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Summary

This report presents the results of a flow assurance analysis of the first elements of
an offshore CO: transport and storage network that is being designed by the
Porthos consortium. The network is intended to transport CO2 from industrial
sources in the Rotterdam harbour to offshore depleted gas fields. The scope of the
flow assurance study was the offshore pipeline from the compressor outlet, from the
Maasvlakte to the P18-A platform, and up to four injection wells in the P18-2 and
P18-4 fields. These activities are part of TNO project 060.33502.

The goal of the simulations is to evaluate the operating envelope within pre-
described boundary conditions and restrictions. The goal of this project is to:
- Define the required compressor discharge conditions (pressure and
temperature)
- Evaluate potential start-up and shut-in procedures and evaluate any
showstoppers in these processes.
Evaluation of the sizing of the main pipeline was part of the phase-1 activities and
as such is not covered in this report.

To obtain the goals the following activities have been done:
- Transient simulations to obtain steady state operating conditions.
In the simulations, the effect on the steady state results were evaluated for:
o Variation well diameter
0 Variation reservoir parameter (pressure and accompanying
injectivity index)
0 Variation wellhead temperature (for single well models)
0 Variation compressor outlet temperature
0 Variation pipeline pressure control
- Start-up simulation
o Different starting conditions (gas, two-phase, liquid) conditions in
the pipeline.
0 Variation of the reservoir pressure.
- Shutin/turn-down simulations
0 Variation reservoir pressures.
0 Variation shutin valve closure time.

For steady state conditions the following conclusions are found:

- Atlow reservoir pressure (20-40 bar), no steady state solution is found
which comply with both the topside and downhole temperature restrictions
when the pipeline pressure is maintained in the liquid state. Therefore, at
low reservoir pressure the pipeline must be operated in gas or two-phase
conditions. This puts limitations on the maximum injection rates per well or
for all four wells combined.

- Atreservoir pressures (40-300 bar), the required flow rate (170 kg/s) is
achieved using four wells.

- At close to the maximum reservoir pressures, the compressor outlet
temperature needs to be reduced. Otherwise no injection is possible.
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For depressurization the following conclusions are found:

The heat ingress in the pipeline is limited. Therefore, during
depressurization or emptying the pipeline the temperature follows the
pressure via the phase line and low temperatures conditions can occur in
the complete pipeline. Therefore, a pressure control of the pipeline is
recommended.

For shutin simulations the following conclusions are found:

During well shutin, low fluid temperatures will occur in the well downstream
of the choke. The temperature will go down to the corresponding phase line
temperature. At a reservoir pressure of 20 bar, this means a temperature of
-37 °C. At lower reservoir pressures this will lower even further. At higher
reservoir conditions, the temperature will increase. -17, -5 and +30 °C at
reservoir pressures of 60, 100 and 340 bar.

During ramp-down, low temperatures occur mainly in the top part of the
well. These temperatures go well below -10 °C.

During ramp-down also the temperature in the pipeline itself will drop down
to values below -20 °C.

The low temperatures during shutin/ramp-down are difficult to avoid and as
such it is recommended that all piping should be able to withstand the low
temperatures.

From the start-up simulations the following conclusions are found:

For all reservoir conditions, at initial choke valve opening, a short period of
low temperature will occur downstream of the control valves. For the start-
up, a faster valve-opening is beneficial with respect to the temperatures.

In the sequencing of well opening and compressor ramp-up, the flow rates
from the pipe to the wells must not decrease too quickly to avoid too low
pressures (and therefore temperatures in the well and pipeline). Therefore,
the compressor ramp-up must be done relatively soon after the well
opening. The compressor can be ramped-up before the well opening at
higher reservoir pressures with the limit that the pipeline pressure must not
be higher than 85 bar.

At low reservoir pressure, the system could be started up from low pressure
(10, 30 bar) or medium pressure (60 bar). In case of medium-pressure
conditions, the downhole temperature is too low for a limited period of time
(less than 500 minutes).

At low reservoir pressure, starting from high pressure pipeline conditions
leads to long periods of too low temperatures (longer than 2000 minutes).
At medium and higher reservoir pressures start-up can be done from
medium-pressure (two -phase conditions) conditions within the temperature
restrictions.

