recorded measurements of seawater depth and temperature
collected using the conductivity, temperature, and depth (CTD) probe. From October to March, the
average surface temperature was 28.5°C, while, the surface temperature is higher from April to
September, with an average of 29.5°C. Different temperatures can happen because the west
monsoon blows from October to April, namely when the sun's apparent position is in the southern
hemisphere, while the east monsoon blows from April to October [26]. The temperature measured
at a depth of 900 meters below the sea surface is almost constant at 5.1°C. This paper assumes that
variations in CWP depth occur at a rate of 100 meters per unit of seawater depth, which subsequently
affect changes in seawater temperature. The length of the CWP is divided into segments of 6000 m
each, with a total of ten segments. This division is used to calculate the heat transfer in the water
mass within the CWP using the seawater temperature [27].

2.2 Cold Water Pipe (CWP)

The material used in this research is a conventional 12-inch steel pipe commonly employed in the
oil and gas industry, adhering to the API 5L specifications [23]. This study compares various pipe
thicknesses based on the API 5L X52 pipe schedule. The subsequent information as shown in Table 1
outlines the specifications of the CWP material utilized in this paper:

Table 1

Specifications of material [28]

No Parameter APIS5 L

1.  Mass Density 7840 Kg/ M3

2. Thermal Conductivity 42 W/ m.K

3.  Specific Heat 430/ Kg.K

4.  Outside Diameter 323.8 mm

5.  Thickness Sch 80: 17. 48 mm; Sch 100 : 21.44mm; Sch 120 : 25.4 mm
6. Yield Strength 360 Mpa

7.  Tensile Strength 460 Mpa
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2.3 CWP Condition

Currently, the deep-sea oil and gas distribution pipeline that will be used as the CWP at alternative
location 2 has been in operation for more than 20 years, starting from the year 2003 [29,30]. Based
on the information, it is likely that the oil and gas distribution pipeline that will be used as the CWP
has undergone degradation due to operational and environmental factors, one form of which is
uniform/general corrosion. The inspection data from the oil and gas distribution pipeline at
alternative location 2 in the year 2008 is presented in Table 2.

Table 2

Inspection pipe defect in Location of Alternative 2 in 2008 [31]

ID Location Pressure operation  Pipe defect depth (d) Measured pipe

defect length (Lm)

(Mpa) (%t) (mm) (mm)

IP-1 59500 15.86 6.34 1.11 59.5

IP-2 59420 7.14 1.25 80

IP-3 59380 4,51 0.79 40

P-4 59250 9.48 1.66 130

3. Method
3.1 CWP Corrosion Rate and Remaining Life

The prediction of future pipe defects in order to estimate the remaining life of the pipe is obtained
by using a consistent assessment of the corrosion rate (CR) [32]. Defect parameters at a particular
time, such as the length and depth of corrosion, can be evaluated with the corrosion rate obtained
on an annual basis in this study, calculated linearly [33]. In this study, the CR value is assumed to be
constant each year. The corrosion rate value on the pipe is analyzed using Standard APl 570 with Eq.
(1) as follows [34,35]

Corrosion Rate (CR) = tinitial~tactual (1)
time
Where tinitial is the pipe thickness at the time of initial installation (mm), tactual is the pipe thickness at
the time of inspection, and time is the duration of measurement between the installation of the pipe
and the time of inspection (years).
The steps to estimate the remaining life of the pipe based on Standard APl 570 begin with
estimating the required thickness variable for the operating pipe (Thickness Required (t)) using Eq.
(2), as follows [34,35]

P.D

tr =% (2)
P is the design pressure (MPa), D is the outside diameter of the pipe (mm), S is the allowable

stress of the pipe (MPa), and E is the longitudinal weld efficiency. The next step is to estimate the

Remaining Service Life (RSL) of the pipe using the following equation [34,35]

RSL — _ tinitial=tr (3)

Corrotion rate
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3.2 Conceptual Design of Closed System OTEC

The OTEC system design uses a closed Rankine cycle, which utilizes a working fluid with a boiling
point far below sea water, which can be used to rotate the turbine to move the generator to run the
generator [36,37]. In this paper, the working fluid used is Ammonia (R717) because the heat transfer
coefficient is high compared to other working fluids such as R134A, R245FA, R152, and R600A, to
ensure optimal heat transfer on the condenser and the evaporator [38,39]. Designing the optimal
working range of the working fluid using R717 needs to be done based on the operational
temperature ladder of the OTEC system.

