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Abstract

In order to be useful for drilling applications batteries need to withstand cycle counts as much as 1,000
times more than ordinary batteries.

However lacking in the data was the high power — high cycle count performance of batteries. To fill in the
knowledge gap ABB and Noble decided to embark on a long duration, high cycle count battery testing
program. From 2018 until mid-2019 Noble in cooperation with ABB has been developing a peak shaving
solution for drilling vessels with a strong focus on equipment reliability.

The core component of any peak shaving solution is the energy storage system. The energy storage has to
be reliable, highly efficient, safe to operate and easy to maintain. There has been a lot of development in
battery technology especially in the lithium ion batteries. ABB and Noble have chosen Li-lon battery
technology for the energy storage component.

This paper will show the development of the testing parameters using data collected on one of the Noble
drilling rigs, actual testing program and final testing results. During the high cycle battery testing two out
of three batteries did not perform according to expectations. The reason of which is still under investigation.

The results show that “old fashioned” testing still plays an important role in developing new equipment or
adopting new technologies.

MTS DP Conference - Houston October 15 - 16, 2019 Page 1



Kuilenburg, Tengner POWER Peak Shaving for Drilling Vessels —
Back to the Basics

Introduction

Energy storage systems are increasingly considered for use on existing and new built vessels to ensure that
future vessels are more fuel efficient, easier to operate, more robust and emit significantly lower emissions.

With the expansion of special emission control area’s (ECA), IMO Tier 111 / EPA Tier IV requirements and
the reduction of emissions of greenhouse gases (Annex VI — Regulations on energy efficiency for ships);
more efficient running of the engines and reduction of emissions are of significant importance for the
drilling industries “social license” to operate.

The Norwegian sector of the North Sea is one area where large progress has been made, driven by Equinor
requirements to cut emissions. Large reductions in fuel consumption and emissions have been reported for
the supply vessel Viking Energy [Equinor,2019], a drilling vessel (West Mira) application is on-going
[Siemens, 2019] and a North Sea Jack-Up will be converted to a hybrid low-emissions rig in 2019 as well
[Maersk 2019]. It must be noted that electrical power to drive drilling rigs is a decades old technology, refer
to figure ().

Noble drilling has designated the JU-3000 Jack-Up drilling rig class be considered first for full
implementation based on relative ease of installation and the size of the class (6 identical units). As reported
in earlier presentations [Kuilenburg, 2017] the relative size of a peak shaving unit is comparable between
DP drilling vessels and Jack-Up applications. Based on the data collected; two 1,750 kW — 180 kWh
capacity peak shaving systems will be sufficient to significantly reduce emissions and improve fuel
consumption while still keeping the peak shaving system manageable in size.

However, none of the contacted peak shaving system manufacturers could provide hard data of battery life
with the expected cycle counts in a drilling application. Cycle counts well over a million cycles were to be
expected which far exceed any other application cycle counts. Consequently Noble initiated together with
ABB a testing program to fill in this gap of knowledge. This testing program was financed by both parties
and did not include any government or other outside funding.

Figure 1: Noble drilling rig in Bay Marchand, LA, 1950 using
electrical power from shore.
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BATTERY TECHNOLOGY

The Li-ion chemistry was commercialized first by Sony in 1991 and has since developed and improved
significantly. Today it is the dominating battery technology and an enabler for everything from
smartphones, electric bicycles and plugin vehicles, to utility-scale battery energy storage, battery powered
mining trucks and hybrid marine vessels. Figure (2) presents power and energy density ranges for the most
common battery chemistries, and it clearly visualize Li-ion’s superior performance. Beside power and
energy density, Li-ion batteries can also provide excellent lifespan, high roundtrip efficiencies and very low
maintenance requirements.
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Figure 2: Power and energy densities of various battery technologies

Li-ion batteries are a family of different technologies with the commonality that they all use the Li+ ion
as the active charge carrier. Cathode materials are typically metal oxides (LCO, NMC, NCA, LMO, etc)
or phosphates (i.e. LFP) while the anode is either based on Carbon (graphite or hard carbon) or Lithium
Titanate Oxide (LTO).

Depending on application, a battery technology that meets the performance targets are selected. For the
Jack-Up peak shaving application, ABB recommended to test and evaluate two different cell candidates
for the application.

