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PREFACE

Fiscal year 2021 (from April 2021 to March 2022) was the year of soaring energy prices even under the continuation of 
COVID-19 pandemic and it ended with Russian invasion of Ukraine and subsequent economic sanctions imposed by Japan, 
US, and Europe that made drastic change in supply and demand of energy resources. On the other hand, social and 
economic maneuver to decarbonization did not stop, and the demands for developing the technologies for low carbon fuels 
have become stronger.

In July 2019, one year prior to the Prime Minister Suga’s declaration of 2050 carbon neutral, JOGMEC has established the 
new technology business strategy focused on the contribution to realize low carbon society. Based on it, reorganization of 
company’s structure and initiation of some new programs started. In May 2022, amendment of JOGMEC law passed the 
diet and it added carbon capture and storage (CCS), green hydrogen supply, and some other elements to the JOGMEC’s 
functions. This amendment is not just the addition of some new functions to the role of JOGMEC technology, but it changes 
the direction of its purpose to the environmental conservation. By the amendment, the name of JOGMEC will change to 
Japan Organization for Metals and Energy Security, but its abbreviation will still be JOGMEC.

However, surge in the energy prices and instability in supply indicated importance of the investment in the resource devel-
opment, and Russo-Ukraine conflict further reminded the criticalness of the diversification of energy supply sources, and 
development of domestic resources. 

Based on the facts that a major part of the primary energy in Japan is imported is still a reality but the energy industry 
cannot survive without realization of decarbonization. JOGMEC’s upstream technology team is working continuously to 
implement both stable energy supply and reduction of greenhouse gas emission to atmosphere simultaneously through novel 
technology development including development of unconventional resources, exploration of domestic and overseas 
resources, CCS technology implementation to the fields based on the knowledge of CO2EOR, and so on. Activities for the 
establishment of a hydrogen and ammonia value chain have promoted imports of low carbon fuels to Japan. Moreover, 
Japan has a strong advantage in environmental technologies and JOGMEC is facilitating the implementation of these 
technologies in resource development fields. Such activities link Japanese technology to resource-producing countries.

In the current society, digital technology has passed the demonstration stage and is spread out throughout the industry and 
society. Adaption of the digital technology in the energy industry was relatively slow, but JOGMEC lead the industry with 
various “proof of concept” studies and implementation trial of operated fields, and some technologies have reached the 
stage of field verification. 

JOGMEC’s activities are based on the policy of the Government, social demand, needs of the industry, and advancement of 
technologies. We are working under broader viewpoints for research and development, and field applications of the technol-
ogies. This annual report presents our activities not only to the engineers and researchers, but also to the wide range of 
industries and the civil society. This report will help your understanding of the new technologies and give some new ideas 
for your business. To improve our strategy and activities, your suggestions are highly appreciated.

September 2022

YAMAMOTO Koji
Vice President
Oil & Gas Upstream Unit
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Outline of TRC Activities in FY 2021

1. Outline of TRC* Activities in FY 2021

In recent years, there has been a rapid increase in various 
movements aimed towards a decarbonized society. Fur-
thermore, the impact of the COVID-19 Pandemic under 
such situation has placed the world in a unique and 
unusual environment. The Japan Oil, Gas, and Metals 
National  Corporat ion (hereafter  referred to as 
“JOGMEC”) headquarters and the Technology & 
Research Center (hereafter referred to as the “TRC*”) 
dared to take proactive action in response to such situa-
tion in FY2021, by launching and implementing various 
measures.

In April 2021, JOGMEC announced “The Carbon Neu-
tral Initiative” which requires the combined efforts of its 
entire organization. The three main policies of the Initia-
tive are “Strengthening efforts for clean resources and 
energy,” “Strengthening efforts for decarbonized fuels 
and technology,” and “Contributing to the development 
of necessary systems for decarbonization.” The action 
plan for the Initiative includes supporting efforts such as 
“support for hydrogen and ammonia production projects” 
and “comprehensive support for carbon dioxide capture 
and storage (CCS) activities.” Decarbonization efforts 
require the participation of the whole of the country, all 
Japan basis, and JOGMEC must play a role to promote 
and lead such efforts. To that end, technological backup 
by TRC is necessary, and the FY2021 was a year that 
TRC faced many technological challenges.

Meanwhile, due to the desire to achieve a carbon neutral 
society, the global tendency to avoid participation in 
fossil fuel resources has increased. This, in turn, has 
decreased investments in resource development, and led 
to increase the market price. In the midst of this situation, 
Russia began to cross the border between Russia and 
Ukraine, dramatically changing the situation surrounding 
the procurement of oil and natural gas much further. 
Such rapid and volatile changes and the high level of 
uncertainty around fossil fuel must be considered a con-
stant global risk toward the future. It is important to 
acknowledge that fossil fuel is still an important energy 
resource that will be required to maintain stable socio-
economic activities while working toward carbon neu-
trality and resolving environmental issues, and 
technological support will be required to achieve these 
challenges in a harmonic manner.

In this Chapter, we report a summary of the activities 
undertaken during the 2021 fiscal year (we also comment 
on some activities post-2021, undertaken during the pres-
ent target period).

*TRC: A technology and development unit in the Maku-
hari area of Chiba City, working on development for oil
and natural gas. Working together with other related
departments at the Toranomon Headquarters, the TRC
works on research and development activities for oil and
natural gas for entire JOGMEC.

1.1 Efforts towards carbon neutrality
To provide stable supplies of important energy resources, 
oil and natural gas, into Japan, JOGMEC has been work-
ing on research and development projects to support 
upstream fields. On the other hand, the “Initiative for 
Achieving Sustainable Development Goals (SDGs)” 
which JOGMEC announced in December 2018 placed 
“Responding to climate change and contributing to the 
construction of a cyclical society” as one of its action pil-
lars, presenting its position on continuing efforts toward 
resource development and climate change countermea-
sures. For this reason, in July 2020, the “Technical Busi-
ness Strategy for a Low-Carbon Society” was formulated 
and announced. At the same time, a CCS promotion 
group was newly established. In April 2021, to strongly 
and thoroughly promote projects contributing to carbon 
neutrality, JOGMEC established the “Carbon Neutral 
Promotion Unit, which was immediately followed by the 
announcement of a “Carbon Neutral Initiative” with 
basic policies and a specific action plan. The basic 
polices are “Strengthening efforts for clean resources and 
energy,” “Strengthening efforts for decarbonized fuels 
and technology,” and “Contributing to the development 
of systems necessary for decarbonization.” An important 
element of the action plan is supporting scheme relating 
to CCS and hydrogen/ammonia production.

In 2021, based on the support for CCS technology and 
feasibility evaluation through value-chain surveys on 
hydrogen and ammonia, we conducted “a commercializa-
tion survey on the construction of a clean fuel ammonia 
supply chain from Australia to Japan,” “implementation 
of a joint CCS survey on ammonia production as a clean 
fuel in Western Australia,” “phase 2 of a commercializa-
tion survey on an ammonia value chain between Eastern 
Siberia and Japan,” and “a joint feasibility survey on 
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commercialization of clean ammonia production in Abu 
Dhabi.”

To promote CCS, the public were invited to comment on 
“the draft guideline for CCS project technological mea-
sures and CO2 reduction calculation” during January and 
February 2022, and based on the results, “the CCS 
Guidelines (1st ed.)” and “the greenhouse gas/carbon 
intensity (GHG/CI) Guidelines (1st ed.)” were published 
in May 2022. These Guidelines provide information for 
consistent operation of CO2 storage projects, such as 
selection of locations suitable for CCS based on under-
ground geological assessment, calculation of CO2 storage 
capacity, technological measures necessary for project 
planning, operation, discontinuation, and closure, and 
calculation of CO2 emission reduction. The GHG/CI 
guidelines provide a calculation method for CI (Carbon 
Intensity, showing GHG emissions per unit based on 
energy content or weight) and the ideal calculation 
method for methane emissions, for which international 
requests for measures are increasing. As the core institu-
tion of both CCS and energy security, JOGMEC provides 
support for projects involving CCS, liquefied natural gas 
(LNG), hydrogen, and ammonia within Japanese compa-
nies.

CO2 separation and recovery technologies are crucial to 
increase the commercial application of CCS. In the 
future, to develop high-concentration natural gas fields, 
it is expected that CO2 separation technology based on 
the novel “DDR type zeolite membrane” will be applied 
to CO2 enhanced oil recover (EOR), CCS, and carbon 
dioxide capture, utilization and storage (CCUS), with the 
aim of zero carbon gas production. This technology was 
developed by national and private companies, and its 
verification is currently in process. In June 2021, it 
received an honorable mention for the Green & Sustain-
able Chemistry (GSC) award.

In Agano City, Japan, Niigata Prefecture, a joint project 
to verify Enhanced Oil Recovery (EOR) that uses CO2, 
began in June 2021. This project uses the CO2 EOR effi-
ciency improvement technology (CO2-foam technology), 
which is currently under development, to verify the 
recovery-promoting effect on underground crude oil. 
However, it also focuses on the CO2 remaining under-
ground and verifies its reducing effect on atmospheric 
emissions. This verification test promotes crude oil 
recovery in upstream businesses as well as technological 
developments contributing to CO2 emission reduction.

Meanwhile, to nurture talents for guiding oil-producing 
countries toward carbon neutrality, the new training pro-
gram “energy transition course” for Indonesian talent 
was held in March 2022, to which the Head of Human 
Resources Development Agency, Ministry of Energy and 
Mineral Resources, of Indonesia kindly expressed grati-
tude. As such, contributions were made to the Asia 
Energy Transition Initiative (AETI) promoted by the Jap-
anese government.

In summary, JOGMEC has been actively promoting vari-
ous efforts aimed toward a carbon neutral society.

Information related to carbon neutrality, such as business 
strategies on new technologies, CCS promoting projects, 
clean hydrogen/ammonia promoting projects, and digital 
promoting projects, is available on the dedicated website; 
“Clean Future Energy,” that became available in April 
2021. Please refer to our website.

[Clean Future Energy website]

https://mirai.jogmec.go.jp/en/

1.2 Efforts toward stable supply of energy
Oil and natural gas have been impacted by various phe-
nomena, such as decreased investment in resource devel-
opment due to decarbonization and the COVID-19 
Pandemic. In addition, the attack on Ukraine by Russia 
had a major impact on resource procurement. While 
aiming toward a carbon neutral society, in reality, fossil 
fuels such as oil and natural gas continue to be an 
important energy source. Their continued value, and the 
importance of ensuring a system for their stable supply, 
has been recognized worldwide. In December 2021, 
JOGMEC provides equity finance to exploration projects 
off the coast of Shimane and Yamaguchi Prefectures in 
an effort to work toward domestic resource development, 
which is highly significant for Japan’s energy security. 
This is the first assisted domestic oil and gasexploration 
made by JOGMEC, and the first example of the results 
of basic geophysical surveys and drilling conducted by 
the federal government being passed onto private compa-
nies as the operator. It is the first step toward domestic 
energy sources contributing to a stable energy supply in 
Japan.
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As for the development of methane hydrate, which is 
also anticipated as a possible domestic resource, prepara-
tions are being made in Alaska to conduct a long-term 
onshore production test towards development of a new 
technology to manage sand troubles and establishment of 
future development/production technologies. JOGMEC 
is making efforts to resolve challenges in this area.

The TRC also continues to work on the technological 
aspects of domestic resource development and stable 
resource supply from overseas.

1.3 System changes in the JOGMEC oil and gas units 
and efforts toward a new role of the organization

To accelerate efforts based on the Carbon Neutral Initia-
tive, in March 2022, JOGMEC combined the Upstream 
Business and Technology Units for Oil and Gas Develop-
ment and created the new “Oil and Gas Upstream Unit.” 
This step was made to provide a system that seamlessly 
provides financial, technological, and information sup-
port for private companies in their efforts to comprehen-
sively promote decarbonization of oil and gas field 
development.

Furthermore, in May 2022, the revised JOGMEC Law 
was approved, including enhanced functions and changes 
to the name of the organization. This revised law added 
tasks such as “equity capital and liability guarantee for 
production and storage of hydrogen and ammonia,” 
“equity capital and liability guarantee for storage of 
carbon dioxide and geostructural survey,” and “geostruc-
tural survey required for offshore wind power generation 
around Japan,” and the organization name was changed 
to “Japan Organization for Metals and Energy Security.” 
These changes are to be executed within six months from 
the effective of the revised law (which is November).

Through these changes, JOGMEC (the acronym 
JOGMEC will remain the same after the name change) 
can fully embark on both carbon neutrality and energy 
security, and become increasingly involved in providing 
a stable supply of energy and resources for Japan. In 
addition to providing the technological knowledge that 
has been accumulated, the TRC will provide further 
technological support by making most of its human 
resources.

1.4 Response to the impact of the COVID-19 Pandemic, 
world affairs, and the era of uncertainties

In 2021, the COVID-19 Pandemic continued to impact 
the development and progress of various areas of techno-
logical development. It is said that the world has entered 
the era of VUCA (Volatility Uncertainly, Complexity, 
and Ambiguity), where various elements, such as climate 
change and the Russian invasion of Ukraine, are com-
plexly tangled. This era requires rapid and appropriate 
responses to the frequent ongoing changes. JOGMEC is 
working on digital and AI technologies in search of new 
possibilities. In December 2021, online sessions were 
held on digital and AI technologies in order to widely 
share information on resource development. Digital and 
AI technologies are essential for VUCA, therefore we 
will continue to work on the development of resources 
while combining such digital and AI technologies.

In addition, JOGMEC-TRC will continue to work on 
basic technological development, while tackling these 
new possibilities. With the flexibility to quickly respond 
to changes, we will continue to promote “Clean Future 
Energy.”

The end.
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Contributing to low-carbon 
society

I.  Realizing low-carbon society

 1.   Supporting integration of CCS with resource
    development

Part 2



I. Realizing low-carbon society



Contribution to a Carbon Neutral Society

Preface

As the global movement towards decarbonization is 
accelerating, the Japanese government has announced its 
goal towards carbon neutrality by 2050. To achieve this 
goal, a spotlight has been cast on the introduction of 
clean energy such as renewables and the transition to low 
CO2 fuels such as hydrogen and ammonia. The realiza-
tion of a carbon neutral society should be achieved 
through a gradual transition to carbon neutral energy 
sources, while balancing the stable supply of energy at a 
feasible cost. In course of this transition, fossil fuel plays 
an important role. By acknowledging fossil fuels as a 
vehicle to carry hydrogen, it can become a source to pro-
vide hydrogen/ammonia at a low cost, when combined 
with technologies that reduce the CO2 emission, such as 
CCS. JOGMEC, with its rich knowledge in the subsur-
face through the prolonged involvement in the oil and 
gas exploration and wide relationship with resource pro-
ducing countries, has its role and responsibility to 
respond to the climate change tasks and ensure the stable 
supply of energy through the development of carbon free 
energy.

JOGMEC’s activity

To proactively tackle these challenges, JOGMEC estab-
lished the “CCS Group (July 2020)” and “Carbon Neutral 
Promotion Headquarters (April 2021)”, along with its 
policy towards a carbon neutral society. The policy con-
sists of three main pillars, namely “Strengthen the activ-
i ty towards clean resource,” “Decarbonizat ion 
technology,” and “Mapping out the necessary guideline 

and policies towards decarbonization.” In the Oil & Gas 
sector, “decarbonization” refers to offset the CO2 that is 
emitted through its activities. We aim to cope with the 
change in the energy demand, ensure the stable supply of 
energy to Japan, contribute to the global movement 
towards decarbonization, and enhance its role and 
responsibility accordingly to the needs from the society. 
JOGMEC has opened a website that shows its activity 
towards a carbon neutral society (https://mirai.jogmec.
go.jp/en/).

Key activities from FY 2021 
Promotion of technical assistance to E&P busi-
ness combined with CCS
In the subsurface area, the preparation for an advanced 
CO2-EOR pilot test project has been commenced in one 
of INPEX corporation’s domestic field. This CCUS proj-
ect is considered as a milestone for promoting the com-
mercialization of future CCS projects. The analysis of 
rock samples, geological modelling, CO2 injection simu-
lation, and seismic monitoring studies have been con-
ducted. From FY 2022, new wells will be drilled, where 
CO2 will be injected. This pilot test will further promote 
EOR techniques, with the aim of application at overseas 
projects. It also helps to deepen the understanding of the 
behavior of injected CO2 as a method for CCS.

Other activities in Japan include the evaluation of 
depleted domestic oil and gas reservoirs, to promote 
future domestic CCS projects. On the other hand, 
JOGMEC has also been involved in CCS studies over-
seas, such as the feasibility study on clean fuel ammonia 
production in Western Australia. This includes the evalu-
ation of CO2 storage capacity of depleted gas reservoir, 
using various historical subsurface data.

Environment friendly technology development 
for hydrogen and ammonia

Based on the specifications (properties of oil/gas and 
pressure/temperature conditions) of various upstream oil 
and gas fields and the requirements (specification of the 
products) of the market side, JOGMEC has aimed to sup-
port business partners with the aspect of surface technol-
ogies. Some examples include the development of a CO2 
separation membrane (DDR membrane) which is under-
going a field test in USA, and a sludge volume reduction 
technology which is in the demonstration phase in Abu 
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Fig. 1: JOGMEC’s website “Clean Future Energy”
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Dhabi.