In Figure 4, the planned OTEC cycle is depicted, namely the working fluid in the pump to the heat
exchanger (evaporator) to change phase with heat transfer (1), the working fluid which has changed
phase from subcooled to saturation vapor and high temperature is used as a fluid to drive the turbine
(2), the fluid that comes out of the turbine has changed phase due to a decrease in pressure and
temperature into two phases is condensed to become a liquid (3) and the fluid that has become a
saturated liquid from the condenser is increased by pressure with a pump to go to the evaporator (4)
[40-42].
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Fig. 4. Conceptual OTEC system using R717 working fluid

The first step of the design begins by calculating the maximum OTEC power using the following
equation [36,37]

PcQqi€tg ,3y(AT)? 2 2.75 2
B, = sr(;itg ( zy(m) — 0.18(A Tyesign)” — 0.12 (g) (A Taesign)”) (4)
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Where p is the density of seawater (1025 kg/m?3), c is the specific heat of seawater (4.1806 kl/kg K),
Etg is the generator turbine efficiency (0.8), Qui is the 12-inch schedule 40 CWP discharge, which is
based on the continuity equation Qdi = Agi. Vai [43]. With pipe speed assumed to be 0.1 m/s, the
discharge is 0.007 m3/s, Tosi is the surface temperature minus the correction factor (27°C), y is the
ratio of warm water and cold water flow rates (+2), AT is the difference between warm water with
a correction factor and cold water with a correction factor (16.9°C) and ATgesign the difference
between warm water with a correction factor and cold water with a correction factor (14.4 °C). The
maximum power generated using a 12-inch CWP is £ 20 kW (Pn).

The second step of the design continues with knowing the working fluid flow requirements using
the mass balance equation, as follows [44]

Wnet = Thf (hz - h3) - mf (hl - h4)

. _ Wnet
Mwy = (hz—h3) — (hq1—hy) (3)

where Wnet is the planned power generated by the OTEC system, which is a maximum power of 20
kW (Eq. (2)), based on Table 5, it can be determined that the value of h2 is the enthalpy in position
2, namely 1627,100 kJ/Kg, h3, namely 1613,850 kJ/Kg, h1, namely 481,753 kl/ Kg and h4 are 396,290
ki/Kg. Based on Eq. (3), the design mass of the R717 working fluid (1) Is 0.2 kg/s.

The design continues by determining the need for mass flow of deep-sea water using the
following mass balance equation [44]

Qc = Qdi
my(hs — hy) = mg;. C. (Tg; — T¢) (6)
Based on Eq. (4), the design of seawater mass flow depth (mgi) is 45.4 kg/s.

The final step is to calculate the mass flow rate of surface seawater flowing in the warm
temperature pipe using Eq. (5), as follows [44]

Qe = QOS
mf(hz —hy) =1y C. (Tos; — Te) (7)
Based on Eq. (4), the deep seawater mass flow (mos|) design is 46.26 kg/s.
3.3 CWP Heat Transfers Analysis in CWP

The objective of this study was to perform a comprehensive analysis of heat and mass transfer to
collect data about the water temperature in the CWP. This analysis examined the fluctuations in
water depth on the CWP surface, which subsequently impacted the temperature of the seawater

flow within the CWP (Figure 5). The equations utilized in calculating heat and mass transfer
phenomena are presented as follows [44]:
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Fig. 5. Schematic of heat and mass transfer in CWP

Gs(L) = % (8)

hx ()] Lhg.

where G, (L)Is the heat flux along the pipe (w/m?); Tdi is the temperature of the seawater flow in the
pipe along the pipe (°C); T is sea water temperature (°C); hi(L) is the inside convection heat transfer
at x=L and h, is the convection heat transfer from seawater to the pipe surface. The equation used in
calculating the hy value is as follows

__4Amy,

Red = Dy (9)
_ *sp.. 03
Nup = 0.023Re, °Pry (10)
k
he(L) = Nug s (11

where Regis the Reynolds number of the pipe; mj, is the fluid flow in the pipe (kg/s); D is the pipe
diameter (m); W is viscosity dynamics (N.s/m?); Nupls the Nusselt number of the pipe; Pr; is the
Prandtl Number of the pipe, and k is the thermal conductivity (W/m.K). The equation used to
calculate the Ts (L) value is the temperature at the pipe surface (°C), as follows

Tqi—T-
Go(L) = £ 12
gs(L) %(L) (12)

3.4 Computational Fluid Dynamics (CFD) Analysis

To carry out the CFD analysis, the CWP was divided into 10 segments to make numerical
calculations easier [27]. The distance between location 2 in West Seno Block and the Santan terminal
on Kalimantan Island, is 60000 m (60km) at a depth of 900 m. The CFD analysis carried out in this
paper has assumed that the speed of seawater flow over the surface of the pipe is neglected.