The base recommended operations (based on the set restrictions) are:

1

At low reservoir pressure, the pipeline is operated in the gas phase and all
well chokes are kept open to avoid pressure drop. The compressor outlet
temperature is set to 80 °C.

At mid to high reservoir pressures, the compressor outlet temperature is set
to 40 °C. The setting is an optimization between cooling power and
compressor power.
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1 At very high reservoir pressures, compressor outlet temperature must be
set to 40 °C, otherwise injection is not possible.

Reservoir Compressor outlet |  Pipeline control Well operations
pressure temperature
[bar] [°C]
20171 40 bar 80 30 Full open
407 300 bar 40 - 80 30 1 well on pressure

control. Other
wells on mass
control
3007 340 bar 40 30 1 well on pressure
control. Other
wells on mass
control

During well shutin, a fast closure the choke valves leads to very low temperatures.
At low reservoir pressures the shutin procedure should be leaving the wells open
while shutting down the compressor.



TNO report | TNO 2019 R10335 | 1.0 5/85

The main recommendations include:

- All piping material should be de designed for extreme low temperatures
(-40 C, based on expected wellhead pressures of 10 bar).

- Update simulation model to include full heat transfer (rather than U-value
approach) at the time the well design and pipeline design is set.. This to get
more detailed temperature information on pipe wall temperatures and
annulus fluid temperatures.

- Considering the fact that fluid temperatures less than -10°C are probably
not avoidable, the restriction of -10°C for the topside temperature should be
reconsidered/re-evaluated.

- The criterion of 15°C downhole temperatures is restrictive. Alternatives for
hydrate preventions should be evaluated.

- An operational guidebook should be set up which describes the number of
wells and control settings for each mass flow rate.
This guidebook should also contain guidelines of start-up and shutin procedures
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Introduction

Introduction

This report presents the results of a flow assurance analysis of the first elements of
an offshore CO: transport and storage network that is being designed by the
Porthos consortium. The network is intended to transport CO2 from industrial
sources in the Rotterdam harbour to offshore depleted gas fields. The scope of the
flow assurance study was the offshore pipeline from the compressor outlet, from the
Maasvlakte to the P18-A platform, and up to four injection wells in the P18-2 and
P18-4 fields. These activities are part of TNO project 060.33502.

Project goals

The goal of the simulations is to evaluate the operating envelope within pre-
described boundary conditions and restrictions (Chapter 2). The goal of this project
is to:
- Define the required compressor discharge conditions (pressure and
temperature)
- Evaluate potential start-up and shut-in procedures and evaluate any
showstoppers in these processes.

Evaluating of the sizing of the main pipeline was part of the phase-1 activities and
as such not covered in this report.

Project activities

To obtain the goals the following activities have been done:
- Transient simulations to obtain steady state operating conditions.
In the simulations, the effect on the steady state results were evaluated for:

o Variation well diameter
0 Variation reservoir parameter (reservoir pressure)
0 Variation wellhead temperature (for single well models)
0 Variation compressor outlet temperature
0 Variation pipeline pressure control

- Start-up simulation
o Different start conditions (gas, two-phase, liquid) conditions in the

pipeline.

0 Variation reservoir pressure.

- Shutin/turn-down simulations
0 Variation reservoir pressures.
0 Variation shutin valve closure time.

Report layout
Prior to discussing the simulation results an overview of the main trends in CO:

injection are covered in Chapter 3. In Chapter 2, the boundary conditions and
restrictions are presented with in Chapter 4 a discussion on the model used.
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The results are presented in the Chapters 6 (steady state results), Chapter 7 (Start-
up simulations), Chapter 8 (depressurization/venting) and Chapter 9 (Shutin/turn
down ). The Chapters 10 and 11 cover the main conclusions and discussion.
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2 Boundary conditions and assumptions

2.1 Introduction

This section describes the boundary conditions and restrictions at the start of the
project.

2.2 Boundary conditions
The following boundary conditions/assumptions are set in the project:

1 Compressor outlet temperature 35<T <80 C.
1 Inthe simulations a range of 40 to 80 °C is used as Gasunie had
indicated that the last 5 °C required a huge investment.
Desired flow total rates of 1571 170 kg/s.
A preferred mass flow rate of up to 70 kg/s per well.
4 wells available for injection (1 well in P18-4 compartment and 3 wells in
the P18-2 compartment).
1 Start reservoir pressure 20 bar; maximum Pres = 340 bar.
I Compressor control is based on suction pressure control.