In addition, to create the possibility of new energy 
sources, the stable production of hydrogen and ammonia 
and the construction of associated value chain is pursued. 
Many Japanese companies have already started the 
survey of such decarbonization projects, and JOGMEC 
will be involved to support them to contribute to the 
stable supply of clean energy and the realization of a 
carbon neutral society. Especially, as Japan is the front 
runner in the development of ammonia co-firing at the 
coal fired power plant, JOGMEC is focusing on con-
structing a ‘fuel ammonia’ value chain in several regions 
to enable the stable ammonia supply to Japan.

“Clean” energy development: CO2 emission and 
carbon intensity calculation

JOGMEC has published a recommended guideline for 
the implementation of Carbon dioxide Capture and Stor-
age projects (CCS guideline), and a recommended guide-
line for the greenhouse gas and carbon intensity 
accounting framework for LNG/Hydrogen/Ammonia 
projects (GHG/CI guideline), to promote the develop-
ment of clean energy.

As CCS business is an emerging area, the CCS guideline 
provides a recommendation for the entire CO2 sequestra-
tion project, from the planning stage until closure. This 
includes the selection of areas that are suitable for CO2 
storage, potential CO2 storage amount, technical guide-
lines throughout the project, monitoring guidelines for 
safety reasons, and GHG calculation methodologies for 
evaluating CO2 reduction, enabling users to seamlessly 
evaluate the entire project.

There are global discussions ongoing around the calcula-
tion of GHG emissions and CI (Carbon Intensity: GHG 
emission per product energy content or weight) for LNG/
Hydrogen/Ammonia products. The GHG/CI guideline 
provides a recommendation for calculating GHG emis-
sions and CI for LNG/Hydrogen/Ammonia products. 
Methane emission calculations are also included which is 
a major subject being discussed worldwide. It aims to 
capture major emission sources and calculate GHG emis-
sions and CI in an accurate manner.

JOGMEC intends to contribute to the stable supply of 
energy and carbon neutral society, by providing assis-
tance to the technical and business development of CCS/
Hydrogen/Ammonia projects and setting out the neces-
sary systems for actual implementation.
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(1)  CO2 injection pilot test at the Minami-aga oil field: 
overview of the pilot test

AKAI Takashi, SHIMANO Yasushi, MOURI Takuji, and OKABE Hiroshi

Term: FY 2021-2022
Collaborative Research: INPEX CORPORATION

Objective

INPEX CORPORATION (INPEX) and Japan Oil, Gas 
and Metals National Corporation (JOGMEC) jointly 
announced in April 2021 that they have commenced a 
joint study for a CO2 enhanced oil recovery (EOR) pilot 
test at the Minami-aga oil field in Agano City, Niigata 
Prefecture, Japan.

INPEX and JOGMEC proceeded with preparatory work 
including formulating a detailed test plan, a plan to drill 
two new wells in 2022 and conduct the pilot test by the 
end of March 2023. In this pilot test, CO2 injection and 
following flow back production are planned at each well [1].

One well will be drilled at the area where remaining oil 
is expected to have been lowered due to the aquifer water 
encroachment. The pilot CO2 injection, planned at this 
well will be performed to investigate CO2 storage mecha-
nisms in the reservoir using various monitoring tools. 
The second well will be drilled at the area where remain-
ing oil is expected to be present. In this well, CO2 foam 
consisting of the mixture of CO2 and water will be 
injected. The sweep efficiency may be potentially 
improved by the injection of CO2 foam having thicker 
apparent viscosity than pure CO2, and this test aims to 
evaluate the effect of this improvement on the overall 
CO2-EOR process efficiency.

Contents and Results

1. Overview of the Minami-Aga oil field
The Minami-Aga oil field located in Agano City, Niigata 
Prefecture was discovered in November 1964 by the 
exploration well of Minami-Aga-2. After the establish-
ment of the Minami-Aga plant in August 1965, extensive 
development progressed, and in the latter half of the 
1960s, the maximum crude oil production rate of about 
690 kL per day was recorded. From the 1970s, to allevi-
ate rapid decline in the reservoir pressure, the production 

rate was lowered. Since then, the production has been 
continued with appropriate reservoir management. Till 
date, about 30 wells have been drilled and completed in 
the field [2].

The oil-bearing target formation lays in the upper Shiiya 
Formation at a depth of approximately 2,200 m, consist-
ing of tuffaceous sandstones. The formation gets deeper 
to the east, and pinches out to the west forming a strati-
graphic trap. The original oil-water contact was supposed 
to be at the depth of approximately 2,250 m.

The target reservoir formation pinches out to the west 
with shallowing, and the gross thickness of the formation 
is approximately 30 m at the center of the field [2]. The 
reservoir formation is interpreted to have been formed by 
gravity flows in submarine channels on the lower conti-
nental slope     and/or deep-sea floor and is intercalated 
with lenticular bodies consisting of granular sandstones 
and pebbly conglomerates. In consistent with the inter-
preted depositional environment, a wide range of reser-
voir quality ranging from a low permeability siltstone (< 
1 mD) to a high permeability granular sandstone (> 100 
mD) was observed based on the cores obtained at the 
wells, which manifests the strong heterogeneity of the 
reservoir [3].

The crude oil was supposed to be present at the depth of 
1,980 to 2,250 m. The shallower depth than 1,980 m was 
initially filled with a gas cap. The density of the crude oil 
is medium to light oil with the API gravity of around 
36˚ [2].

Over the time, the reservoir pressure has dropped to 
below the hydrostatic pressure level, and the gas cap 
expanded from the structural top at the west of the reser-
voir, forming the current gas-oil contact. The aquifer 
water encroachment from the east of the reservoir to the 
west formed the current oil-water contact. Hence, it is 
expected that there is oil remaining at the center of the 
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reservoir between both these contacts.

2. Overview of the joint study
Drilling of the two wells is planned in the fiscal year 
2022 (FY2022). After the acquisition of wireline logging 
and core samples at these wells, we plan to perform 
Huff’n’Puff tests during the FY2022 in which the CO2 
injection and following flow back production are per-
formed at the same well. During the Huff’n’Puff tests, 
several monitoring data acquisitions are planned as fol-
lows: pressure monitoring during both injection and pro-
duction, wireline logging and temperature monitoring 
using distributed temperature sensing, DTS, installed in 
the wellbores, and micro seismic monitoring.

In the FY2021, several preparatory works at the test site 
have been initiated. Using the data previously obtained at 
the field, we have conducted the followings: construction 
of the geological model, study design for the pilot tests 
based on CO2 injection simulation, and laboratory mea-
surements using previously acquired core samples. Fur-
thermore, we have performed a feasibility study for the 

seismic monitoring assuming inter-well CO2 flooding 
using these two wells. These studies are detailed in the 
following reports.
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(2)  CO2 injection pilot test at the Minami-aga oil field: 
progress of preparatory work at the field

AKAI Takashi, and OKABE Hiroshi

Term: FY 2021-2022
Collaborative Research: INPEX CORPORATION

Introduction

This report presents preparatory works performed for the 
CO2 injection pilot tests to be conducted at the Mina-
mi-aga oil field during the fiscal year 2021 (FY2021).

Contents and Results

1. Selection of well location and drilling program
To determine the well locations for the two planned 
wells, namely EOR-well and CCUS-well, the following 
conditions were considered:
● well trajectory should be accessible from the existing 

Minami-aga Daiichi plant,
● area where the accumulation of thick reservoir sand 

is expected,
● area where no secondary gas cap is expected,
● for EOR-well, area where remaining oil is expected 

to be present,
● for CCUS-well, area where remaining oil is expected 

to be lowered due to the aquifer water encroachment,
● well trajectory which avoids the interference with 

the existing wells,
● suitable distance between these two wells in case 

inter-well flooding is performed in future,
● suitable well trajectory of these two wells in case 

inter-well flooding is performed in future, i.e., the 
trajectories of both the wells should fall on a same 
plane at the reservoir section.

Based on these conditions, the well trajectories of EOR-
well and CCUS-well were determined as shown in the 
Fig. 1. The deviations of EOR-well and CCUS-well from 
the well site located at Minami-aga Daiichi plant (hori-
zontal distance between well head and the toe of a well) 
are 750 m and 438 m, respectively. These wells have a 
vertical trajectory in the reservoir section, making a 350 
m well-distance in the reservoir section.

2. Abandonment of existing wells
Considering potential interference from the pilot test to 
the existing wells, the abandonment of five wells drilled 
from the Minami-aga Daiichi plant was conducted. Plug-
back cementing with “Class A” cement was performed 
on the above sections of all the perforation intervals of 
these five wells.

3. Third-party review for environmentally friendly 
and safe operation

The pilot test must be designed to ensure environmen-
tally friendly and safe operation. Although during the 
pilot test, we plan to inject relatively smaller amount of 
CO2 (~100 tonne), considering limited experience of the 
CO2 injection in subsurface formations in Japan, it is 
necessary to prepare for any potential risks regardless of 
the direct influence of the tests. Hence, we have decided 
to organize third-party review for environmentally 
friendly and safe operation.

During the FY2021, the policy and contents of the third-
party review were determined as follows, and the evalua-
tion committee and date of the review were decided.

● Although this pilot test will be conducted under the 
Japanese law applied to hydrocarbon production 
from subsurface reservoirs, considering it has no 
specific description for the CO2 injection in the sub-
surface formations, we have decided to follow the 
guideline issued by the Ministry of Economy, Trade 
and Industry (METI) in 2009, which is designed for 
the pilot test for carbon capture and storage (CCS).

● The evaluation committee shall consist of one chair-
man and five committee members. The chairman and 
committee members are to be selected from the 
experts on drilling, completion, seismology, and res-
ervoir engineering. Other than the chairman and 
committee members, several stakeholders such as 
local authorities will be invited as an observer.
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Conclusions and Future Work

During the FY2021, we determined the well locations 
and drilling program of the two wells as originally 
planned. These were designed to achieve the technical 
objectives of the pilot test and to allow potential expan-
sion for the inter-well flooding using these two wells in 
future.

During the FY2022, the third-party review will be orga-
nized to ensure the environmentally friendly and safe 
operation of the pilot test. We consider that this is an 
important process to get valuable inputs from various rel-

evant stakeholders.
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Fig. 1:  Trajectories of the two planned wells and existing wells in the Minami-aga oil field. The depth 

contour lines represent the top reservoir surface.
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(3)  CO2 injection pilot test at the Minami-aga oil field: geological 
characterization and modeling

SHIMANO Yasushi, and OKABE Hiroshi

Term: FY 2021-2022
Collaborative Research: INPEX CORPORATION

Introduction

To quickly commence the reservoir simulation study that 
provides necessary information for designing the CO2 
injection pilot test planned at the Minami-aga oil field, a 
3D geological model of the pilot test area and its vicinity 
was constructed.

The reservoir of the Minami-aga oil field is characterized 
by tuffaceous sandstones and/or conglomerate developed 
in the upper part of the Lower Pliocene Shiiya Formation 
(Fig. 1) and formed by a stratigraphic trap pinching out 
in the western up-dip direction. Gross thickness of the 
reservoir is approximately 30 m at the center of the field. 
The reservoir formation is interpreted to have been 
formed by gravity flows toward the north in submarine 
channels on the lower continental slope and/or deep-sea 
floor and is intercalated with lenticular bodies consisting 
of granular sandstones and pebbly conglomerates 
observed at the wells located around the pilot test area 
(Fig. 1).

Contents and Results

1. Geological characterization and well correlations
To understand the depositional environment of the reser-
voir before the geological model construction, well-log 
and production data acquired from approximately 30 
wells in the field were analyzed and interpreted geologi-
cally.

Based on the productivity index (PI: the ratio of oil pro-
duction rate and pressure drawdown) distribution in the 
field obtained from the historical production data, a 
high-PI banded area was identified, which was 1-2 km 
wide and extended continuously from southeast to north-
west direction. Integrating this high PI distribution with 
the depositional environments[1], the reservoir was inter-
preted as channelized sandstone bodies developed along 
the northwest directed paleocurrent (Fig. 2).

Further, the reservoir was subdivided in three deposi-
tional units based on the vertical change in SP (sponta-
neous potential)-log responses at each well. SP-log was 
used for this subdivision because most of the wells in the 
field were drilled in the 1960s, and only few wells had 

 
  

Fig. 1:  Geological settings of the Minami-aga oil field. A: Stratigraphic classification in the eastern 
Niigata region, B: Concept of depositional environments of the oil field.
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modern log data such as gamma ray, density, and neutron 
logs (Fig. 3). The SP-log data considered to indicate res-
ervoir quality were available for almost all the wells in 
the field. The lower unit showed an upward increasing 
trend in permeability based on the SP-log and developed 
only in the southeast area of the oil field. The middle and 
upper units showed an upward decreasing trend in per-
meability and their lateral distributions, were consistent 
with the high PI distribution in the oil field. Therefore, 
the lower and middle-upper units were interpreted as 
mounded deposits showing progradational stacking pat-
tern and turbidites deposited in northwest-directed sub-
marine channels, respectively.

2. Estimation of reservoir properties based on the SP-log 
and production data

Owing to the limited availability of modern logging and 
core analysis data in this oil field, reservoir properties 
such as porosity and permeability were estimated based 
on the SP-log and production data for the six adjacent 
wells in the pilot test area as per the following proce-
dures:

(1) Conduct petrophysical analysis at two wells where 
modern log data and core data were available and 
obtain average net-to-gross ratio (NTG) and average 
porosity for these wells.

(2) Estimate NTG and net reservoir thickness (H) by 
defining minimum values (SPmin: clean sand point) 

and maximum values (SPmax: threshold between res-
ervoir and non-reservoir) of the SP-log data for the 
six wells using the geological interpretation (as 
described in the section 2.) and NTG obtained in 
step one.

(3) Convert the SP-log data to porosity data based on the 
defined minimum (Phimin) and maximum porosity 
values (Phimax) corresponding to SPmin and SPmax for 
the six wells.

(4) Calculate permeability data (k) from the porosity log 
data obtained in step three, based on a relationship 
between porosity and permeability from core analy-
sis.

(5) Adjust Phimin and/or Phimax by comparing the flow 
capacity (product of permeability and net reservoir 
thickness) calculated from the results of steps two 
and four with those calculated from the completion 
intervals and production rates for each well.

(6) Perform reality check that the reservoir properties of 
the six wells are consistent with the results obtained 
in step one.

3. Construction of 3D geological model
A structural model was constructed using the top and 
bottom reservoir surfaces created based on the reservoir 
intervals identified at more than 30 wells. In addition, the 
reservoir of the structural model was subdivided in three 
depositional units from the well correlations based on the 
vertical responses of the SP-log data. Properties models, 

 
 
  

Fig. 2: PI distribution on the Minami-aga oil field. Fig. 3:  Typical SP-log responses observed in the Minami-aga 
oil field, and the three identified depositional units.
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such as lithology and porosity were simulated using geo-
statistical methods based on the NTG and porosity esti-
mated for each well as above. Permeability model was 
developed from the porosity model based on a relation-
ship between porosity and permeability from core analy-
sis (Fig. 4). The lithology, porosity, and permeability 
models were developed for the numerical simulation 
studies of CO2 injection.

Conclusions and Future Work

In this study, geological characterization and construction 
of the 3D geological model were performed to quickly 
conduct reservoir simulation study to contribute to the 
CO2 injection pilot test planned in the Minami-aga oil 
field. To compensate for the limited availability of the 
geological data in the evaluation of the depleted oil field, 
geological characterization was conducted by combining 
reliable production data with the modern log data for few 
wells. Therefore, for the subsurface evaluation in 

depleted oil/gas fields, closer collaboration with reservoir 
engineers is required.

As the wells for CO2 injection will be drilled in the Min-
ami-aga oil field during the FY2022, results of the geo-
logical interpretation and evaluation in this report will be 
reviewed, and the 3D geological model will be updated 
based on the newly acquired data.
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Fig. 4:  3D geological models of the pilot test area and its vicinity. A: Bird’s-eye view of 3D-geological 
model (Permeability model), B: Lithology model, C: Porosity model, D: Permeability model.

19

Part 2  I. Realizing low-carbon society
1. Supporting integration of CCS with resource development



(4)  CO2 injection pilot test at the Minami-aga oil field: 
simulation study for CO2 injection

AKAI Takashi, and OKABE Hiroshi

Term: FY 2021-2022
Collaborative Research: INPEX CORPORATION

Introduction

Prior to the CO2 injection pilot tests planned at the Mina-
mi-aga oil field, during the fiscal year 2021 (FY2021), 
we constructed a full field reservoir model that covers 
the entire field and a sector reservoir model around the 
pilot test area. For the full field reservoir model, we have 
completed the geological model construction using exist-
ing data; the conversion to the simulation model; and the 
history matching of the simulation model using the his-
torical production data. In future, we will perform fore-
cast simulations including CO2 injection. The sector 
reservoir model was constructed to provide necessary 
information for designing the pilot test at the early stage 
of the joint study by limiting modelling area. This report 
presents the construction of the sector reservoir model 
and single-well simulation study based on the sector 
model.