CFD analysis is used to obtain seawater mass temperature values at the surface; the approach
used is finite volume [45]. The equation used in the software solver to assist with calculations is the
Navier-Stokes equation in the first law of thermodynamics, which calculates energy transfer, namely
heat, thermodynamic work, and mass transfer [46]. The general equation used in the solver is as
follows

p |5+ V. (hv)| = =22+ V.(kVT) + 0 (13)
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1

reg U V(UTyxy + UTxy + UTy,) (14)

a(E 1 dqy 0 9q;
oD+ (BeV) = =p.Vu— ==V (B +52+2%) +
where p is the density of seawater (Kg/m3); h is enthalpy (kJ/kg); t is time (s); p is pressure (atm); Et
is total energy (watts); q is heat flux (w/m?), and u is speed (m/s).

Discretizing the computational domain into a computational grid (or mesh) is essential for solving
discretized fluid flow equations. A grid dependency analysis aims to achieve an independent grid
solution. In a new study, the initial grid typically needs more resolution to capture the flow physics
accurately. For this study, a low-resolution initial grid was created, and the same meshing scheme
was used to generate higher-resolution grids. All simulations for the grid study were conducted using
the CWP with material API5L X52 12 Inch Schedule 80 at a seawater temperature of 5.1°C, a mass
flow rate of 45.4 kg/s, and a pressure of 1 bar. The results are presented in Table 3.

Table 3

Grid convergence study

No. Resolution (cell) Fluid Temp (K)
1 2,005,764 278.315

2 2,142,312 278,316

3 2,816,096 278.316

As shown in Table 3, the fluid temperature inside CWP between the first and third grids changes
insignificantly after the second grid. As a result, the third grid with a resolution of 2,816,096 cells was
selected as the base for all grids in this work.

4. Results and Discussion

The use of POGP as the CWP in the OTEC system requires a corrosion rate analysis to determine
adequate pipe thickness. Additionally, a remaining life service analysis needs to be conducted to
determine how long it can be used if utilized as the CWP in the OTEC system. Table 2 shows the
average reduction in POGP thickness over five years due to a corrosion rate of 1.20 mm). The results
of the CWP Corrosion Rate analysis using Eq. (1) show the corrosion rate over five years for each pipe
with different thickness (pipe schedule) as presented in Table 4.

Table 4

Corrosion rate

POGP API 5 L X52 t (mm) t-d (mm) CR (mm)/ years
Sch.80 17.48 16.28 0.24

Sch.100 21.44 20.24

Sch.120 25.4 24.2

The Remaining Service Life (RSL) calculation of POGP considers the corrosion rate occurring in the
pipe and calculates the remaining life of the pipe using Eq. (2) and Eq. (3). The calculation were made
using baseline data from the inspection of oil and gas distribution pipes at alternative location 2 in
2008 with a working pressure in the pipe of 15.86 MPa, while the end of the calculation period is in
2027 [25,31]. The results are shown in Table 5. The RSL of POGP at alternative location 2 indicates
that its use as the CWP in the OTEC system can last for more than 20 years, assuming the working
pressure as the CWP does not exceed 15.86 MPa.

62



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 123, Issue 1 (2024) 53-68

Table 5

Remaining Service Rate

POGP P tr Tinitial RSL
APISLX52  (Mpa) (mm) (mm) (Years)
Sch.80 15.86 7.13 17.48 24
Sch.100 21.44 41
Sch.120 25.4 57

The design results of the OTEC power plant using POGP using Eq. (4) to Eq. (7) show that the
theoretical power generated by API5L X52 pipes with an outer diameter of 12 inches is 20 kW. The
mass of low-temperature deep sea water is 45.4 kg/s to change the phase of the R717 working fluid
by 0.2 kg/s. Calculation verification was carried out using thermodynamics analysis software (Figure
6) and also the Korea Research Institute of Ships & Ocean Engineering (KRISO) 20 kW OTEC pilot plant,
where a flow rate of 44.85 kg/s was required to produce power of 20 kW [47].
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Fig. 6. Thermodynamics analysis of OTEC system