1. Battery type A with hybrid chemistry. Battery type A chemistry combines different materials to
achieve a high cell voltage and energy density while still providing some of the other standard
technology high power capability and good cycle life.

2. Battery type B based on standard Li-lon technology. Prior to this project ABB Corporate
Research have conducted tests on these cells measuring robust performance in demanding
applications.
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MEASURED DATA
Power Demand

Normally the engines on a Jack-Up are controlled to keep the engine rpm within a narrow band regardless
of load. Due to the highly varying load demand a large “spinning reserve” needs to be on-line at all times.
The varying load and number of engines on line result in increased fuel consumption, unfavourable
emission profile and increases maintenance cost. The measured power demand is used to share load over
the individual engines and engine rooms. For the purpose of this paper the exact control of the engines is
not important and the loads of the individual consumers are not taken into account separately. The energy
storage system decreases the demand on the engine controls making the system more robust and more cost
effective to design and manufacture. Figure (3) shows the actual power demand compared to the installed
engine power for a relevant power spectrum on a JU3000 Jack-Up. In this case tripping operations were
conducted.

Figure 3: Power per engine over a 12 hour period for all 5 engines.

During the same measured period of twelve hours the number of engines can be shown as presented in
Figure (4). The base load of each engine on-line is around 750kW per engine, with swing loads of 1,000kW
per engine which is quite significant.
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Figure 4: Number of engines on-line during a 12 hour period.

Number of Cycles

Most of the variations in power on a Jack-Up are caused by tripping of pipe. This is the same for a drill ship
and a Jack-Up. On average every 4 minutes a stand is processed, which equates to 375 stands/day. For a
whole year this means 136,875 cycles. In order to be economically attractive the system has to be designed
for a minimum lifetime of 10 years which means approx. 1,500,000 cycles. Typically tripping is done at
high power in order to minimize the trip times. A tripping cycle comprises of a hoisting up phase, a
stationary phase, a lowering down phase followed by a stationary phase again. Hoisting up will require
energy while hoisting down can be used to regenerate energy. Power is relatively constant during each
phase but varies significantly between phases.
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Figure 5: tripping stages and power demand for a 30min time period
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Heave Compensation Power Demand
10

Power [MW]

0 2 4 6 8 10 12 14 16
Time [SEC]

——1250SHT@165EC ~ ——500SHT&IESEC ~ ——750SHT&16SEC  —— 1000SHT&12SEC

Figure 6: Heave Compensation Power Demand

The situation for heave compensation is somewhat different because the majority of cycles are very low
power. Only a limited amount of cycles is at peak power as shown in Figure (7). The heave compensation
cycle has a continuously varying, gradual power demand shown in Figure (6). Figure (6) shows the power
demand for maximum allowable heave conditions.
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Figure 7: Number of heave compensation cycles

It is also noteworthy that the combined number of cycles at the highest level for heave compensation is
comparable to the tripping cycles. Based on the above characteristics it was decided to use the tripping
power demand curve as a basis for the testing protocol. This is the most severe case and would be
applicable for both tripping and heave compensation cases.

The above analysis comprises a worst case scenario where the most demanding operations are performed
continuously. This will not be the case in a real application. However there are other factors that could be
degrading battery performance such as environmental conditions, temperature swings, etc. Considering
the long lifetime requirement a conservative approach is warranted.
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PEAK SHAVING GENERIC POWER DEMAND

Depending on the selected control scheme, the power demand can be shared between the diesel generator
sets and the battery system in different ways. The main objectives for the control is to:

1. Reduce the needed number of online generators by means of provide peak shaving with the storage
system

2. Provide smoothing of the load in order to limit fast load changes on the online generators(s).

3. Minimize battery energy throughput in order to maximize battery lifetime and avoid energy
conversion losses

Additional parameters to be considered specifically for the peak shaving system are

Peak power

Instantaneous power

Regenerative power

Total energy storage requirements.

el A

The goal is to have a storage system that can hold enough energy at all times without varying the load on
the engines (constant load running). In addition the stored energy control program will have to be adaptive
to cover for the dynamic processes on board adequately and to keep the battery charge level in an optimal
band.