Contents and Results

1. Sector reservoir model construction
Two new wells are planned to be used for the pilot test. 
One well will be drilled at the area where remaining oil 
is expected to have been lowered due to the aquifer water 
encroachment. A Huff’n’Puff test in which CO2 injection 
and following flow back production are performed at the 
same well is planned at this well. This test is mainly per-
formed to gain technical expertise in the CO2 storage 
mechanism in a depleted reservoir. In this report, the well 
to be used for this test is termed as CCUS-well. The 
other well will be drilled at the area where remaining oil 
is expected to be present.  In this well,  another 
Huff’n’Puff test is planned in which a water-soluble 
agent (foaming agent) having a surface-active effect and 
CO2 are alternatively injected. This test is aimed to eval-
uate the effect of the improvement in CO2-EOR effi-
ciency which is to be attained by the improvement in 
sweep efficiency due to the injection of CO2 foam having 
thicker apparent viscosity than pure CO2. In this report, 

the well to be used for this test is termed as EOR-well.

Fig. 1 shows the sector reservoir model constructed 
using the data from six nearby existing wells (shown by 
the colored circles in the figure) surrounding the two 
planned injectors for the pilot test. In this area, the reser-
voir thickness gets thinner to the west (to the left in the 
figure) with the increase in depth. In 2019, the wells col-
ored in blue were mainly producing water, the well col-
ored in green was producing subtle amount of oil, and 
the well colored in red was mainly producing gas. Judg-
ing from the production behavior of these six wells, it is 
considered that the current oil-water contact exists at the 
depth level between the two planned injectors indicated 
by stars in the Fig. 1.

Fig. 1:  Sector reservoir model constructed for the pilot test 
area. The circles and stars in the figure denote the 
existing wells and the planned newly drilled injectors, 
respectively. In 2019, the wells colored in blue were 
mainly producing water, the well colored in green was 
producing subtle amount of oil, and the well colored 
in red was mainly producing gas. The flow capacity 
evaluated from the productivity of the six nearby 
existing wells ranges from 400-2,000 mD*m, which 
gets smaller to the west with the decrease in the reser-
voir thickness.

1 
 

 

 
  

20

Part 2  I. Realizing low-carbon society
1. Supporting integration of CCS with resource development



The reservoir property of this pilot test area was evalu-
ated based on the wireline log, core, and production data 
from the six nearby existing wells. The characterized 
flow capacity (the product of permeability and net reser-
voir thickness whose unit is mD*m) is shown in Fig. 1. 
As shown in the Fig. 1, the flow capacity of 1,500 
mD*m was evaluated at the CCUS-well planned in the 
water swept area in the east of the model, while the flow 
capacity of 750 mD*m was evaluated at the EOR-well 
where the presence of remaining oil is expected.

2. CO2 injection simulation using single-well models
As the areal spread of injected CO2 during the planned 
Huff’n’Puff tests is supposed to be within several tens of 
meters, a single-well simulation model was constructed 
for each well by extracting the reservoir properties evalu-
ated at the locations of the two newly drilled wells from 
the sector reservoir model.

E300, a commercial compositional simulator provided by 
Schlumberger, was used for both the single-well models 
for CCUS-well and EOR-well, using different options 
for both the models, as summarized in the Table 1.

For the CO2 injection simulations of CCUS-well, the 
CO2SOL option in the simulator was used to represent 
the solubility of CO2 in the formation brine. In these sim-
ulations, the hydrocarbon, CO2, and water-soluble ion 
components are defined in the simulations. The CO2 
component can be present in all the phases of gas, oil, 
and water-phase. The solubility of CO2 in brine is deter-
mined based on the amount of the water-soluble ion 
components in the brine (the brine concentration).

For the CO2 injection simulations of EOR-well, to model 
foam generation and the resultant increase in apparent 
viscosity of CO2, the FOAM option in the simulator was 

used. In the FOAM option, the foaming agent component 
is defined in addition to the hydrocarbon components 
and CO2 component. The solid phase which represents 
the reservoir rock is defined in addition to the gas, oil, 
and water-phases. The foaming agent component can 
present both in the solid and water-phase. The amount of 
foaming agent in each phase (the concentration of foam-
ing agent) is determined based on the chemical reaction 
formulas defined by the user. The increase in apparent 
viscosity of CO2 due to foam generation is determined as 
a function of the following parameters defined for each 
simulation grid cell: the concentration of foaming agent, 
fluid velocity, water saturation, and oil saturation.

3. Results of CO2 injection simulations
The representative examples of CO2 injection simulation 
results obtained for CCUS-well and EOR-well are pre-
sented in this report.

The influence of vertical reservoir heterogeneity on the 
distribution of injected CO2 was investigated for CCUS-
well (Fig. 2). Three simulation cases having different 
degree of vertical reservoir heterogeneity were prepared. 
In the Fig. 2 (a), a homogeneous reservoir model was 
considered. In Figs. 2 (b) and (c), different permeabilities 
were assigned to each simulation layer based on the ver-
tical heterogeneity evaluated in the constructed sector 
model. Note that the simulation case shown in the Fig. 2 
(c) used more significant heterogeneity than that shown 
in the Fig. 2 (b). The simulated CO2 distributions after 
the end of CO2 injection for the three cases are shown in 
the Fig. 2 (a) to (c). As the heterogeneity of the reservoir 
increased, the injected CO2 selectively flowed only in the 
high permeability layers. As a result, the injected CO2 
spread further away from the injector in these high per-
meability layers. The horizontal distribution of the gas 
saturation as a function of the distance from the injector 

Table. 1:  Single-well simulation models used for CCUS-well and EOR-well and the options used for these 
models. HCs in the table denote hydrocarbon components, SALTs denote water-soluble ion 
components, and Surf denote foaming agent components.
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in the layer having highest permeability is shown in the 
Fig. 2 (d). When a homogeneous permeability was 
assigned, the injected CO2 spread to about 15 m from the 
well. In contrast, when the vertical heterogeneity of the 
permeability distribution was considered, it spread to 
approximately 30-35 m from the well.

The influence of the increase in apparent viscosity due to 
foam generation on injection pressure was investigated 
for EOR-well as shown in the Fig. 3. As shown in the 
simulation cases, foaming agent injection, CO2 injection, 
and secondary foaming agent injection were performed 
for five days each to generate CO2 foam in the reservoir. 
The simulated bottom hole pressure during the series of 
the injection is shown in the Fig. 3. A black line in the 

Fig. 2:  Influence of vertical heterogeneity on the distribution of injected CO2. The simulated CO2 distribu-
tions after the end of CO2 injection of the three cases having different vertical permeability distri-
butions are shown in (a) to (c). The horizontal distribution of the gas saturation as a function of 
the distance from the injector in the layer having highest permeability is shown in (d). In this 
figure, “Home” corresponds to the simulation case with homogeneous permeability shown in (a); 
“Hetero (phi,K)” corresponds to the simulation case with heterogeneous permeability shown in 
(b); and “Hetero (phi,K, Kr)” corresponds to the simulation case with homogeneous permeability 
shown in (c).
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Fig. 3:  Simulated bottom hole pressure profile during CO2 foam injection at EOR-well. The black line in 
the figure presents the case using brine instead of foaming agent as a base case. The other cases 
used different concentrations of foaming agent: 0.1 wt% in red, 0.5 wt% in green, and 1 wt% in 
blue.
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figure presents the case using brine instead of foaming 
agent as a base case. Hence there was no foam generation 
in this case. The other cases shown in red, green, and 
blue used different concentrations of foaming agent (Cs). 
Depending on the concentration of the injected foaming 
agent, different degrees of the apparent viscosity increase 
were observed in these simulations. In our pilot tests, 
90% of the initial reservoir pressure is set as the upper 
limit of the injection pressure to avoid potential reservoir 
damage. Hence, among the simulation cases shown in 
the Fig. 3, the case with concentration of 1 wt% shown 
in blue reached the maximum injection pressure at the 
early stage of the CO2 injection.

Conclusions and Future Work

To provide necessary information for designing the pilot 

test at the early stage of the joint study, a sector reservoir 
model for the pilot test area was constructed based on the 
existing data. The reservoir property evaluated in the 
sector model was then used for the single-well simulation 
models for CO2 injection and CO2-foam injection. Using 
these simulation models, we continue the test design 
optimization. New geological data to be acquired after 
the completion of the two planned wells will be incorpo-
rated to further reduce the uncertainty.
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(5)  CO2 injection pilot test at the Minami-aga oil field: 
laboratory analysis

AKAI Takashi, SHIMANO Yasushi, SAEKI Ayako, MIKI Tsubasa, AKITA Yasuyuki, and OKABE 
Hiroshi

Term: FY 2021-2022
Collaborative Research: INPEX CORPORATION

Objective

Prior to the CO2 injection pilot test planned at the Mina-
mi-aga oil field, to gain the geological and petrophysical 
understandings of the field, a series of laboratory mea-
surements were performed using existing core samples 
previously acquired at the field. This report describes a 
part of these laboratory measurements and associated 
analysis.

Contents and Results

The target reservoir sandstone formation within the 
Shiiya Formation is interpreted to have been formed by 
gravity flows in submarine channels on the lower conti-
nental slope     and/or deep-sea floor and is intercalated 
with lenticular bodies consisting of granular sandstones 
and pebbly conglomerates. In consistent with the inter-
preted depositional environment, a wide range of reser-
voir quality ranging from low-permeability siltstones (< 
1 mD) to high-permeability granular sandstones (> 100 
mD) was observed for the cores obtained at the wells, 

which manifests the strong heterogeneity of the reser-
voir [1].

In this study, porosity and permeability were measured 
using plug samples of 38 mm diameter and 50 mm length 
under the in-situ confining pressure condition. The 
results of the measurements and interpreted lithofacies 
descriptions are shown in the Fig. 1. In consistent with 
previous study[1], a wide range of reservoir quality rang-
ing from the permeability of a few μD to several hun-
dreds of mD was observed. Although there is uncertainty 
owing to fewer data points, it is possible to interpret 
three distinct porosity-permeability trends as shown by 
the blue color in the figure. The highest trend corre-
sponds to that of coarse sediments of a granular sand-
stone and pebbly conglomerate; the second highest trend 
corresponds to that of sandstones containing clay miner-
als of a muddy sandstone, structureless sandstone, 
weakly laminated sandstone; and the lowest trends with 
permeability of the order of a few μD corresponds to that 
of siltstones of a thinly bedded mudstone.

1 
 

 

 
 
  

Fig. 1:  Porosity and permeability measured under the in-situ confining pressure condition 
shown with the interpreted lithofacies.
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To further understand the relationship between the litho-
facies and reservoir quality, Mercury injection capillary 
pressure (MICP) measurements and thin section observa-
tion using a microscope were performed using the end-
trim of the plug samples.

The measured permeability as a function of the peak pore 
throat diameter (PPTD) obtained using MICP is shown in 
the Fig. 2. It can be seen that the permeability is strongly 
controlled by the PPTD. The thinly bedded mudstone 
samples showed the lowest PPTD which ranged from 20 
to 30 nm, while the granular sandstone samples showed 
the higher PPTD greater than 20 μm. Note that the 
descriptions within the brackets in the figure denote the 

sample name, which is same for the following figures.

The pore throat size distributions of four samples repre-
senting each lithofacies are shown in the Fig. 3. Three 
peaks can be observed as follows: the peak at 20 to 50 
nm corresponding to the pore throat size of clay minerals, 
the peak at 1 to 5 μm corresponding to that of sandstones, 
and the peak at 15 to 50 μm corresponding to that of 
granular sandstones. The two samples interpreted as the 
muddy sandstone showed a bi-modal pore throat size dis-
tribution composed of the peaks of clay minerals and 
sandstones. This observation inferred that the reservoir 
quality of the reservoir sandstone gradually changes 
depending on the clay mineral content.

2 
 

 
 
  

Fig. 2:  Measured permeability as a function of the peak pore throat diameter (PPTD) obtained using 
MICP shown with the interpreted lithofacies. As shown in Fig. 3, the muddy sandstone (Sample 
name: 05H1) showed a bi-modal pore size distribution. If the larger peak was chosen, its position 
is denoted by the triangular mark in the figure. 

3 
 

 
  Fig. 3: Pore throat size distributions of four samples representing each lithofacies
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Thin section images of the four samples observed using a 
microscope are shown in the Fig. 4. The observation is 
consistent with the above interpretation from the MICP 
measurements. The granular sandstone sample exhibited 
large pore space formed between the large sand grains; 
the two samples of the muddy sandstone had both sand 
grains and clay minerals. In the sample numbered 64V1, 
the inter-granular pore space developed between sand 
grains, whereas in the sample numbered 05H1, the 
inter-granular space is filled with clay minerals. In the 
thinly bedded mudstone sample, almost no sand grains 
can be observed, and only fine clay minerals were 
observed.

Conclusions and Future Work

Based on the results of a series of laboratory measure-
ments performed on existing core samples, we found the 
following three porosity and permeability trends repre-
senting the reservoir quality of the field: a granular 

sandstone with a permeability of several hundred mD, a 
sandstone with a permeability ranging from 1 to 100 mD 
depending on the clay mineral content, and a siltstone 
with a permeability of a few μD. The significant reservoir 
heterogeneity arising from these lithofacies could be 
interpreted consistently with the pore-scale information 
obtained from MIPC measurements and thin section 
observation.
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Fig. 4:  Thin section images of the four representative samples observed using a microscope. (a) Granular 
sandstone (15H1). (b) Muddy sandstone (64V1). (c) Muddy sandstone (05H1). (d) Thinly bedded 
mudstone (281V1).
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Objective

CO2 monitoring is one of the key elements for safely 
managing CO2 geological storage projects. Among vari-
ous CO2 monitoring technologies, seismic monitoring is 
an effective tool for, at areas far from wells, delineating 
the distribution of CO2 plume in a reservoir, and detect-
ing CO2 leakage out of the reservoir if the significant 
amount leaks. Depleted oil fields are potential candidate 
reservoirs for CO2 geological storage where existing sub-
surface data and surface facilities which were used for 
past oil production can also be available for the storage 
purpose. However, from a perspective of seismic moni-
toring, CO2 storage in depleted oil reservoirs is more 
challenging as compared to the storage in saline aquifer. 
This is because the elastic property changes caused by 
CO2 injection are relatively small in depleted oil reser-
voirs. Consequently, investigation on the feasibility of 
seismic monitoring to detect such small elastic property 
changes is required.

To investigate the feasibility of seismic monitoring in a 
depleted oil reservoir, we performed a synthetic study of 
cross well seismic monitoring in a depleted oil field in 
Minami-aga oil field, where CO2 flooding using a set of 
an injector and a producer was assumed. As a part of the 
investigation, in this study, to synthesize post-injection 
cross well seismic data, we developed the rock physics 
models of CO2 injection-induced elastic property changes 
around the injector in the reservoir by performing rock 
physics study using existing well logs.

Contents and Results

1. Input data and rock physics models
In the rock physics study, we used a set of existing log 
data obtained at a well in Minami-aga oil field where 
sonic, density, and porosity logs were available. Other 
input parameters such as reservoir temperature, pressure, 

and fluid properties were determined based on the field 
measurements. To account for the effects of pressure 
changes during CO2 injection on elastic properties, we 
developed a pressure sensitivity model using results of 
ultrasonic laboratory measurements on clastic rock plug 
samples in Han et al. (1986)[1]. As for the effects of fluid 
substitution on elastic properties, we used the Gassmann-
Wood model (Azuma et al., 2013[2]) in which the physical 
scale of the mixture of each fluid was assumed to be 
small enough to consider uniform fluid distribution. The 
acoustic properties of each fluid (brine, oil, and CO2) 
were estimated using FLAG (Fluid Application of Geo-
physics: Liu, 2006[3]), which is a program that can evalu-
ate acoustic properties of fluids with given composition, 
temperature, and pressure conditions.

2. Estimation of the rate of elastic property changes
Fig. 1 shows the histograms of the estimated elastic 
property changes using the input data and the rock phys-
ics models mentioned above. The estimation was made 
only at net sand intervals interpreted with well logs. The 
estimated P-wave velocity change was approximately 
-4.0%. This velocity decrease is smaller than that 
expected for saline aquifer. In fact, in Nagaoka CO2 geo-
logical storage experiment, P-wave velocity decrease 
more than -20% was estimated with time-lapse sonic 
logs (Saito et al., 2006[4]). On the other hand, it is worth 
noting that in Aquistore CCS project injecting CO2 into a 
saline aquifer at the depth of 3,150-3,350 m in Canada, 
they achieved to delineate the distribution of injected 
CO2 (Movahedzadeh et al., 2021[5]) under even difficult 
conditions, where P-wave velocity decrease was esti-
mated to be around -3 to -5% in JOGMEC’s internal 
study.

3. Models of elastic property changes
Two models of elastic property changes with different 
vertical distribution of net sand intervals were developed 
to investigate how the limitation in the resolution of 
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seismic imaging affects monitoring results. One model 
has dispersed distribution of net intervals with 1-3 m 
thickness (Fig. 2 (a)), and the other model has relatively 
concentrated distribution of net intervals with 2-4 m 
thickness (Fig. 2 (b)). Note that the net-gross ratio is 
same for both the models. The two models have uniform 
CO2 distribution in the horizontal direction in the range 
of 100 m from the injector. Considering uncertainties in 
the estimated amount of elastic property changes, for 
each elastic property, a rate smaller by one standard devi-
ation than the mean rate was given to the models (ΔVp: 
-3.2%, ΔVs: 0.4%, Δρ: -1.1%).

Conclusions and Future Work

In this study, we developed models of elastic property 
changes associated with the CO2 injection assuming that 
inter-well CO2 flooding would be conducted in 

Minami-aga oil field. The rock physics study using the 
existing log data showed that P-wave velocity would 
decrease by -4.0%. These models were used for synthe-
sizing post-injection cross well seismic data in the fol-
lowing report (Taira et al. 2022[6]).
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  Fig. 1:  Histograms of elastic property changes caused by CO2 injection for (a) 

P-wave velocity, (b) S-wave velocity, and (c) density. The estimation was 
made only at net sand intervals. STD in the figure is abbreviation of stan-
dard deviation.