Heat transfer rate analysis on CWP using oil and gas distribution pipes was calculated using Eq.
(8) to Eq. (12). The object of this analysis is to obtain the heat transfer rate in the distribution pipe,
assuming that the CWP placement design is divided into ten segments; the CWP heat transfer rate
results with mass flow 45.6 kg/s are shown in Figure 6. The mass flow rate in the CWP affects the
heat transfer coefficient that occurs, where the mass flow rate in the CWP uses a Sch pipe. 40 has a
smaller heat transfer coefficient than Sch 120. The above happened due to Sch. 80 being thinner than
Sch. 120 (Table 2) with the same flow rate. Then, according to the law of continuity, the flow speed
is higher [43]. Increasing the flow velocity in the CWP increases the heat transfer coefficient [46].

In Figure 7, CFD analysis shows that CWP using API5L x52 12-inch sch 40 pipe experiences the
lowest temperature changes compared to pipes with other specifications because the heat transfer
coefficient value of Sch 80 is smaller than that of various types of pipes (Table 1). The flow of cold
deep-sea water with a mass flow rate of 45.4 kg/s along the 60 km distance to the Santan Terminal
on the island of Kalimantan causes a temperature increase of between 3 °C — 6 °C for the 12-inch
API5L X52 CWP (Figure 8 and Figure 9). The value of temperature changes due to heat and mass
transfer has been verified using data on temperature changes in subsea distribution pipes in the oil
and gas industry. The temperature changes occurring over a range of more than 60 km are
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significantly influenced by the flow rate of the fluid within the pipe. Distribution pipes generally
maintain a constant temperature distribution. In addition to the pipe flow rate, the position of the
oil pipe buried on the seabed also plays an essential role in ensuring heat transfer from the
environment [48,49]. Based on the above information, these assumptions and analyses can be used
primarily in designing CWPs for OTEC, which are built on land more than 60 km from potential ocean
thermal locations.
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Temperature differences at the CWP output substantially impact the pressure and temperature
of the working fluid used in the OTEC system. The increase in temperature influences the
performance of the OTEC system in the condenser between the working fluid and the cooling
medium [50,51]. The cold water temperature in the CWP is permitted to rise by less than 3°C to
enable its use in condensing the working fluid in the condenser [52]. According to Figure 8,
inaccurately estimating the temperature of the cooling fluid affects the pressure and temperature of
the working fluid in the closed OTEC system [53,54]. Utilizing the Conceptual OTEC system (Figure 4)
in the Sch variation of the API 5 L pipe resulted in a discrepancy in assumptions Table 6. Variations in
the working fluid's design quantity lead to changes in pressure, temperature, and the mass flow
requirements of the working fluid passing through the condenser. The selection of critical
components in the OTEC system, including the turbine, condenser, working fluid pump, and
evaporator, is significantly influenced by information about the temperature of the cooling medium.

Table 6
Comparison of simulation results and initial assumptions temperature in CWP on
working fluid in the condenser

Variable Assumed Working Fluid Result of Thermal and Fluid Dynamics
in Condenser [36] Simulation in Condenser
Sch. 80 Sch.100  Sch. 120
Temperature (°C) 11.4 10.9 11.6 11.6
Pressure (atm) 7.3 6.3 6.4 6.4
Enthalpy (kJ/kg) 1620.8 1613.4 1614.1 1614.1
Mass Flow (kg/s) 0.20 0.20 0.21 0.21

5. Conclusion

Thermal and fluid dynamics analyses for the cold seawater in the CWP of the OTEC system reusing
POGP has been performed in this paper. The results show that the reuse of POGP for the OTEC system
could offer an excellent opportunity for investment cost reductions because the POGP has a
remaining service life of over 20 years for CWP. However, temperature changes in cold seawater
temperature with POGP with no insulation are typically around 3 to 6 °C, depending on the technical
scenarios of the POGP. In this case, this system may deliver a power capacity of around 20 kW of
OTEC systems without an investment in the CWP. Reusing POGP for OTEC systems may offer an
excellent opportunity for cost reductions in the OTEC investment and the decommissioning cost. For
more definitive decision-making, the reuse of POGP as a CWP in an OTEC system requires a more
comprehensive assessment, including, among others, assessing the strength and remaining useful
life of the POGP.
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