These objectives can be achieved by, for example, low pass filtering of the load, where all high frequency
components of the load spectrum are handled by the batteries while the generator set sees a slowly varying
load, Figure (8). In ABB’s Energy Storage Control System (ESCS) this is realized with the enhanced
dynamic support function. The function limits the rate-of-change of the load seen by the generator set. With
the controller properly tuned, this will effectively shave the peaks as seen by the diesel generator set, as the
generator set will see only a slowly varying load.

Depending on implementation, the ESCS can also take into account the start/stop thresholds of the PMS.

This can provide additional savings while minimizing the energy throughput of the energy storage system.
However the setup is more complex as it requires modifications to the existing PMS.

Pure constant load running will result in large peak shaving systems. A more efficient approach would be
to load the engines with a more gradual load pattern. Slowly varying engine loads will still result in
significant savings both in fuel and emissions but will keep the required peak system size limited.

To define the power needed to be provided by the peak shaving system the following assumptions were
made

Peak power per battery system 1,750 [kwW]
The engine power demand is filtered by the following (low pass filter) equation:
PEngine(t) = PEngine(t'l) +A* [PRequired(t)‘PEngine(t‘l)]

A is chosen to be 0. 005 which gives a cut-off frequency of 0.0008 Hz (1,250 seconds time period) in the
presented example, Figure (8).
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Figure 8: Actual power demand and filtered power demand — approx. one hour duration

The original power demand and the filtered power demand for the total power demand are presented in
Figure (8). The difference between the actual and filtered demand defines the peak power to be delivered
by the peak shaving system. This in turn defines the size of the power transmission components of the
system.

The size of the battery bank is defined by the energy that needs to be delivered. Calculations show that
energy storage demands vary considerably between 0 and 65,000 kJ over time. In the presented example
the peak shaving system needs to provide 65,000 kJ. It is more than likely with the proper control algorithm
this number can be reduced. Also a slow varying load and unloading of the battery is possible to maintain
a proper level of stored energy. In order to ensure adequate lifetime of the batteries the total battery capacity
needs to be several times that of the maximum expected energy demand.
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Figure 9: Total energy needed and peak power
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TEST PROGRAM
General

Based on the measurement data for a Jack-Up drilling rig, the system load is defined varying with the
hoisting and lowering operation of the rig. A typical cycle, based on measurements, was chosen lasting for
about 4 minutes with a peak load of 6,000 kW and an average load of 3,270kW.

A typical load cycle is shown in Figure (10)
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Figure 10: Typical load cycle selected for testing

The state-of-art method for estimation of battery life and battery sizing is statistical modelling by means of
interpolation and extrapolation of several stress factors that are identified and quantified with standardized
characterization tests. This method provides good accuracy for stress loads that are not too different from
the standard characterization tests.

However the jack-up peak shaving cycle is very different to the standardized tests, with very high dis-
charge pulse current, relatively shallow depth of discharge and very high cycle life requirements. Hence,
standard aging models may not be able to predict the battery life for this stress load.

To validate the lifetime performance of the selected Li-ion battery technologies for the aforementioned
peak shaving application, battery cells have therefore been stress tested for approximately 12 months.

The cells have been tested in state-of-the-art PEC battery cell testers in two of ABB Corporate Research
battery laboratories, in Switzerland and in Sweden. The cell testers continuously measure and log battery
cell voltage, current and temperature.
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TEST SPECIFICATION
The Battery Lifespan test is carried out in the following manner

1. Initial Rate Performance Test (RPT)
a. One full charge-discharge cycle at 1C to measure Beginning of Life capacity
b. Recharge to 50%
c. Perform DC pulses to measure impedance
2. Stress cycling
a. Cycle with specified stress cycle (see below) for 2 weeks. Battery voltage, current and
temperature is continuously measured and logged. A DCIR 50ms pulse step is done at the

end of each repetition (approx. every 4th minute) that provides a DC resistance
measurement.