 

Fig. 2:  Vertical section of P-wave velocity change model with (a) dispersed distribution of net intervals 
and (b) relatively concentrated distribution of net intervals. Black lines in the figure represent the 
top and the bottom horizon of the reservoir. Green line represents the injector. P-wave velocity 
decrease of -3.2% was uniformly given in the range of 100 m from the injector in the net intervals.
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TAIRA Toru, MOURI Takuji, KATO Ayato, KONISHI Yusaku, and AKAI Takashi

Term: FY 2021-2022
Collaborative Research: INPEX Cooperation

Objective

A design for time-lapse cross well seismic survey was 
studied to monitor injected CO2 assuming inter-well CO2 
flooding using the two newly drilled wells (EOR and 
CCUS wells) in the Minami-aga oil field.

Mouri et al. (2022) [1] has evaluated elastic property 
changes associated with CO2 injection based on a rock 
physics study using well log data in the Minami-aga oil 
field. They have estimated a P-wave velocity change of 
-4.0% in the base case, which is much smaller than that 
for the case of CO2 injection in the aquifer. Such a subtle 
velocity reduction makes it difficult to detect CO2 in the 
reservoir because the difference in observed waveforms 
caused by CO2 injection becomes too small to be 
detected during the seismic monitoring. Thus, it is neces-
sary to properly consider the monitoring design for suc-
cessful monitoring. In this study, we performed synthetic 
full waveform inversion (FWI) analysis using synthetic 
seismic data before and after the CO2 injection created 
from elastic property change model of [1] and investigated 

optimal source interval and its array range for detection 
of the subtle velocity change. Note that the P-wave 
velocity change in the elastic property change model is 
uniformly set to -3.2% accounting for the uncertainty in 
its estimation[1].

Contents and Results

1. Workflow
Fig. 1 shows the workflow of this survey design. First, 
we assumed a source interval and its array range and pre-
pared two true velocity models for baseline (situation 
before CO2 injection) and monitoring (situation after CO2 
injection). The true monitoring model was developed by 
adding a true time-lapse model (P-wave velocity change 
model due to CO2 injection [1]) to the true baseline model.

For the baseline and monitoring situation, synthetic 
observation data were computed using acoustic wavefield 
modelling from the corresponding true velocity models, 
and FWI was applied to them to obtain the respective 
estimated velocity models. The difference between them 

 

 
  

Fig. 1: Workflow for survey design (modified from Taira et al., 2022a [2])
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corresponds to the estimated time-lapse model and it is 
compared with the true time-lapse model to see the 
extent of recovery. By applying this workflow to differ-
ent combinations of source intervals and array ranges, 
the optimal source configuration was determined. Note 
that we employed the elastic property change model with 
dispersed net intervals [1] as the time-lapse model and 
checked if the optimal source design determined with the 
time-lapse model would be applicable to that with con-
centrated net intervals [1].

2. Synthetic observation data
The true baseline model used to create the synthetic 
observation data was developed by extrapolating sonic 
log data of nearby wells along interpreted horizons. Dis-
tributed Acoustic Sensing (DAS) utilizing an optical 
fiber cable installed in the EOR well was used as the 
receivers, and with the sources in the CCUS well, syn-
thetic observation data for six cases of the source designs 
shown in the Table 1 were computed. To simplify the 
subsequent analysis using acoustic FWI, however, the 
sensor response of hydrophones was assumed instead of 
that of DAS, and the receiver interval was set to 1 m. 
Fig. 2 (a) shows the true baseline P-wave velocity model, 
the receiver range along the EOR well, and the full 
source range along the CCUS well.

The synthetic observation data were computed using 
finite-difference method, utilizing a forward computation 
module included in the acoustic FWI code (Kamei and 
Lumley, 2017[3]) which were used in the subsequent inver-
sion analysis. As an example, three shot gathers computed 
from the true baseline model are shown in the Fig. 3.

 

 
  

Fig. 2:  (a) True baseline P-wave velocity model with the 
receivers (green line) and the full range of the source 
array (magenta line). The dot-line rectangle rep-
resents the display area of (b). (b) True time-lapse 
model (modified from Taira et al., 2022a [2])

Source intervals
2.5m 5m 10m

Source
ranges

Full ✓ ✓ ✓
Truncated ✓ ✓ ✓

Table. 1:  Source designs to be examined (Taira et al., 
2022a [2]). Source ranges are shown in Fig. 2(a).

Fig. 3:  (upper) True baseline model and ray tracing results for each source (marked in pink). (lower) 
Synthetic shot gathers computed from the true baseline model. (Taira et al., 2022a [2])
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3. FWI results
For each source configuration, a time-lapse FWI analysis 
was performed by inverting the synthetic observation 
data before and after CO2 injection created above. As 
described in the workflow section, FWI was separately 
applied to each of the synthetic waveform data before 
and after the CO2 injection, and the estimated time-lapse 
model was calculated from the difference of each esti-
mated model. We then checked how close the estimated 
time-lapse models are to the true model for each source 
configuration. The frequency domain acoustic FWI code 
from Kamei and Lumley (2017)[3] was used for the FWI 
execution.

Fig. 4 shows the time-lapse FWI results for each source 
interval with the full source range. Although the two thin 

layers in the middle of the reservoir were not resolved, 
the distributions of CO2-induced velocity reduction were 
well estimated between wells for every source interval.

Fig. 5 shows the time-lapse FWI results for each source 
interval with the truncated source range. In the case of 
the 10 m source interval, the CO2 distribution is obscured 
and velocity perturbation outside the reservoir is promi-
nent. This may be attributed to a reduction in resolution 
due to the sparse source interval. The CO2 distributions 
between the wells were well estimated at the other source 
intervals. On the other hand, the velocity profile shows 
that around the lower part of the reservoir (Fig. 5, black 
arrow), the recovery of the velocity change for the cases 
with 5 and 10 m source intervals are worse than that for 
the case with 2.5 m source interval.

Fig. 4:  Estimated time-lapse models for each source interval (srcint) with the “full” source range. The 
dotted-line in the upper-left figure represents the location of 1D velocity profile on the right (mod-
ified from Taira et al., 2022a [2]).

 

 
  

Fig. 5:  Estimated time-lapse models for each source interval (srcint) with the “truncated” source range. 
The dot-line in the upper-left figure represents the location of 1D velocity profile on the right 
(modified from Taira et al., 2022a [2]).
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4. Base case source design
The results of the time-lapse FWI analysis for each 
source interval and its range showed that the injected 
CO2 distribution could be estimated well with any source 
design except the case of 10 m source interval with trun-
cated range. In the case of 5 m source interval with trun-
cated range, however, the recovery of the velocity change 
was poor. Based on these results and constrains to mini-
mize operational cost, we conclude that the base case for 
the cross well seismic monitoring design is 2.5 m source 
interval with truncated range. Fig. 6 shows the result of 
applying the FWI analysis with the base case source 
design to the elastic property change model with concen-
trated net intervals [1]. Even with this model, the CO2 dis-
tribution was well estimated between the wells.

Conclusions and Future Work

The survey design for the cross well seismic monitoring 
was applied for the Minami-aga oil field, where inter-
well CO2 flooding using the two newly drilled wells was 
assumed. As a result, it was concluded that the base case 
design is 2.5 m source interval with truncated range. This 
study did not consider the effects of recording with DAS 
sensor response, such as strain measurement by DAS and 
angular dependence of the DAS sensitivity, 4D noise 
such as the deviation of source location before and after 
CO2 injection, and the attenuation effect, which needs to 
be considered for a more accurate survey design. The 
application of FWI to seismic data acquired with DAS is 
being studied in JOGMEC (Fujimoto et al. (2022)[4], Kit-
awaki et al. (2022) [5], Taira et al. (2022b) [6]). In actual 
acquisition, it would be necessary to flexibly adjust the 
source configuration based on acquisition parameter tests 
at the survey fields. In applying FWI to actual cross well 
seismic data, the effects of source mechanism and the 
anisotropy of seismic velocity should also be noted as 
they may have a significant impact on the inversion 
results (e.g., Ichikawa et al. (2021)[7]).
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fuel ammonia in Western Australia
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Objective

Mitsui E&P Australia Pty Ltd (MEPAU), a wholly 
owned subsidiary of Mitsui & Co., Ltd., is currently 
developing the Waitsia and Beharra Springs Deep gas 
fields in the onshore Perth Basin. MEPAU also holds a 
100% working interest in a depleted gas field close to the 
Waitsia gas field.

JOGMEC and MEPAU signed the agreement in Septem-
ber 2021 on “Joint Feasibility Study on CCS for Creation 
of a Supply Chain of Low Carbon Ammonia in Western 
Australia.” The study investigates the feasibility of the 
low carbon ammonia supply chain in Western Australia, 
using Mitsui’s existing gas assets and its capability to 
develop oil and gas assets to produce low carbon ammo-
nia for export to Japan. Specifically, JOGMEC and 
MEPAU studied the feasibility of the CO2 storage in 
MEPAU’s depleted gas field close to the Waitsia gas 
field by June 2022.

Contents and Results

1.  Concept of low carbon ammonia in Western 
Australia

The concept of our low carbon ammonia project in West-
ern Australia consists of production and export of low 
carbon ammonia made from hydrogen generated from 
natural gas produced at the Waitsia gas field, and storing 
the CO2 emitted from the process in the nearby depleted 
gas field. The schematic of the concept is shown in the 
Fig. 1.

2. CO2 storage in the nearby depleted gas reservoir
We conducted technical evaluation on the feasibility of 
the CO2 storage in MEPAU’s depleted gas field in this 
fiscal year. The following studies were performed on the 
depleted gas field: 1) construction of a geological model, 
2) construction of a reservoir simulation model for CO2 
injection and development of a CO2 injection plan, 3) 
geo-mechanical evaluation during CO2 injection, 4) eval-
uation of the well integrity of the existing wells, and 5) 

Fig. 1: Concept of a supply chain of low carbon ammonia in Western Australia [1]
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investigation of a monitoring plan during CO2 storage.

There are more than 30 existing wells in the depleted gas 
field. We used well data from these wells and seismic 
data acquired on the field to update geological interpreta-
tion of the field. The field is located in a complex struc-
tural geology characterized by several normal faults 
developed in a multiphase deformation stress dominated 
by a tensile component (Fig. 2a). As these faults can be 
potential leakage pathways to upper formations during 
CO2 injection, we interpreted these faults as carefully as 
possible using the seismic and well data.

To construct a geological model of the field, first, the 
reservoir properties such as rock facies, porosity, and 
permeability, were investigated based on the wireline-log 
and core data available from the existing wells. The spa-
tial distributions of these properties were analyzed, and 

then distributed as shown in Fig. 2b.

Based on the geological model, a reservoir simulation 
model for CO2 injection was constructed. The input 
parameters of the reservoir simulation model were first 
calibrated through the history matching of fluid produc-
tion and pressure depletion during the historical hydro-
carbon production period. As a result, we developed a 
simulation model, consistent with the historical reservoir 
response. We are currently establishing an optimum 
development plan for the field based on CO2 injection 
simulations using the reservoir model (Fig. 2c).

For the geo-mechanical evaluation during CO2 injection, 
a one-dimensional (1D) geo-mechanical model was con-
structed based on the geo-mechanical data obtained at 
the existing wells. Using the 1D model, we evaluated 
stability of the faults and magnitude of surface uplift 

Fig. 2:  Reservoir characterization of the target depleted gas field. (a) Constructed reservoir 
structure based on the well data from the existing wells and the available seismic data. 
The blue mesh illustrates the top reservoir surface, while blue and yellow surfaces rep-
resent interpreted faults. (b) Geological model showing 3D facies distribution in the 
reservoir. (c) Reservoir simulation model showing the distribution of CO2 concentration 
in gas phase after CO2 injection.
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during CO2 injection.

The well integrity of approximately 40 existing wells 
located in and around the field was investigated. This 
result will be used to establish an optimum CO2 injection 
and monitoring plan in our future work,

Conclusions and Future Work

Based on the low carbon ammonia concept, we aim to 
establish a new energy value-chain by combining ammo-
nia production from hydrocarbon gas and geological CO2 
storage. To materialize this new value-chain, efficient 
and safe geological CO2 storage is essential.

In this fiscal year (FY2021), we have started studying the 
effectiveness of the geological CO2 storage in the 
depleted gas field in onshore Perth basin. We continue to 
analyze various existing data previously acquired for the 
field, to establish an efficient and safe geological CO2 

storage development plan.
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(9)  CO2 storage potential in depleted oil and gas fields in Japan
AKAI Takashi, and OKABE Hiroshi

Term: FY 2021-2022

Objective

To consider CO2 storage in geological formations in 
Japan, at the early stage of its introduction, CO2 storage 
in depleted oil and gas fields can be an attractive option, 
because the subsurface risks and the development costs 
for depleted oil and gas fields are expected to be lower 
than that for undeveloped saline aquifers.

This report presents the evaluation of CO2 storage capacity 
in Japanese depleted oil and gas fields and related collab-
oration research projects with Japanese companies, which 
were performed as an initiative toward the implementation 
of CO2 storage in geological formations in Japan.

Contents and Results

1. CO2 storage in depleted oil and gas fields in Japan
In this study, the CO2 storage capacity in Japanese 
depleted oil and gas fields was evaluated based on their 
cumulative production data as reported by[1]. A material 
balance approach was used to evaluate the storage capac-
ity on a field-by-field basis. This report presents a sum-
mary of the evaluation, whereas the detailed report has 
been reported in [2].

The CO2 storage capacity of depleted oil and gas reser-
voirs can be evaluated considering material balance 
during the hydrocarbon production and CO2 injection. 
The reservoir pressure of depleted oil and gas reservoirs 
returns to its initial value before its development, by 
injecting the same volume of CO2 as the volume occu-
pied by the produced fluids such as oil and gas at the res-
ervoir pressure and temperature condition. Hence, it is 
possible to evaluate CO2 storage capacity from the 
amount of cumulative produced fluids from the reser-
voirs. This is called the storage capacity evaluation by a 
material balance approach, and for a depleted gas field, 
the mass of CO2 that can be stored, M CO2, is evaluated 
using the following Equation [1]:

where, RRS
HC is the cumulative hydrocarbon gas produc-

tion from the depleted reservoir; Z R
HC and Z R

CO2 are the 
compressibility factors of hydrocarbon gas and CO2 at 
the initial reservoir pressure and temperature conditions, 
respectively; PS

CO2 is density of CO2 at the standard con-
dition.

Similarly, for a depleted oil field, the mass of CO2 that 
can be stored, M CO2, is evaluated using the following 
Equation [2]:

where, RRS
O is the cumulative oil production; BO is the 

formation volume factor of the oil; P R
CO2 is density of CO2 

at the initial reservoir pressure and temperature condi-
tions.

Both the Equations (1) and (2) determine the CO2 storage 
capacity based on the cumulative hydrocarbon produc-
tion data (RRS

HC, RRS
O ), the fluid property of hydrocarbon 

at the initial reservoir pressure and temperature condi-
tions (Z R

HC, BO ), and the fluid property of CO2 (Z R
CO2, 

PS
CO2, P R

CO2 ).

Among the 15 gas fields and 15 oil fields with the highest 
cumulative production in Japan, we selected 12 gas fields 
and 11 oil fields for the estimation of CO2 storage capac-
ity. For the selection of gas fields, we chose structural 
gas fields, while excluding three gas fields, which pro-
duce hydrocarbon gas dissolved in brine. For the selec-
tion of oil fields, we excluded four oil fields which 
mainly produce oil as an associated liquid from gas. The 
CO2 storage capacity of the 12 gas fields was evaluated 
using the Eq. (1), while that of the 11 oil fields was eval-
uated using the Eq. (2). In both the evaluation, consider-
ing the uncertainty in the determination of each 
parameter in the Equations (1) and (2), we considered 
three cases representing low, mid, and high estimation. 
The details of the parameters used for these three cases 
can be found in [2].

The results of the storage capacity estimation for the 12 
gas fields and 11 oil fields are summarized in the Tables 

(1)M CO2=RRS
HC Z R

HC

Z R
CO 2 S

CO 2

M CO2=RRS
O BO R

CO2

(2)

M CO2=RRS
HC Z R

HC

Z R
CO 2 S

CO 2

M CO2=RRS
O BO R

CO2
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1 and 2, respectively, while their distribution is shown in 
the Fig. 1. The total storage capacity of the 12 gas fields 
accounted for 280 million tonne (Mt), while that of the 
11 oil fields was 24 Mt, which resulted in the total stor-
age capacity of 305 Mt as the mid-case. As shown in the 
Fig. 1, maximum storage capacity was found in Niigata 
prefecture, which accounted for 264 Mt (87% of the 
total). The rest of the storage capacity can be found in 
Hokkaido, Akita, and Fukushima prefectures. Note that 
the storage capacity presented here is the theoretical stor-
age capacity that indicates the existence of subsurface 
pore space. The practical storage capacity depends on 
various other factors such as the injectivity of reservoirs 
and number of wells and their placement [2].