1 This means that all CO: delivered to the low pressure network
needs to be injected.

1 This means that not all the wells can be at mass flow control. This
is important as from Chapter 2 it is clear that there are restrictions
in mass flow rate.

1 Pipeline Constraint
1 Preferred operation in single liquid phase condition.
1 Minimum discharge pressure compressor of 60 bar.
1 Well Constraints

1 Downhole temperature T>15C

1 Topside piping T>-10 C

1 Erosion, Tubing vibrations, thermal/mass flow rate constraints for
reservoir, thermal gradients in well (radial and axial)) are not
considered at this stage

= =4 =4

2.3 Simulation goals

The goal of the simulations are:
- Steady state results to obtain required compressor envelope
- Start-up scenarios
- Shut-in scenarios
- Discussion of cold vs warm start-up
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3 General discussion

3.1 Introduction

In this chapter, some typical behaviour of COz2 injection is discussed. This is done
based on results for a simple pure vertical monobore geometry.

In section 3.2, results are presented for a free well. That means no pipeline is
attached and no control choke is present at the wellhead. In section 3.3 results are
presented with a control action at topside. This means for instance a pipeline
pressure of pressure 85 bar and a mass controlled injection into the well.

3.2 COz injection behaviour in wells free flow

3.2.1 Model description
The model used for this chapter is a simple monobore, pure vertical well of depth
3000m with a topside section of 100m horizontal (0.15m ID), with a heat transfer of
9.5 W/m2K with a vertical thermal gradient of 10 to 123 °C.

3.2.2 Base result
Some base results are given in Figure 1 with the downhole temperature and the
wellhead pressure as function of mass flow rate. The behaviour can be divided into
low and high reservoir pressures. Low reservoir pressure typically means up to a
reservoir pressure of 50 bar. At that pressure, the accompanying phase line
temperature is 15°C (for discussion on limitations and boundary conditions: Chapter
2).

At low reservoir pressure the important features are:

- The required wellhead pressure is strongly dependent on the wellhead
temperature (higher temperatures require higher pressures).

- For alarge range of mass flow rates, the required wellhead pressure is
constant due to the fact that the wellhead is in two-phase conditions.

- The required wellhead pressure at low flow rates is (very) low.

- The downhole temperature decreases with increasing mass flow rate up to
the point that two-phase conditions occur downhole. In that case the
downhole temperature increases due to an increase in bottomhole pressure
due to an increase reservoir pressure drop. When in two-phase conditions,
the downhole temperature is independent of the wellhead temperature but
only a function of the downhole pressure.

- The range of downhole temperatures higher than 15°C increases with
increasing wellhead temperature.

At higher reservoir pressures the important features are:
- An almost constant wellhead pressure for all mass flow rates.
- The downhole temperature is almost always higher than 15°C and the
remaining trend is that the bottomhole temperature decreases with
increasing mass flow rate.
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Figure 1: Wellhead pressures (blue) and downhole temperatures (red) as function of mass flow

rate for a reservoir pressure of 20 bar (top) and 100 bar (bottom). Dashed lines

indicate critical boundary conditions (120 bar and 15 "C). Each line is for a different

wellhead temperature (10, 20, 40, 60 C).

As example the pressure and temperature profiles in the well are plotted for:

Reservoir pressure 20 bar, Wellhead temperature 10 °C
Reservoir pressure 20 bar, Wellhead temperature 40 °C
Reservoir pressure 100 bar, Wellhead temperature 10 °C
Reservoir pressure 100 bar, Wellhead temperature 40 °C
Reservoir pressure 300 bar, Wellhead temperature 10 °C
Reservoir pressure 300 bar, Wellhead temperature 40 °C

Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7

The difference in behaviour between low and high pressures are directly clear. At
low reservoir pressure, the well is mainly in the two-phase regime for the major part

of the well. At high reservoir (300 bar), the complete well is in single phase

supercritical conditions.
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Figure 2: Pressure profile (top), temperature profile (middle) and P,T profile for a reservoir
pressure of 20 bar and a wellhead temperature of 10°C. The mass flow ranges from
10 to 70 kg/s (edit one caption is wrong to be changed).
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Figure 3: Pressure profile (top), temperature profile (middle) and P,T profile for a reservoir
pressure of 20 bar and a wellhead temperature of 40°C. The mass flow ranges from
10 to 70 kg/s (edit one caption is wrong to be changed).
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pressure of 100 bar and a wellhead temperature of 10°C. The mass flow ranges from

10 to 70 kg/s (edit one caption is wrong to be changed).