3. In Situ Rate Performance Test (RPT)
a. One full charge-discharge cycle at 1C1 to measure residual capacity
b. Recharge to 50%
c. Perform DC pulses to measure impedance
4. Go back to 2 and repeat the stress cycling as defined in 2 and measurements as defined in step 3

The actual power split between diesels and Energy Storage System will be a result of the actual
implementation and tuning of the ESCS. In this test, the stress cycle load profile is selected to represent the
worst-case scenario where all load variations are taken by the battery and generator set are running at
constant load. In a real implementation, the diesel generator set can and should take some load variation,
which effectively will reduce the cycle depth and energy losses in the battery system

The stress load profile is scaled to represent the load on one single battery cell in the whole system. Battery
A stress cycle is scaled according to a 2x184kWh battery bank which consists of 1,080 cells. For simplicity
the load is current controlled to avoid drifting of State-of-Charge. Figure 11 shows the scaled stress cycle

for battery type A. A similar scaling has been done for the Battery type B cells to represent the true load a
single cell in the full system would see.

Cell stress cycle load
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Figure 11: Test Cycle for battery type A
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The specified tests provide a good indication of the battery lifetime performance for this peak shaving
application. The proposed stress cycle constitutes a worst case, and it could be expected that the batteries
will last even longer in a real system.
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RESULTS

The following paragraphs describe the testing setup and final testing results. The results presented are for
this specific application, load cycles and testing environment. There are other effects (such as
temperature) that play a role as well. These effects were measured but are not presented in this paper.

Battery type A

Battery type A cells have been tested in ABB Corporate Research battery test facility in Dattwil,
Switzerland. The cells are mounted in fixtures, which provide a good thermal contact between the cell
surface and the heat sinks, and at the same time applies a light pressure to the cell faces according to
manufacturer recommendations. Figure 12 shows the current stress profile and corresponding voltage
response.
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Figure 12: Test Cycle Battery type A

MTS DP Conference - Houston October 15 - 16, 2019 Page 12



Kuilenburg, Tengner POWER Peak Shaving for Drilling Vessels —
Back to the Basics

Battery type A, Capacity
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Figure 13: Test Results Battery type A

Figure 13 shows the capacity performance as function of load cycles, with an extrapolation to 1,000,000
cycles. Based on the results and theoretical models ABB and Noble are confident that 1,000,000 cycles can
be reached with acceptable capacity loss using Battery type A.

Battery type B

Battery type B has been tested in ABB Corporate Research battery lab facility in Vasteras, Sweden. The
cell has been mounted in a cell fixture that allows direct air flow along the flat surfaces of the cell. The air
flow is supplied by a fan that provides a steady air flow.

The load current for this cell has been scaled to the same C-rate as for battery type A. Since the cell capacity
is half of the battery type A the load current is also half of the battery type A load Figure (14).
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Figure 14: Test Cycle battery type B
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Figure 15: Test Results battery type B

Figure 15 shows the capacity loss as function of cycles. Clearly the goal of 1,000,000 cycles is not
achievable with the battery type B in this setup. Upon further investigation in cooperation with the cell
manufacturer some potential cause were identified. More investigations are planned to further investigate
this effect.
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Conclusion

Two different cell types with three different capacities have been tested according to a realistic load cycle
that corresponds to peak shaving of the drawworks on a Jack-Up drilling rig. The cells under investigation
were:

1) Battery type A
2) Battery type B 50% capacity of battery A

Battery type A has been tested with well over 110,000 load cycles. Battery type B has been tested to
approx. 50,000 cycles after which the test had to be terminated due to sudden capacity loss. The test
results indicate that the Battery type A meets the lifetime expectation for this specific application. Battery
type B has lost capacity significantly faster than expected. More research will be needed to confirm the
root cause with certainty and potential control system changes to mitigate this effect.

Based on these test results, it seems that for the Noble application a solution with a capacity of 2x221
kWh would be matching all the goals. This is a 20% increase in battery size compared to the scaled stress
cycle (corresponding to 2x184kWh), giving an expected cycle life increase of 20% compared to test
results. This is a conservative estimate, since a reduction in load current, internal heat generation and
depth of discharge normally brings larger than proportional cycle life improvements.

The testing delivered very valuable results for both Noble and ABB. Peak shaving systems come with a
high initial investment. Choosing the right components at the start is critical to ensure economic viability.
The testing also proved that not all peak shaving applications are equal and cooperation between different
knowledge partners is essential for final success.

Furthermore the testing program delivered valuable results that are applicable outside the marine
environment, such as container handling equipment and on-shore drilling rigs where a long lifetime is
required while executing a high load, highly repetitive process.
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