2.  Collaborative research projects toward the 
implementation of CO2 storage in Japan

For the implementation of CO2 storage in Japanese 

depleted oil and gas fields, it is necessary to confirm 
whether the evaluated storage capacity is technically 
achievable. In this fiscal year (FY2021), we announced 
an open bidding that requests for the proposal for the col-
laborative research on the assessment of CO2 storage 
capacity of a Japanese depleted oil/gas field [3]. This col-
laborative research aims to perform a CO2 injection pilot 
test for more than one year at a Japanese depleted oil/gas 
field.

Furthermore, for the use of the CO2 storage capacity 
evaluated above, it is necessary to consider not only the 
distribution of storage reservoirs (sinks), but also the dis-
tribution of the sources of CO2 emission (sources) and 
their amount. Hence, we announced another open bidding 
that requests for the proposal for the survey on the latest 
distribution of the sources of CO2 emission in Japan and 
the amount of CO2 that can be recovered from each 
source[4].

Conclusions and Future Work

In this fiscal year (FY2021), among the 15 gas fields and 
15 oil fields with the highest cumulative production in 
Japan, the CO2 storage capacity of 12 gas fields and 11 
oil fields was evaluated based on a material balance 
approach. The total storage capacity of these depleted oil 
and gas fields was approximately 305 Mt, among which 
264 Mt (87%) was found in Niigata prefecture.

To investigate necessary technologies to achieve the CO2 
storage capacity evaluated above, we have prepared a 
collaborative research plan including a CO2 injection 
pilot test for more than one year of CO2 injection at a 
Japanese depleted oil/gas field. In addition, we have also 
prepared a survey plan on the latest distribution of the 
CO2 emission sources in Japan.

Through these, we continue to seek for the implementa-
tion of CO2 storage in Japan.
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Fig. 1:  Distribution of CO2 storage capacity for the 12 gas fields (Table 1) and the 11 oil fields (Table 2). The stor-
age capacities shown in the figure represent the capacity corresponding to the Mid case. The storage 
capacities in red denote the capacity for the gas fields, while these in black denote the capacity for the oil 
fields.
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(10)  Field demonstration of CO2 separation and capture using 
DDR membrane

TANAKA Katsuya, and MIYOSHI Keisuke

Term: FY 2019-2022
Collaborative Research  Partner: JGC Global Co., Ltd.

Objectives

For CO2-EOR operations, it is common to recycle the 
associated gas produced with crude oil by re-injecting in 
the reservoir together with newly supplied CO2. Separa-
tion of CO2 from hydrocarbon gas such as methane (CH4) 
to increase CO2 contents in the recycled gas is expected 
to improve crude oil production.

As zeolite membranes have technical potential to outper-
form existing polymeric membrane for CO2/CH4 separa-
tion, which is required in various areas of oil and gas 
productions, JOGMEC has been paying attention to the 
technology development based on zeolite membranes. As 
the DDR-type zeolite membrane developed by JGC 
Global Co., Ltd. (JGC) and NGK Insulators (NGK) is 
particularly applicable under high-pressure conditions, 
JOGMEC focused on this DDR membrane and con-
ducted a study on its applicability to actual field gas 
using a small size membrane (Note 1) at a CO2-EOR 
field in the United States from 2017 to 2018. (Note 1, 
diameter 30 mm, length 160 mm)

In this joint demonstration project, a field verification 
test will be carried out using a commercial-sized mem-
brane (Note 2), and applicability evaluation, system 
design/optimization study, and commercial viability 
study are to be conducted (Note 2, diameter 180 mm, 
length 1000 mm).

Contents and Results

1. Technology
NGK, a well-known manufacturer of ceramic products, 
have developed DDR membranes, while JGC and NGK 
have jointly developed technologies specifically required 
for gas separation such as CO2/CH4 separation.

DDR membrane is a monolith type integrally molded 
membrane. Specific features include large membrane 

area, high CO2/CH4 separation performance, applicability 
to high CO2 partial pressure conditions, and excellent 
durability (Fig. 1).

The DDR membrane consists of a ceramic monolithic 
cylindrical support and thin films of DDR-type zeolite 
applied on the inner surface of the numerous pores 
evenly arranged inside the cylindrical support. The feed 
gas containing CO2 is introduced in the pores, where CO2 
permeates the membrane and seeps outside through the 
porous support, and CH4 remains inside the pores, 
thereby CH4 is separated from CO2.

2. Overall schedule of the project
The joint research project on DDR membranes is a multi-
year project from FY 2018 (February 2019) to FY 2022 
(March 2023). Preparation of the demonstration test 
facilities (design, procurement, assembly, and on-site 
installation) was conducted during FY 2018 to FY 2020.

Changes in the oil field operation conditions for CO2-
EOR caused difficulties in utilizing the actual produced 
gas for the demonstration test, which was scheduled to 
start from FY 2021. Therefore, we had to figure out real-
istic measures acceptable to the oil field operation com-
pany for the implementation of the demonstration test. 

1 
 

 

Fig. 1: DDR Membrane
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Furthermore, as the on-site commissioning of the demon-
stration test facility progressed, many serious challenges 
with the gas pretreatment system surfaced, and it became 
necessary to address all such challenges. Considering 
this situation, the project schedule was modified to push 
back the start of the demonstration test by approximately 
one year.

3. Activities in FY2021
(1) Repair of defects in the pretreatment system
The gas pretreatment system is used to remove impurities 
such as water before introducing the actual gas in the 
DDR membrane module. Continuous operation is possi-
ble by automatically switching between adsorption and 
regeneration using two adsorption columns.

The system was supplied by a local EPC contractor and 
designed, procured, and manufactured by several sub-
contractors. Various malfunctions occurred during com-
missioning and testing. It took time to determine the 
causes of these malfunctions, and the implementation of 

appropriate repairs for each resulted in further delays.

(2) Preliminary tests
While being engaged in the work to repair the pretreat-
ment system, we checked the integrity of the flow 
meters, heater heating capacity, integrity of the mem-
brane module using low pressure CO2, and integrity of 
the membrane module including sealing performance 
with N2 and updating the equipment operation proce-
dures. Through these preliminary tests, the equipment 
controllability has been confirmed.

Conclusions and Future Work

Full-scale demonstration tests are scheduled to start after 
the completion of pretreatment system repairs.

After the membrane separation performance verification 
test using actual gas, a long-term operation performance 
test will be conducted until the end of FY2022.
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(11)  Sludge Volume Reduction (SVR)  Technology
IKEDA Kenji, KAWAMURA Kazuyuki, and MIYOSHI Keisuke

Term: FY 2016-2021
Collaborative Research: COSMO Oil Co., Ltd., and Abu Dhabi Oil Co., Ltd

Introduction

At many crude oil production sites, the produced oil is 
temporarily stored in storage tanks before being trans-
ported by a tanker for downstream processing. However, 
through this storage operation, oil sludge, including 
water and other heavy weight materials, accumulates at 
the bottom of storage tanks. Thus, these tanks are period-
ically inspected and cleaned by removing the oil sludge 
utilizing crude oil washing (COW). As the removed oil 
sludge volumes are large and it must be properly dis-
posed as an industrial waste, the massive disposal cost 
becomes an issue. On the other hand, oil sludge contains 
a significant oil content. It is expected that “Added 
Value” will be gained if oil products can be recovered 
from waste sludge.

JOGMEC and Cosmo Oil Co., Ltd. started a joint 
research project on “Sludge Volume Reduction Technol-
ogy (Phase 1)” in July 2016 to consider the effective uti-
lization of resources as well as the reduction of industrial 
waste through oil recovery and recycling. The ultimate 
objective of the project is to reduce operational costs and 
environmental impacts.

During the FY 2016, the feasibility of sludge separation 
technology and re-crude oil technology was confirmed 
based on the laboratory-scale testing. Sludge separation 
technology will be able to recover 50% of the oil con-
tained in crude oil sludge and reduce waste sludge 
volume by more than 50%. Re-crude oil technology will 
recycle the oil recovered from the sludge separation tech-
nology.

Fig. 1: Sludge Volume Reduction (SVR) Technology
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During the FY 2017, the test was scaled up to a small-
scale pilot test, which was conducted in an actual oil 
field. A three-phase centrifuge was used to separate the 
crude oil sludge in oil, water, and solids, and its stable 
operation was verified. The feasibility of mixing recov-
ered oil with crude oil was confirmed based on the labo-
ratory-scale test results and flow analysis software.

During the FY 2018, preparations for demonstration tests 
at an actual field site were initiated based on the previous 
results, to show that 1) crude oil sludge is discharged 
from the tank by COW, 2) the oil content is recovered by 
sludge separation technology, and 3) crude oil is con-
verted to the product crude oil by re-crude oil technology. 
In the FY 2018, the equipment procurement procedure 
was completed.

Additional pilot tests for sludge separation technology 
and the mixing method for re-crude oil technology were 
also conducted to verify the ability to accommodate 
changes in the properties of crude oil sludge.

During the FY 2019, the main objective was to procure 
demonstration test equipment, and we manufactured 
major equipment such as centrifuges and pumps in Japan 
and started transportation to the actual field. On the other 
hand, further analysis of the data obtained from addi-
tional verification test in the actual field was conducted 
to verify the response of crude oil sludge to the property 
changes for the centrifugal separation technology and the 
mixing method for the re-crude oil conversion technol-
ogy.

During the FY 2020, equipment installation works, and 
test preparations were planned to be completed for the 
demonstration test by the end of the fiscal year. However, 
due to the spread of COVID-19 from the beginning of 
the fiscal year, all on-site works were suspended, and 
they could not be re-started during the fiscal year.

We have summarized the essential policy regarding the 
preparation of operational procedure for centrifugation 
and re-crude oil conversion during the demonstration 
test.

Contents and Results

The effects of COVID-19 pandemic have continued 
through to 2021 and travel restrictions to the site were 
strict, which made it difficult to conduct a verification 
test. However, in the latter half of the fiscal year, the sit-
uation gradually turned around and the regulations were 
relaxed, so the preparatory work is scheduled to be 
resumed and the demonstration test will be initiated from 
May 2022.

Conclusions and Future Work

The demonstration test is scheduled to start from May 
2022 and complete by October of the same year. 
Although the effects of COVID-19 pandemic cannot be 
ruled out in the future, we aim to test all the sludge from 
one tank during this demonstration test.
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(12)  Feasibility study of a high-CO2 gas field development project 
in Malaysia

OKABE Hiroshi, AKAI Takashi, MORISHITA Ryoichi, NANJO Takashi, NAMBA Kazuo, 
TANAKA Katsuya, and MIYOSHI Keisuke

Term: FY 2019-2021
Contractor: Reservoir Evaluation Team and Project Team, CCS Group Facility Technology Division, 

Technology Department
Joint Research Partner: Petroliam Nasional Berhad, JX Nippon Oil & Gas Exploration Corporation

Objective

This study is conducted jointly by Petroliam Nasional 
Berhad (hereinafter “PETRONAS”), JX Nippon Oil & 
Gas Exploration Corporation (hereinafter “JX”), and 
JOGMEC to evaluate the feasibility of a high-CO2 gas 
field cluster development with CO2 capture and storage 
(CCS) in Malaysia. Majority of the natural gas in Malay-
sia is produced from gas fields located in three regions 
namely, the east offshore of Peninsular Malaysia, Sar-
awak, and Sabah. However, exploration of offshore 
blocks has already matured in promising areas, and the 
number of so-called “easy” fields has decreased. 
Although the remaining resources in these offshore 
blocks are still abundant, the CO2 content is relatively 
high (some exceed 50%). In the east offshore of Peninsu-
lar Malaysia, several high-CO2 gas fields have already 
been discovered, however, their development has not 
progressed technically due to its business profitability, 
including the treatment of CO2 produced along with the 
gas fields. In this collaborative study, parties will perform 
technical and economic evaluations for the development 
of high-CO2 gas fields with CCS. The study includes 
selection of CO2 separation and capture technologies, 
long-term storage management of injected CO2, and the 
supply chain of hydrogen that is reformed from the pro-
duced natural gas and may potentially be transported to 
Japan as a clean energy source. JOGMEC aims to con-
tribute to the creation of JX’s new business participation 
opportunities for future gas field development in Malay-
sia. In addition, technological knowledge throughout the 
CCS value chain will be obtained. The technologies 
include those used for CO2 separation, transportation, 
and storage, thus contributing to a reduced environmental 
load.

Contents and results

1. Economic feasibility assessment
Economic evaluation model was developed, and various 
economic conditions of the Production Sharing Contract 
(PSC), gas price, and project scheme were examined. By 
formulating various business schemes, it was confirmed 
that certain level of economic efficiency could be 
secured even in high CO2-containing gas field develop-
ment project with CCS as a cost center.

2. CCS Legal System Survey
There is no law that comprehensively regulates CCS 
implementation in the country of Malaysia. Therefore, 
survey of relevant existing laws and regulations, referring 
to model laws and regulations issued by the International 
Energy Agency (IEA) was conducted, and associated 
issues were identified. Based on the said issues, actions 
that PETRONAS should take as an administrative 
agency were summarized. In addition, the applicability 
of JCM credit creation to CO2 emission reductions by 
CCS was examined, and draft methodology was devel-
oped.

3. Conceptual design of pilot test
The conceptual design of CCS pilot test was conducted 
and proposed to PETRONAS to confirm the long-term 
CO2 injection performance of the selected reservoirs.

Conclusion (including future issues to be dis-
cussed)

During the FY 2021, based on the results of technical 
studies conducted during the FY 2020, economic and 
legal studies, as well as preliminary studies for the next 
phase were conducted. JOGMEC will continue to study 
the implementation of the pilot test through discussions 
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with PETRONAS and promote the commercialization of 
the high CO2-containing gas field development project.

JOGMEC will contribute to the creation of opportunities 
for JX to enter the development of high-concentration 
CO2-containing gas fields in Malaysia in the future, and 
to contribute to the reduction of environmental impact by 
aiming to acquire knowledge on the CCS value chain, 

including CO2 capture, separation, transportation, and 
storage.
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(13)  Study projects on clean ammonia supply chain developments
TANAKA Katsuya, ARAI Hirohisa, and MIYOSHI Keisuke

Term: FY 2021

Objective

Hydrogen and ammonia, which are attracting increasing 
attention as the clean energy sources for the future, are 
expected to become zero-emission fuels because they do 
not emit CO2 when burned. Ammonia is seen as a prom-
ising next-generation zero-emission fuel for thermal 
power plants and marine engines, which require large 
amounts of energy. As the technologies for its production, 
storage, and transportation have already been established, 
it is expected to be implemented in society relatively 
early among various zero-emission fuels. As one of the 
initiatives to achieve carbon neutrality in 2050, 
JOGMEC will actively promote the involvement of Japa-
nese companies in businesses that contribute to the con-
struction of the ammonia value chain and market 
expansion, while leveraging its relationships with 
resource-rich countries. The following is a list of major 
research projects conducted during the FY 2021 toward 
the establishment of a clean ammonia supply chain.

Contents and Results

1. Joint Study on Exploring the Commercial Potential 
of Clean Ammonia Production Business in the 
United Arab Emirates

In July 2021, JOGMEC, INPEX Corporation (“INPEX”), 
JERA Co., Inc (“JERA”), and Abu Dhabi National Oil 
Company (“ADNOC”) signed a joint study agreement on 
the feasibility of a clean ammonia production business in 
the Emirate of Abu Dhabi in the United Arab Emirates 
(“UAE”).

This joint study initiative was intended to explore the 
commercial potential of producing and transporting clean 
ammonia to Japan. Clean ammonia with reduced carbon 
footprint will be produced in Abu Dhabi from natural 
gas-derived hydrogen, where most of the CO2 emitted 
from the production of ammonia will be sequestered in 
the underground reservoirs of Abu Dhabi onshore oil 
fields in which INPEX has a participating interest.

The joint study was conducted as originally planned, and 

the parties are currently finalizing the report.

2. Joint Feasibility Study on Creation of a Supply 
Chain of Low Carbon Ammonia in Western 
Australia

JOGMEC, Woodside Energy Ltd., Marubeni Corpora-
tion, Hokuriku Electric Power Company, and The Kansai 
Electric Power Co., Inc (hereinafter, the “Parties”) have 
signed a joint research agreement under which they con-
ducted a feasibility study for the development of a clean 
fuel ammonia supply chain from Australia to Japan.

The Parties conducted a feasibility study of the entire 
supply chain, including the production of clean fuel 
ammonia in Australia from natural gas with CO2 abate-
ment methods such as CCS/CCU and bio-sequestration; 
marine transportation to Japan; utilization of ammonia as 
a fuel for power generation and marine use; and financ-
ing.

The fuel ammonia supply chain from Western Australia 
to Japan considered in this study could be competitive in 
terms of economics of the ammonia supply (CIF Japan). 
This study also showed that the supply chain could con-
tribute to reducing CO2 emissions in Japan. It has also 
shown that this supply chain has the potential to supply 
ammonia at a more cost-competitive level by expanding 
its scale.

Based on the above, the supply chain studied in this 
research is considered to have project feasibility, and fur-
ther studies should be conducted in the next stage, focus-
ing on issues of each component of the supply chain 
identified in this research.

Conclusions and Future Work

Based on the knowledge gained through the joint study 
projects, JOGMEC plans to promote international collab-
oration in the fields of CCS and clean hydrogen/ammonia 
and contribute to the realization of a carbon-neutral soci-
ety through the stable supply of low-carbon resource 
energy.
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(14)  Greenhouse gas and carbon intensity accounting framework 
for LNG/Hydrogen/Ammonia production

KONO Eugene, SHIMOUCHI Makoto, SUZUKI Yoichi, and MIYOSHI Keisuke

Term: FY 2021
Contractor: JGC Corporation

Introduction

Japan has announced its “Carbon Neutral Goal” on Octo-
ber 2020, together with the ambition to reduce green-
house gas (GHG) emission by 46% in 2030, as compared 
to that of 2013.