TNO report | TNO 2019 R10335 | 1.0 16 /84

120 ¢
110
T 100
©
2 90
E
=3 ——Mass = 10 kg/s
ﬁ 80t ———20 kgls
a 30 kg/s
70t ——40 kg/s
50 kg/s
60 60 kg/s
———270 kg/s
50 : : ,
0 1000 2000 3000 4000
Along length [m]
100
——Mass = 10 kg/s
9ot — 20 kg/s
30 kg/s
O ———40 kg/s
2 80} 50 kg/s
A 60 kg/s
@ 70 ——270kgls
2
©
5 60
[
5 sof
[
40
30 : : ,
0 1000 2000 3000 4000
Along length [m]
120 . . .
—— Phaseline
100+ | —+—Mass=10kg/s
—+—20 kg/s
— 30 kals
5 80 | —+—40kgss
2 +— 50 kgls
o I +— 60 kg/s
7 60 —+—270kg/s
e
o 40+
20+
0 i i
-100 -50 0 50 100

Temperature [degC]

Figure 5: Pressure profile (top), temperature profile (middle) and P,T profile for a reservoir
pressure of 100 bar and a wellhead temperature of 40°C. The mass flow ranges from
10 to 70 kg/s (edit one caption is wrong to be changed).
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Figure 6: Pressure profile (top), temperature profile (middle) and P,T profile for a reservoir
pressure of 300 bar and a wellhead temperature of 10°C. The mass flow ranges from
10 to 70 kg/s (edit one caption is wrong to be changed).
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Figure 7: Pressure profile (top), temperature profile (middle) and P,T profile for a reservoir
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pressure of 300 bar and a wellhead temperature of 10°C. The mass flow ranges from

10 to 70 kg/s (edit one caption is wrong to be changed).
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3.2.3 Results influence reservoir pressure & influence well ID
The influence of the well ID is plotted in Figure 8 in which the wellhead and
downhole temperature are plotted as function of mass flow rate for a well with 50,
70, 90, 120 an d 150 mm. These diameters ar

, 5i A and 70 tubing dasspproxi mate mid stren

At low reservoir pressure it is found that:

- The range of allowed flow rates with respect to the bottomhole temperature
increases for increasing diameter.

- Atlarger diameters, the required wellhead pressure decreases.

- At temperatures lower than the critical temperature, the required wellhead
pressure is constant for a range of mass flow rates. The minimum mass
flow rate for when the required wellhead pressure becomes constant,
increases for larger diameters..

- At smaller diameters, the required wellhead pressure is severely limiting. At
a diameter of 70mm, the maximum flow rate is just 30 kg/s (at 10°C).

At mid reservoir pressures it is found:
- For diameters larger than (and including) 90 mm, there are basically no
downhole temperature restrictions.
- For diameters smaller than (and including) 90 mm, the wellhead pressure is
limiting to the mass flow rates for al temperatures.

At higher reservoir pressures it is found:
- For diameters smaller than (and including) 120 mm, the wellhead pressure
is severely limiting for the allowed injection rate at higher temperatures.

Based on this set, a number of aspects can be concluded:

- Atlow reservoir pressure, a high temperature and large diameter is better
with respect to the downhole temperature.

- At high reservoir pressures, a smaller diameter is rapidly restricting with
respect to the mass flow rate. In other words, at smaller diameters, the
required mass flow rates cannot be injected within the available wellhead
pressure envelope.
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Figure 8: Influence well diameter (top to bottom rows) for a reservoir pressure of 20 bar (left), 100
bar (middle) and 300 bar (right). The simulations are limited to 350 bar. All cases with
conditions higher than 350 bar are plotted as a pressure of 0 bar and a temperature of
-30 °C.





























































































































































