The oil and gas industry has its mission to supply energy 
while keeping in mind the environmental issues. Espe-
cially, the reduction of GHG from the processing facility 
is essential, as the amount of facility GHG emission 
becomes a baseline while calculating the CO2 storage 
amount for CCS projects. Thus, an accurate emission 
management is crucial. Also, the production of “transition 
energy” such as LNG/hydrogen/ammonia is to be coped 
with carbon intensity (CI) to measure its cleanliness.

As JOGMEC intends to contribute to the 2050 net zero 
goal, it focuses on constructing a low-carbon energy 
value chain. When these energies are imported to Japan, 
the GHG emission and CI related to the energy produc-
tion is linked with the product. To promote the use of 
such low-carbon energy to the Japanese economy, 
JOGMEC has taken aboard the journey to compile the 
current standards and guidelines related to GHG emission 
and CI, and to understand the ongoing discussion and 
methodologies to accurately quantify such emission.

Contents and Results

1. GHG/CI methodologies
The most simple and common method to calculate the 
GHG emission is to use the following equation:

　GHG emission = Σ (Emission Factor × Activity Factor)

Emission Factor: A value unique to the facility, equip-
ment, or process, which is usually represented as a value 
per time. The specific value is published in guidelines or 
provided by manufacturers.

Activity Factor: A value related to the time for which the 
facility is operated, such as flow amount or operation 
hours.

These factors vary according to each facility or equip-
ment, so using a unified value cannot reflect the actual 
operation mode of the facility or equipment. To accu-
rately calculate the emission, use of primary data (such 
as direct measurement or operation data) is recommended 
to calibrate the emission factor. JOGMEC has focused on 
the use of primary data and has prioritized the data 
acquisition method used to calculate GHG emission and 
CI.

2. Methane emission
Among the GHG emitted during the operation of oil and 
gas upstream, methane is a gas with a global warming 
potential (the relative global warming potential ratio 
compared with CO2) of 29.8 (IPCC Sixth Assessment 
Report). This means that even if the emission amount is 
smaller compared to CO2, its total global warming effect 
cannot be ignored, demanding a rigorous action.

Another issue around methane is the emission source 
identification. CO2 emission from a facility can be rela-
tively easily calculated through engineering calculation 
or gas sampling. On the other hand, methane is emitted 
through incomplete combustion of fuel or fugitive leak-
age from equipment, which is difficult to identify 
through calculation. Thus, the use of advanced measuring 
techniques such as handheld sensors and drones/satellites 
equipped with sensors should be deployed.

If methane is appropriately captured, it can be added to 
the feedstock, which leads to additional production and 
lower emission. Most of the methane emission reduction 
methods can be executed at a negative cost (i.e., low cost 
with a larger return) and is expected as a practical emis-
sion reduction method.
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3. Guideline drafting
The outcome of this study has been compiled in to JOG-
MEC’s draft guideline, with the intention of providing a 
recommendation on GHG and CI calculation that reflects 
the actual operation mode. The guideline puts emphasis 
on primary data through direct measurement or engineer-
ing calculation, along with the combination of handheld 
sensors (Bottom up calculation) and drone/satellites (Top 
down measurement) and validating each other’s value to 
ensure that there is no leakage left unidentified.

Conclusions and Future Work

The study was conducted to identify the GHG and CI 
calculation method for LNG/hydrogen/ammonia. 
JOGMEC aims to apply the guideline to its projects and 
continue to validate its applicability as a recommenda-
tion. In addition, a survey of methane leakage identifica-
tion techniques is also under consideration.
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Fig. 1: Combination of Top Down and Bottom Up technique
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Digital Technology

1.  Third Year of JOGMEC’s Digital Technology 
Development

JOGMEC established the Digital Transformation Team 
within the Technology Department of the Oil and Gas 
Upstream Technology Unit, in July 2018 and held work-
ing group meetings with external experts to discuss the 
new policy for the E & P industry from October 2018 to 
February 2019. A policy for the JOGMEC’s digital tech-
nology development was formulated based on the opin-
ions of the working group. The priority of the policy was 
to establish a “foundation for digital technology applica-
tions” inside JOGMEC to work on the advancement of E 
& P technology. To promote the application of digital 
technology in the oil and gas business, the digital trans-
formation team was upgraded and the digital transforma-
tion group was reorganized within the oil and gas 
upstream business unit in May 2019.

In FY2021, the third year of the group’s establishment 
was strongly influenced by the COVID-19 pandemic. 
However, the group continued to support the application 
of digital technology in Japanese E & P companies. Our 
support was provided by the following four pillars:
1.  Application of digital technologies to solve the prob-

lems of Japanese E & P companies,
2.  Human resource development for the use of digital 

technology,
3.  External collaboration and information collection and 

dissemination of digital technology, and,
4.  Application of digital technologies to improve JOG-

MEC’s own business workflow.

Regarding the, “Application of digital technologies to 
solve the problems of Japanese E & P companies”, 13 
collaborative proof of concepts (PoCs), including a field 
validation continued from the previous year, were con-
ducted in the FY2021 (Fig. 1). Three of these projects 
(improvement of drilling operations, automated nanno-
fossil identification, and shale gas production estimation) 
have presently reached the field demonstration stage. 
This indicates that JOGMEC is steadily making progress 
in developing tools that can potentially contribute to 
future cost reductions and improvements in work effi-
ciency. In addition, two of the PoC projects (development 
of bottom simulating reflector (BSR) automatic 
extraction workflow and estimation of 3D lithology dis-
tribution with deep learning) are not joint studies with 
Japanese E & P companies but are being conducted 
under JOGMEC’s own initiative and can become sup-
porting tools for the private sector in the near future. An 
outline of each project is described in the next section.

Under “Human resource development for the use of 
digital technology,” technical training was provided to 
JOGMEC’s engineers who play a leading role in the uti-
lization of digital technologies. 

As an indicator of our ability to adopt digital technology, 
JOGMEC promoted the acquisition of the “Deep Learn-
ing for GENERAL” (mastery of basic knowledge of 
deep learning) and “Deep Learning for ENGINEER” 
(mastery of the ability to implement deep learning inde-
pendently) certifications issued by the Japan Deep 
Learning Association (JDLA). During FY2021, eight 

Fig. 1: Progress of PoCs and Human Resource Development
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participants obtained the “GENERAL” certification and 
one participant obtained the “ENGINEER” certification; 
thus, 55 participants presently possess the “GENERAL” 
certification and 14 participants own the “ENGINEER” 
certification (Fig. 1). 

With regards to the training programs for machine learn-
ing, we conducted two online training courses for Japa-
nese E & P companies during FY2021. One of the 
presentations were by Dr. Nakata from the Massachusetts 
Institute of Technology, on “Fundamentals of Machine 
Learning for Use in Resource Development in 3 Hours”. 
He has expertise in both E & P technology and data sci-
ence. The other presentation was given by the domestic 
“Fundamentals of Digital Technology, ” provided by our 
Technology and Research Center’s training course. Each 
course was conducted online and received high ratings 
from the participants. A total of 260 participants from 
JOGMEC and Japanese E & P companies attended the 
courses.

With respect to “External collaboration and informa-
tion collection and dissemination,” the latest global 
technological trends in digital technology as well as the 
impact of COVID-19 on the digital strategies of compa-
nies and examples of digital technology applications in 
the field of decarbonization were investigated. More than 
70 participants from JOGMEC and Japanese E & P com-
panies attended debriefing sessions based on the survey 
results. This contributed to the improvement in partici-
pants’ knowledge of digital technologies.

In addition, as a new attempt, the online event named as 
“JOGMEC Digital Online Session 2021” was held in 
December 2021, which introduced the current status of 
digital technology utilization in Japanese and overseas E 
& P companies through lectures and discussions. A total 
of 209 participants participated in the study. 

Finally, regarding the “Application of digital technolo-
gies to improve JOGMEC’s own business workflow,” 
new search system that enables the investigation of mul-
tiple data management systems in JOGMEC has been 
introduced to improve the efficiency of JOGMEC’s 
internal operations.

2.  Application of Digital Technology to Solve Japanese 
E & P Companies’ Problems in FY 2021

The PoCs for the application of digital technology can be 
classified into two major technical areas. One is 

“automatic interpretation and operational optimization/
automation,” which directly leads to cost reductions. 
Engineering and service companies in this area are cur-
rently focusing on the development of various tools and 
services. JOGMEC should check regarding selecting the 
most appropriate technology (easy to use and cost-effec-
tive) for projects that require improvement.

The other is the area of “technologies for decision-mak-
ing and economic evaluation,” which has traditionally 
been led by private E & P companies. Some examples 
demonstrate an improvement in accuracy by incorporat-
ing machine learning and big data, where conventional 
theoretical approaches have failed. JOGMEC’s focus in 
this field is to enhance the use of digital technology in 
strong areas, and to introduce AI that can explain the der-
ivation process so that it can be utilized for deci-
sion-making.

Current progress of 10 PoCs is discussed below.

<Exploration Technology>
-  Automated Calcareous Nannofossil Identification 

with Deep Learning (continuing project)
We have improved an AI system (developed in FY2019) 
to automatically identify calcareous nannofossils, which 
are known as index fossils for identifying the age of sedi-
ments. For FY2021, we focused on Neogene samples 
and attempted to improve their accuracy by increasing 
the amount of training data and improving the algo-
rithms.

-  Automatic Cuttings Lithology Description (con-
tinuing project, see 3-Ⅰ-1-(1) for details)

The observation and description of cuttings during drill-
ing operation is time-consuming and always varies 
slightly between different geologists; therefore, we cre-
ated a basis for AI to automatically analyze cuttings, with 
the aim of improving the description accuracy in the 
future.

-  Development of BSR Automatic Extraction 
Workflow (continuing project)

In methane hydrate exploration, the bottom- simulating 
reflector (BSR), which is a classical indicator of methane 
hydrate, has been interpreted manually by geophysicists. 
To avoid this time-consuming task, we have been devel-
oping an automated BSR extraction workflow using 
machine learning since FY2020.
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-   Estimation of 3D Lithology Distribution with 
Deep Learning (new project)

Lithological information is available from drilled wells; 
however, well data are mere point data. To understand 
the spatial distribution of lithology, 3D seismic data and 
seismic attributes obtained from the well data were used 
to estimate the distribution of lithology.

We developed a model with deep learning to estimate the 
3D lithology distribution and conducted a feasibility 
study to determine whether this model is practically 
applicable for geological interpretation.

<Drilling Technology>
-  Survey on Safety Improvements for Drilling 

Operations by Applying Digital Technology (con-
tinuing project)

Algorithms have been developed to detect the signs of a 
stuck pipe using AI for drilling data. In FY2021, we 
additionally improved the algorithm for detecting abnor-
mal signs in stuck pipes.

<Reservoir Engineering Technology>
-  Simple Method of Production Volume Estimation 

in Consideration of Uncertainty with AI (con-
tinuing project)

We examined methods for forecasting future production 
volumes and evaluating their uncertainty using AI and 
limited available data for fields where it is difficult to 
construct a reservoir model.

<Facility Engineering Technology>
-  Application of Real Haptics Technology for Early 

Failure Detection of Oil Producing Facilities 
(Phase2, continuing project, see 3-Ⅰ-1-(3) for 
details)

We applied Real Haptics technology (a technology that 
captures subtle changes in force by reproducing the tac-
tile sensation of human force) to estimate the operating 
conditions of sucker rod pumps used for oil production. 
Through a demonstration test, the data obtained were 
confirmed to be equivalent to those measured, using the 
existing sucker rod pump load cells.

In Phase 2, real haptics technology was applied to differ-
ent parts of the sucker rod pump from the previous year 
to test its possibility to predict the subsurface condition 
through a demonstration test. 

-  Comprehensive Use of Drones to Inspect the 
Health of Infrastructures of Oil and Gas Produc-
tion (Phase2, continuing project)

In natural gas pipeline networks and production facilities 
at high elevations, improving the efficiency of data 
acquisition, analysis accuracy, and operational safety 
during inspections has become a major issue. We con-
ducted a PoC to solve these issues by applying a drone 
and its peripheral technologies (operation system, sensor 
technologies including images, and AI analysis) since 
last year.

<Unconventional Oil and Gas Field Development 
Technology>
-  Production Forecasting Methods for Shale Oil 

and Gas through Combining with Physics-based 
Analysis and Statistics-based Analysis (Phase 2, 
continuing project, see 3-Ⅰ-1-(2) for details)

In the second phase of the project, using real-field micro-
seismic data, the results derived from the new source 
determination method were compared with the existing 
interpretation results. We further tested whether the 
information obtained from the environmental noise can 
be used as the total volume of hydraulically fractured 
rock (SRV). In addition, we calculated the importance of 
each parameter used in the machine-learning model and 
optimized these parameters to obtain the maximum SRV. 

-  Shale Gas Production Estimation and Well Com-
pletion Optimization Using Explainable AI Tech-
nology (Phase 2, continuing project, see 3-Ⅰ-1-(4) 
for details)

The aim of this project was to use big data (geological, 
well, and production data) obtained regularly from shale 
gas and oil fields in North America to forecast medium- 
to long-term production and optimize well completion 
drilled in the fields. One of the features of this project is 
that the process of machine learning calculation is not a 
black box but rather visualized (explainable), which is 
important for decision-making. As a result of the second 
phase of the project, the prediction accuracy was further 
improved as compared to the previous year.

3. Future Initiatives

The Sustainable Development Goals (SDGs) are gaining 
momentum worldwide and the E & P industry is required 
to improve the energy sector to realize a low-carbon 
society. Therefore, JOGMEC will work on the develop-
ment and application of digital technologies as part of its 
technical support for Japanese E & P companies in line 
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with the realization of SDGs and/or a low-carbon society.

JOGMEC will continue its efforts, from PoCs to technol-
ogy demonstration and implementation, to develop digi-
tal technologies that contribute to strengthening the 
international competitiveness of Japanese E & P compa-
nies and to resource diplomacy in the FY2021 and 
beyond. In addition to the PoCs, JOGMEC will play a 

role as an information hub by promoting human resource 
development in Japan.

In addition, we summarized our activities on the digital 
transformation and CCS promotion projects and 
launched a new website “CLEAN FUTURE ENERGY” 
(https://mirai.jogmec.go.jp/en/) on September 30, 2021.
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(1) Automatic Cuttings Lithology Description
NANJO Takashi, ISHIKAWA Kazuaki, and MIYOSHI Keisuke

Term: FY 2021-
Collaborative Researcher: CSIRO (Commonwealth Scientific and Industrial Research Organization)

Objective and Scope

Describing cuttings is a routine work for wellsite geolo-
gists at a drilling site. The time-consuming nature of 
description work and lack of consistency in description 
among different geologists are the two major concerns 
for this routine work. Wellsite geologists spend approxi-
mately 70% of their work time on cuttings description 
while drilling. Two or three wellsite geologists are usu-
ally assigned to a well, and they have their own way of 
description though operator company sets a geological 
description guideline. ML/AI techniques have a poten-
tial to solve these problems for their advantages in pre-
diction speed, objectivity, and consistency. In this 
research, the authors tried to automate the task of cuttings 
description using ML/AI techniques.

Materials and Methods 

We are targeting four lithologies, namely Sandstone, 
Mudstone, Volcanic, and Carbonate, to be automatically 
described using AI. The cuttings samples were collected 
from four wells in the Browse basin, Australia. Of these 
four lithologies, a total of 488 pictures of cuttings images 
were taken under a stereomicroscope (Fig. 1). 

We chose a semantic segmentation technique using Con-
volutional Neural Network (CNN) algorithms to perform 
the image classification task. The images were labelled 
using the open-source annotation software LabelMe (Fig. 
2). These annotated data were used for the network train-
ing. The labelled images were split as training and vali-
dation sets in the proportion of 472 to 16.

Fig. 1: Images of cuttings samples in ICHTHYS2AST2_4070-4075m
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Results and Conclusions

The accuracy of the trained model was evaluated using 
the intersection-over-union metric (IOU). The mean IOU 
of the final model on the validation dataset was approxi-
mately 90% (Fig. 3). Prediction results of the cutting 
samples that are represented by single lithologies were 
qualitatively accurate. On the other hand, the prediction 
for the non-typical lithology (such as siltstone, dark col-
ored volcanic rock, mixed lithology samples) has room 
for improvement. The fragments which have similar tex-
ture (including dark colored volcanic rock and dark mud-
stone) are difficult for the CNN to distinguish. The final 
goal of our project is not only the lithology identification, 
but also quantification of lithology in a cuttings sample. 
Additional model improvements, such as hyperparameter 
optimization and significantly more training data are 

required to successfully accomplish this task.

Novel/Additional Information

The trained model for cuttings description has a potential 
to realize quantitative and high-speed cuttings descrip-
tion. Well trained AI/ML models have a potential to 
assist wellsite geologists by automating the cuttings 
description process thereby simplifying, speeding-up, 
and improving the consistency.

Acknowledgement

JOGMEC would like to thank CSIRO for useful discus-
sions and sharing the cuttings samples.

Fig. 3:  Prediction data of the trained model (left: Cuttings image, center: labeled data, 
right: predicted lithology data by the model)

Fig. 2: Examples of labeled data (left: microscopic image, right: annotated image data)
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(2)  Production forecasting methods for shale oil and gas through 
combining with physics-based analysis and statistics-based 
analysis

KUROSAWA Isao

Term: FY 2021
Collaborative Researcher: Massachusetts Institute of Technology

Objective

JOGMEC mainly focuses on optimizing both well design 
and production operations, which is a necessary technol-
ogy for optimization of shale oil and gas development. 
Understanding of the hydraulic fracturing propagation 
mechanism is the top priority and we compared the rela-
tionship between stimulated reservoir volume (SRV) 
estimated from microseismic and actual production data. 
In this research, we have attempted to address three 
problems (1) Picking bias through human, microseismic 
detection limit, and longer processing time, (2) low con-
fidence of interpretation, and (3) optimization of real-
time solution. We have been conducting joint study with 
MIT since 2020.

Contents and Results

In the FY2020 (Phase 1), imaging technology with modi-
fied Generic mean reverse time migration (GmRTM) 
originally developed by Nakata and Beroza (2016)[1] was 
applied to the University of Calgary’s microseismic data 
with both good S/N (signal and noise ratio) and ambient 
noise which are open to public. We found problems of 
both 3D locations from ambient noise and longer calcu-
lation time. The FY2021 was divided in the first half 
(Phase 2-1) and second half (Phase 2-2): (1) Applying 
the new imaging method to real microseismic data and 
ambient noise and (2) Building a production forecasting 
model for shale oil and gas. In the Phase 2-1, we com-
pared the microseismic location with original and new 
imaging technique through actual field data provide by 
Ovintiv Canada ULC. We also examined feasibility to 
utilize ambient noise whether information from ambient 
noise as SRV. In the Phase 2-2, we used the machine 
learning technique to understand which parameters are 
important to establish the SRV through hydraulic fractur-
ing. After creating the model, we performed the blind-
test to confirm effectiveness of the predicted model.

Outcome

Applying the new imaging method to real 
microseismic data and ambient noise (Phase 2-1)
In this study, microseismic data from Distributed Acous-
tic Sensing (DAS) are used to relocate microseismic 
location. This trial is new for us as compared with the 
geophone trial. The advantage of DAS is coverage (6,000 
sensors for DAS vs 24 sensors for geophone). This dif-
ference helps us to understand residual between the cal-
culated travel time and observed time from original 
velocity model when applying DAS data (Fig. 1). We 
conclude that velocity model has to be optimized based 
on the DAS data. Relocated events from update velocity 
model show approximately 100 m shallower locations 
than the original locations (Fig. 2). Geophone needs to 
rotate to find where energy comes from while locations 
are easy to calculate based on the distance between 
microseismic source and each sensor. Therefore, loca-
tions from DAS won’t affect X-Y position as there is no 
azimuth error (Fig. 3)

Fig. 1:  Example of waveform: lay over DAS data with geo-
phone data. Red line represents P-wave travel time 
calculated with original velocity model. Black line 
show P-wave travel time calculated with updated 
velocity model. Travel time residual is clearly 
observed using original velocity model.
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Building a production forecasting model for shale oil 
and gas (Phase 2-2)
In the shale oil and gas field, completion engineer per-
forms various trial and error calculations such as number 
perforations per stage, perforation spacing, pressure, type 
of proppant, type fracture fluid, and volume of fluid. 
These combinations are developed based on trial and 
error or experience and there is no well-defined method-
ology so far. What if we can use machine learning tech-
nique with above parameters to determine best 
combinations to maximize the production.

To develop long term production forecasting model, 

three steps are required. First, Hakso and Zoback (2019)[2] 
showed correlation between production and Distributed 
Temperature Sensing (DTS). Machine learning model 
was established using pressure and perforation data as 
explanatory variables and DTS as objective variable. We 
achieved the high accuracy of prediction result in DTS. 
Next, Liquid network originally developed by MIT was 
used to predict short term production forecasting model 
through time series data (90 days of production data). 
Finally, we tested 10% and 30% of initial production 
data to understand whether percentage of data affects the 
prediction accuracy.

Fig. 3:  Image of azimuth error from geophone (left) and simple calculation image from DAS (right). Micro-
seismic location is able to calculate distance between microseismic source and each sensor.

Fig. 2:  Location comparison between geophone with original velocity model (blue dot) 
and DAS with updated velocity model (red dots). Relocated microseismic events 
are approximately 100 m shallower than original locations.
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Using only 10% data created difference between pre-
dicted and observed value while no difference was 
observed by using 30% of data. Therefore, more than 
30% of data is required to develop the long-term produc-
tion forecasting model.

Conclusions and Future Work

We achieved certain result using DAS data to have pre-
cise microseismic locations comparing with geophone 
result.

Production forecasting model through machine learning 
also achieved certain result while explanatory valuables 
were small. This problem needs to be solved for future 
work.

Unfortunately, we do not expect Japanese company 
which participated in unconventional oil and gas project 
in North America to conduct science pad project includ-
ing microseismic, chemical tracer, DAS, and DTS. There 
is zero or very low possibility that a Japanese private 
company will use production forecasting model using 
microseismic and machine learning because world is 
shifting towards decarbonization movement.

Moreover, machine learning requires adding the variety 
of data to improve accuracy of the model while we need 
to consider other areas such as geothermal or carbon cap-
ture storage (CCS) to address our data shortage issue.
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(3)  Application of Real Haptics technology for early failure 
detection of oil producing facilities

KONO Eugene, MIYOSHI Keisuke, KONISHI Yusaku, and KATO Takaaki

Term: FY 2021
Collaborative Researcher: INPEX Corporation, Chiyoda Corporation, Keio University

Objective

Sucker Rod Pumps (SRP) are used to complement the 
decreasing oil production rate due to the reduction of res-
ervoir pressure. Usually, SRPs are coupled with load cell 
(LC) sensors mounted on the rods to measure the load on 
the rods and to estimate the operation of the pumps 
placed underground. As LCs are not permanently placed, 
it poses a challenge to predict failures of the pump and to 
adjust the operation mode to mitigate such failures or 
maintain the optimum production mode.

Recently, Real Haptics (RH), a technology that can trans-
mit tactile and force sensation between the sender and 
receiver, has advanced in both development and applica-
tion[1]. There are prospects that this technology can be 
applied to understand the subsurface pump operation, as 
an alternative for load cells, by measuring the motor cur-
rent that drives the SRP. In addition, as other measure-
ment data is available for the SRP, the correlation 
between these data and RH data may be utilized to 
assume the change in production rate or even predict 
failures. This study focuses on the application of RH to 
an actual operation field, to predict any anomalies and to 
optimize the production rate.

Contents and Results

1. Application of RH technology
RH has the potential to measure the force on a subject 
without tools such as LC (which is a sensor that directly 
measures the force). Therefore, it has an advantage of 
less failures, low cost, and provides permanent monitor-
ing of the well and SRP, which leads to continuous data 
acquisition.

In this study, RH sensor was mounted on the motor used 
for SRP and on the walking beam (Fig. 1), to acquire the 
tilt angle data of the beam, which will be used as an input 
data. The whole system has been set up so that it can 

estimate the subsurface condition without using the LC. 
In addition, the compatibility of RH has been considered 
by comparing the RH and LC data.

2. Comparison of RH and LC
The demonstration test was conducted at one of the 
INPEX’s domestic oil fields. The test objective was to 
compare the response of RH and LC data during opera-
tion and to estimate the subsurface condition, especially 
when the produced fluid contains gas which may lead to 
pump failure.

As there is a difference in the measured data between RH 
and LC (LC measures actual force on the rod, while RH 
measures force on the rod and SRP), a physical model 
was constructed to enable the comparison of the two 
data. The physical model includes several parameters and 
estimates the deviation from the ideal operation of the 
SRP. The model revealed that by setting specific parame-
ters (such as balancing coefficient, gear efficiency, 
moment of inertia), RH and LC data can coincide. The 
parameters are unique to each SRP, though this may be 
utilized as a default, and tuning the parameter enables the 
construction of a specific model for the SRP.

Conclusions and Future Work

This research work focused on the applicability of RH to 
estimate the operation mode of SRP. The demonstration 
test proved that by modelling the SRP using specific 

Fig. 1: Overview of the RH system
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parameters, it can acquire data similar to that of LC. It 
further suggests that it can estimate the subsurface condi-
tion through the data acquired from surface equipment. 
Thus, there is a possibility that it can be applied to the 
top-drive system (system that rotates the drill pipe cou-
pled with the drill bit) for drilling, which may lead to 
better understanding of the subsurface drilling operation 
through the application of RH technology.
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Introduction

The decline curve method was used to predict the future 
production in current shale gas/oil development and pro-
duction projects. This method estimates future production 
based on the trend of production volume since the begin-
ning of production, making it difficult to select an appro-
priate trend curve in accordance with field conditions 
and in making accurate forecasts before the start of pro-
duction. The application of AI technologies such as 
machine learning (ML) has recently been actively studied 
as a solution to such problems. Developing an optimal 
well and fracturing design that matches the field and 
project conditions is also expected to be solved using AI 
rather than the experience and intuition of experienced 
engineers. However, the basis of the predictions made by 
conventional AI, such as ML, is a “black-box,” and it is 
difficult for humans to interpret the reasons for the 
results. Thus, applying AI-driven results to the deci-
sion-making process in the E&P business has been a 
hurdle.

Therefore, JOGMEC decided to conduct a PoC project 
hiring explainable AI technology or “white-box” AI that 
can explain the basis of its estimations to solve problems 
in shale gas development and production. This project 
was conducted in collaboration with NEC Corporation, 
which has its own “white-box” AI technology, namely 
“Heterogeneous Mixture Learning Technology (HML).”

1. Method
This section provides an overview of HML compared to 
conventional ML technology. When predicting, ML finds 
only a single regularity in the prepared input data with a 
wide variety. Therefore, when using data containing mul-
tiple conditions for many ML technologies, it is neces-
sary to divide the data appropriately by humans. 
However, in HML, when the data are in, they are appro-
priately and automatically divided, and a prediction 
equation is calculated. The calculated equation was then 

evaluated to determine a better division. The data divi-
sion and equation calculation processes were repeated to 
obtain the final prediction equation. Thus, data contain-
ing different conditions can be handled without human 
intervention. The process of deriving a production fore-
cast equation using shale gas well data is illustrated in 
Fig. 1.

2. Data Analysis using “white-box” AI
The study was conducted in two phases. Both Phases 1 
and 2 used actual data collected from wells in a shale gas 
producing field in North America.

In Phase 1, data from approximately 1,900 wells were 
used to estimate the cumulative production for the first 
year after the production began. The data included the 
location, depth and spacing of wells, injection volume of 
fluid and proppant, and actual gas production rate. Esti-
mations at a point in time prior to the start of production, 
calculated without using actual production data, and esti-
mations at a point in time after the start, calculated using 
the actual data, were verified.

In Phase 2, data from approximately 1,600 wells were 
chosen from the 1,900 used in Phase 1. This reduction in 
the number of wells was made in order to use those with 
fewer missing parameters for the analyses. We added 
geological and geophysical information to the analyzed 
items included in Phase 1. The analysis included the esti-
mated ultimate recovery (EUR), initial production esti-
mates, and optimization of the drilling and completion 
designs. We also attempted to identify non-economic 
wells prior to the start of production, and the results were 
validated. The EUR was predicted for both the pre- and 
post-production time points.

In Phases 1 and 2, a major portion of the well data was 
used to develop the forecast model, and the remaining 
data were used as evaluation data to verify the accuracy 
of the developed model.
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3. Results
In Phase 1, the error rates for the one-year cumulative 
production estimation at the time points of pre-produc-
tion, one month, and three months were 21.9%, 20.2%, 
and 12.0%, respectively. Comparing these results with 
those of the decline curve analysis, for example, 8.8 
points improved for the estimation at the time point 
before the start of production and 18.1 points improved 
for the estimation at three months after the start, indicat-
ing that highly accurate estimations are possible.

In Phase 2, the error rate for the EUR forecast at the time 
point before production was started was 22.7%. As for 

the initial production, IP30 (production volume 30 days 
after production started) was estimated with an error rate 
of 21.7% at the time point before production started.

The optimization of the well completion designs using 
HML, which the production estimation model mentioned 
above utilized for, resulted in the completion design with 
internal rate of return (IRR) improvement by an average 
of 13.4 points compared to the ones employed in actual 
operation. Furthermore, using the long-term (1-600 
months after production starts) monthly production esti-
mation results obtained by combining the predictions 
from the HML and decline curve analysis, we verified 

Fig. 1: Schema of modelling of production estimation with HML

Fig. 2: Flow chart of modeling and accuracy evaluating in production estimation
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whether low-productivity wells could be identified 
before the production starts. Low-productivity wells 
were defined as those with IRRs of ≤ 25% per well. Con-
sequently, we successfully identified more than 90% 
low-productivity wells in advance.

Following considerations are related with the feature of 
“explainability” of HML. In the production estimation 
study, the conditions that affect production were also dis-
cussed, and the trend of the effect of porosity (obtained 
from log data) on the production volume among regions 
was visualized. For the drilling completion design opti-
mization study, we focused on the effect of each comple-
t ion e lement  on gas  product ion,  and the  most 
economically optimized injection volumes of the prop-
pant and fluids were calculated.

Conclusions and Future Work

This research achieved the estimation accuracy goals set 
initially, and the results were more accurate than conven-
tional methods, such as the decline curve analysis, con-
firming the effectiveness of HML.

The aim of this study was to apply the “white-box” AI 
developed in this study to actual shale gas operations. 
Further improvement of the estimation method and the 
construction of a system that can be adapted to the work-
flow of a company are issues that need to be addressed.

Related References https://www.nec.com/en/global/solu-
tions/ai/analyze/pattern.html

https://www.nec.com/en/global/solutions/ai/analyze/pattern.html
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Technological support for tight oil and gas development

The shale oil and gas sector in the United States (U.S.), 
which had been stalled due to lower fuel demand caused 
by the COVID-19 pandemic, showed a recovery trend, as 
seen from the changes in drilling and completion opera-
tions (Fig. 1); however, the number of new wells drilled 
in recent years still remains below the pre-pandemic 
level. The trend away from fossil fuels through Carbon 
Neutral (CN), particularly in Europe, is also a headwind 
for shale oil and gas development companies in the U.S. 
As companies are expected to seek to improve profitabil-
ity, optimization of completion design and enhanced-re-
covery techniques (IOR/EOR) are likely to become 
increasingly important. Therefore, JOGMEC continued 
to provide technical support to Japanese companies in 
U.S. shale oil and shale gas development projects to 
improve their asset values and focused on basic research 
on shale development.

Accomplishment of JOGMEC in 2021

(1)  Joint study to improve the asset value of Japanese 
E&P companies

In the fiscal year (FY) 2021, two joint research projects 
and one technological support in the operational field in 

the U.S. and one joint research project on tight reservoir 
development in Japan were continued and implemented 
(Fig. 2).

①�Joint study and technological support in the 
operational field of EOR/IOR technology for tight 
reservoirs in Eagle Ford

JOGMEC has been providing technical support to 
improve the Estimated Ultimate Recovery (EUR) and 
reduce development costs by optimizing well spacing 
and improving the completion design. With the matura-
tion of horizontal well drilling and multi-stage hydraulic 
fracturing technologies, the costs required for shale 
development have become relatively stable. In this proj-
ect, INPEX Eagle Ford, LLC, the operator of the Eagle 
Ford shale development in Texas, USA, and JOGMEC 
are conducting a joint research project to investigate the 
feasibility of enhanced oil recovery (EOR) using surfac-
tants with the aim of increasing the recoverable reserves 
per well and pad. In addition, as a technological support 
in the operational field, selection of the most suitable 
surfactant for the target shale development formation 
was conducted.

Fig. 1: Number of drilling and completion well in the U.S. and oil price (this Fig. is created based on the data of EIA)
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②�Joint study on the optimization of the refracturing 
design in Haynesville shale

This study started in 2019, and JOGMEC provided tech-
nical support to Tokyo Gas America Ltd. (TGA) and TG 
Natural Resources LLC (TGNR) to improve their asset 
value in Haynesville shale located in eastern Texas and 
northern Louisiana. As described above, the objective of 
this study was to shift from the completion optimization 
of new wells to the development of an optimal refractur-
ing strategy. This is because refracturing costs could be 
much lower than the drilling and completion costs of a 
new well, and refracturing has the potential to provide a 
positive return with a lower investment. In 2021, we con-
ducted the process of selecting wells to be re-fractured 
using digital technology and constructed a reservoir sim-
ulation model to estimate the stimulated reservoir 
volume and remaining reserves after initial completion.

③�Joint study on domestic tight oil development in 
Japan

In addition to the previously mentioned projects, a joint 
study on the optimization of acid treatment design for the 
development of the Onnagawa tight oil formation in 
Akita Prefecture was conducted using JAPEX. We con-
ducted a simulation study to predict the increase in oil 
production with acid treatment in the target well, which 
is being considered for the demonstration field test 
during the FY2022. In addition, cuttings, and core analy-
sis for siliceous rock, basin simulation for Ayukawa oil 
and gas field, and basis of design for the acid stimulation 
at the Higashi-Ayukawa AK-1 well were conducted.

(2) Fundamental research activities
①Fracture propagation with hydraulic fracturing
JOGMEC has been conducting laboratory-scale hydraulic 
fracturing tests using rock samples in cooperation with 
Kyoto University as an important technical issue to 
understand the fracture propagation mechanism by 
hydraulic fracturing. In FY2021, we conducted hydraulic 
fracturing tests using shale samples from the Montney 
Formation in Canada, which is being considered as a 
candidate site for outcrop testing, to understand the basic 
physical properties and hydraulic fracturing behavior. In 
addition, joint research on fracture propagation simula-
tion using the phase-field method was conducted with 
the Helmholtz Center for Environmental Research (UfZ) 
in Germany.

②Research on CO2 Fracturing
Technical discussions with the Commonwealth Scientific 
and Industrial Research Organization (CSIRO) of Aus-
tralia were conducted until 2020 to investigate the poten-
tial of supercritical CO2 as a new environmentally 
harmonized hydraulic fracturing fluid with respect to the 
fracture propagation mechanism. In FY2021, we evalu-
ated the applicability of CO2 fracturing using supercriti-
cal CO2 at the CSIRO’s facilities. In relation to above, 
JOGMEC conducted a technology trend survey to con-
firm the latest trends, field applications, and potential of 
CO2 fracturing technology in the E&P industry.

③�Preparation work for outcrop-scale experiments of 
hydraulic fracturing

Regarding the curable resin used in the outcrop experi-
ment to visualize fractures of several meters in scale, we 
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Fig. 2: Study area of JOGMEC’s unconventional division
Ongoing Project

Fig. 2: Study area of JOGMEC’s unconventional division
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conducted (1) a test to confirm its curing characteristics, 
(2) improvement of the packer for injection of the resin, 
and (3) fabrication of a high-pressure container for 
pumping the resin.

④Research on the optimization of acidizing
JOGMEC is collaborating with Waseda University, Texas 
A&M University (USA), and UfZ (Germany) to model 
the wormhole phenomenon that occurs during acid 
extension. In the FY2021, computed tomography (CT) 
image data from tracer tests and acid treatment experi-
ments using multiple carbonate rock outcrop samples 
conducted during the FY2020 were analyzed to compare 
water flow paths and wormhole extension pathways. In 
addition, a numerical simulation model of the wormhole 

phenomenon was developed using the phase-field 
method.

⑤Molecular simulation study in nanopores
JOGMEC conducted a molecular simulation study with 
the University of Tokyo to understand the gas flow, 
adsorption behavior, and fluid phase behavior in microp-
orous structures, which is necessary to elucidate the 
mechanism of gas injection for EOR.

Reference

[1]  U.S. Energy Information Administration (EIA), 
Drilling Productivity Report.
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(1)  Joint study of EOR/IOR technology for Eagle Ford tight 
reservoirs

OHTSUKI Satoshi, ISHIWATA Tomoaki, TAKEUCHI Tsutau, TAMURA Kohei, and  
SEKINE Kotaro

Division/Team, Department/Group: Unconventional Oil & Gas Technology Division, Technology Department
Term: FY 2021-2022
Collaborative Researcher: INPEX Corporation, INPEX Eagle Ford, LLC

Introduction

The main objective of this study is to understand the 
mechanism of enhanced oil recovery (EOR) and 
improved oil recovery (IOR) in the Eagle Ford shale res-
ervoir. This study has been conducted since the fiscal 
year (FY) 2019. In the FY 2019, basic data on reservoir 
characteristics were acquired through laboratory analy-
ses [1]. In the FY 2020, the application of digital rock 
physics to the evaluation of permeability, which has a 
significant impact on the EOR effect, and an integrated 
monitoring of the extent of fracture propagation due to 
hydraulic fracturing were studied [2].

In the FY 2021, simulation studies for replicating core 
experiments were conducted to advance understanding of 
the surfactant EOR mechanisms. Also, digital rock study 
for estimating effective and relative permeability of shale 
rock and unpropped fracture conductivity measurements 
were conducted to improve the reliability of production 
prediction. In addition, estimation of salinity of the for-
mation water was attempted for understanding the origin 
of high salinity of the flowback water.

Contents and Results

1.  Simulation study of enhanced recovery technology 
using surfactants

To understand oil recovery mechanisms by Surfactant 
EOR, a numerical model to simulate Surfactant-assisted 
Spontaneous Imbibition laboratory experiment (SASI: an 
experiment where rock sample saturated by oil and water 
is placed in a dissolved surfactant containing water. Oil 
is recovered due to wettability change from oil- to water-
wet induced by surfactant adsorption on the rock surface) 
was constructed. However, where the rock sample was 
oil-wet, i.e., the water-oil capillary pressure was negative, 
a spontaneous water imbibition did not occur and no oil 
was recovered. This means that a mechanism to let the 
surfactant, and not water, move into the rock sample ini-
tially is required. It was observed that surfactant diffusion 
worked effectively as the mechanism. Subsequently, the 
following process was successfully simulated: surfactant 
moved into rock sample, surfactant was adsorbed on rock 
surface, wettability of rock sample changed, water 
imbibed into rock sample spontaneously, then oil was 
recovered (Fig. 1). Finally, a history matched model to 

Fig. 1:  Example of SASI simulations. a) grid system (green: rock sample, blue: water),  
b) oil saturation, c) temporal change of displaced oil.
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reproduce experimental results was successfully devel-
oped by tuning several parameters, such as water-oil cap-
illary pressure, adsorption amount and relative 
permeability.

2.  Digital rock study for estimating effective and 
relative permeability of shale rocks

To estimate the effective and relative permeability of 
shale rock, SEM (Scanning Electron Microscope) images 
of its samples were acquired using TRC’s analytical 
equipment. Furthermore, the size and shape of pore 
spaces and their distribution were quantitatively evalu-
ated based on the image data. Later, processed-based 
pore structure models were constructed, and the model 
that represented the characteristics of the pore structure 
extracted from the images was selected. Fig. 2 displays 
an example of quantitative SEM imaging and primary 
pore structure model. SEM image quantification of PSB 
(Porous Solid Bitumen) pore volume fraction estimated 
the PSB to be filling or obstructing primary pore spaces. 
The residual primary pore spaces had no connectivity. In 
addition to the primary pore space model, PSB model 
was attempted to construct. However, the model with 
only pores that could be identified by SEM images did 
not have any connectivity between the pores. These 
results indicate that pore space connectivity below the 
resolution (approximately 3 to 5 nm/pixel) of SEM 
images significantly contributes to fluid flow in shale 
rocks. Therefore, in the FY 2021, the permeability for the 
primary pore space model with no PSB was estimated 
using lattice Boltzmann simulations. This digital rock 
study was conducted in collaboration with the University 
of Texas at Austin.

3.  Measurement of Fracture surface topography and 
Unpropped fracture conductivity

Opening of induced hydraulic fracture is kept by prop-
pants (propping agents) which provides hydraulic con-
nectivity in tight formations, whereas “unpropped 
fracture,” in which proppants have not been settled prop-
erly, will close along with the leak-off of fracturing fluids 
resulting in reduction in the fracture conductivity. It is 
known that the relationship between the fracture closure 
and associated conductivity change is complex while the 
relationship is influenced by characteristics of both frac-
ture surface topography and rock mechanical nature of 
formations. To understand fracture closure behavior and 
hydraulic connectivity under stress changes of the Eagle 
Ford formation, we measured the fracture surface topog-
raphy and the fracture permeability using the fractured 
plug samples.

Two samples, which are horizontal plugs containing a 
fracture subparallel to the bedding plane, were investi-
gated (Sample-A: Diameter = 1.0 inch and Length = 1.4 
inch; Sample-B: Diameter = 1.0 inch and Length = 1.5 
inch). The fracture was contained when the plugs were 
received, and the origin of fracture is unknown.

Fracture surface topography was acquired using laser 
profilometer. Whole area of the fracture surface for each 
plug halve was scanned with 50 μm spacing along the 
fracture surface with a resolution of +/- 1 μm perpendic-
ular to the scanning plane. Fracture closure behavior was 
modeled using Brown and Scholz model[3] which utilizes 
Hertzian contact theory. Using probability density func-
tion for fracture aperture, fracture aperture under con-
fined condition was calculated using the model (Fig. 3a).

Fig. 2: Example of quantitative SEM imaging and primary pore structure model
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Besides the fracture closure modelling with the surface 
topography, flow experiments were conducted to under-
stand flow capacity of the unpropped fracture under the 
confined condition. Klinkenberg permeability was 
obtained from the results of the experiments where nitro-
gen gas was injected from one side of the cylindrical end 
to the other side, until steady-state flow condition was 
achieved (Fig. 3b). Fracture permeability was measured 
under different confining pressure conditions of 5, 7.5, 
10, 12.5, and 15 MPa with loading-unloading cycle of 5 
MPa → 15 MPa → 5 MPa to be defined as “one cycle”. 
In this study, we conducted two cycles to evaluate the 
effect of loading-unloading process on the fracture per-
meability.

The hysteresis of permeability, which was exhibited at 
the 1st cycle of loading-unloading, almost disappeared at 
the 2nd cycle for both the samples. Fracture of Sample-B 
had approximately twice the permeability of Sample-A. 
Fracture topography examination indicated that under no 
normal stress condition, mean aperture width and vari-
ance of Sample-B was higher than that of Sample-A (Fig. 
3a). Consistent results were obtained from the fracture 
topography and conductivity measurements.

4.  Estimation of formation water salinity by fluid 
inclusion analysis

The salinity of the produced water increased after 
hydraulic fracturing operation and was much higher than 
that of the fracturing fluid. To identify the origin of the 
extremely high salinity (more than 200,000 ppm), either 
in-situ (Lower Eagle Ford) or inflow from other forma-
tions, JOGMEC tried fluid inclusion analysis to obtain 
the formation water salinity. Fluid inclusions are micro-
scale samples of fluids which were trapped within micro 
pores of minerals during the evolution of sedimentary 
basins. If fluid inclusions are included, the disappearance 
of bubbles is observed at the homogenization temperature 
during heating and the appearance of solid phase (ice) is 
observed during cooling. Fluid inclusions provide several 
geological information of the fluid condition when they 
were entrapped. The ice melting temperatures represents 
salinity of included water. The plug cores were sliced to 
thin chips (a few centimeters thick) and polished until 
light is transmitted. The samples were observed to find 
air bubble (indication of fluid inclusion) in the micropo-
res. Further, microthermometry was carried out using a 
Linkam THMSG-600 heating-freezing stage and Nikon 
ECLIPSE LV100 POL optical microscope.

No fluid inclusion was observed in the Eagle Ford plug 
samples, although abundant calcite cement existed in this 
study. The phase changes were not observed during heat-
ing and cooling condition.

Conclusions and Future Work

1.  Simulation study of enhanced recovery technology 
using surfactants

It was observed that surfactant diffusion works effec-
tively as a mechanism to let the surfactant move into the 

Fig. 3:  Measurement results (a) Fracture surface topography, 
(b) Pressure-dependent permeability

Fig. 4: Microscopic image of Eagle Ford shale (calcite cement)
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oil-wet rock sample initially. In addition, a history 
matched model to reproduce experimental results was 
successfully obtained by tuning several parameters 
(including water-oil capillary pressure). A field-scale 
simulation will be conducted as part of further research.

2.  Digital rock study for estimating effective and 
relative permeability of shale rocks

According to digital rock model results, the SEM-resolv-
able pore spaces of PSB does not provide a connected 
network. In addition, the PSB obstructs the primary pore 
spaces, and its below SEM-resolvable pore structure 
could define permeability of shale rock. Further study is 
required on the handling of pore spaces below the 
SEM-resolvable size.

3.  Measurement of Fracture surface topography and 
Unpropped fracture conductivity

Fracture surface topography and unpropped fracture con-
ductivity (or permeability) were acquired for Eagle Ford 
plug core samples. There was a positive correlation 
between the fracture permeability and the aperture width 
investigated from the fracture surface topography using 
the Brown and Scholz model. Moreover, the hysteresis of 
permeability, which was exhibited at the 1st cycle of 
loading-unloading, almost disappeared at the 2nd cycle 
for both samples. As the further study, we would like to 
measure the fracture permeability under shear displace-
ment between upper halve and lower halve of plug core 
sample and investigate the relationship between the frac-
ture permeability and fracture surface topography.

4.  Estimation of formation water salinity by fluid 
inclusion analysis

No fluid inclusion was observed in the Eagle Ford plug 

samples in this study. The calcite cement in Eagle Ford 
mostly consists of anhedral crystal filling intragranular 
pore of fossils. It indicates that these cements were gen-
erated in primary cementation and no cement growth 
occurred during basin evolution. A single sample contains 
several calcite veins which fills small natural fractures. 
These veins could be generated in the later age than 
intraparticle cements, but the space was limited to entrap 
formation water. Large calcite veins accompanied with 
major fault are expected to preserve more fluid inclusion 
in Eagle Ford shale for further analysis.
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(2)  Surfactant screening for enhanced oil recovery in the Eagle 
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the operational field” -
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Introduction

The objective of this study is to investigate the applica-
bility of surfactant EOR (Enhanced Oil Recovery) tech-
niques for the unconventional Eagle Ford fields operated 
by INPEX Eagle Ford, LLC. This study was conducted 
as JOGMEC’s “Technological support in the operational 
field”*1.

According to a previous study, the wettability of the 
Eagle Ford tight reservoir was suggested to be weakly 
oil-wet[1]. Therefore, the application of surfactant EOR 
can be effective in improving oil recovery because it can 
alter the wettability from oil-wet to water-wet by adsorp-
tion of surfactant on the rock surface and increase oil rel-
ative permeability by reducing the interfacial tension 
(IFT) between brine and crude oil. When the application 
of surfactant EOR to an unconventional reservoir is con-
sidered, one of the procedures consists of adding a sur-
factant to the stimulation fluids of hydraulic fracturing.

In this surfactant screening study, the most promising 
surfactant for enhancing oil recovery for Eagle Ford tight 
reservoirs was selected from 16 candidate surfactants.

Contents and Results

Surfactants can be classified into cationic, anionic, zwit-
terionic, and nonionic surfactants according to their 
hydrophilic head type (Fig. 1). Nonionic surfactants can 
be further classified into two groups according to their 
hydrophobic tail type. Previous studies[1][2] indicated that 
ca t ion ic  sur fac tan ts  and  nonionic  sur fac tan ts 

demonstrated good performance in improving oil recov-
ery based on the laboratory experiments for Eagle Ford 
tight reservoirs. Therefore, 16 surfactants including cat-
ionic and nonionic surfactants were utilized as targets for 
this screening study. The screening workflow is shown in 
the Fig. 2.

Fig. 1: Classification of surfactant

Fig. 2: Overview of surfactant screening workflow

*1  Technological support in the operational field: Joint study to solve technical challenges of a project that is directly 
operated by Japanese E&P companies.
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Firstly, stability tests and contact angle*2 measurements 
at 66 ℃ were carried out for 16 surfactants. Conse-
quently, four surfactants with lower contact angle were 
selected from the 16 surfactants. Secondly, based on the 
subsequent contact angle measurements at a reservoir 
temperature of 120 ℃ for the four surfactants, three sur-
factants were selected. Finally, spontaneous imbibition 
tests were performed using the three surfactants. Of the 
three samples, one surfactant that exhibited the highest 
incremental oil recovery was selected as the most prom-
ising surfactant in this study.

1.  Evaluation of fluid characteristics
The fluid characteristics (Stability test, Emulsion test, 
and IFT measurements) were evaluated for the 16 surfac-
tants.

(1)  Stability test
Dispersions were not observed at room temperature (20 
℃) in the surfactant-brine system.

(2)  Emulsion test
Emulsions were not observed at room temperature (20 
℃) in a surfactant-brine system (brine with salt concen-
trations ranging from 6−11wt% which is a similar range 
to that of the reservoir brine). However, emulsions 
formed at the reservoir temperature (120 ℃) with a non-
ionic surfactant and brine system. Although several sur-
factants caused emulsions at the reservoir temperature in 
this study, we decided to accept emulsification at the res-
ervoir temperature.

(3)  Interfacial Tension (IFT) measurement
The IFT was measured using the pendant drop technique, 
in which a crude oil droplet was dropped into a 
brine-surfactant solution. The 16 surfactants decreased 
the IFT from 25 mN/m (brine and crude oil system as 
baseline) to less than 10 mN/m (brine-surfactant solution 
and crude oil system).

Regarding nonionic surfactants, fewer EO*3 groups, 
which possess smaller hydrophilic heads, demonstrated a 
higher IFT reduction performance. This is possibly 
because a nonionic surfactant with a smaller hydrophilic 
head can be adsorbed on the aqueous interface between 
the brine (brine-surfactant solution) and crude oil.

2.  Selection by rock-brine characterization (Contact 
angle measurement)

(1)  Contact angle measurement at 66 ℃
The contact angle was measured for the 16 samples at a 
temperature of 66 ℃ for a system of reservoir crude oil, 
surfactant solution, and reservoir rock aged with reser-
voir crude oil.

Four surfactants that exhibited a strong ability to alter the 
wettability to water-wet conditions were chosen.

Regarding nonionic surfactants, two tridecyl alcohol 
ethoxylate (alkyl nonionic) surfactants, which contained 
high EO groups and high performance in reducing the 
contact angle, were selected. Moreover, one nonylphenol 
ethoxylate (nonylphenol nonionic) surfactant which was 
from a low EO group and displayed high performance of 
reducing contact angle was narrowed down.

For cationic surfactants, a surfactant with a larger hydro-
phobic tail and high performance in reducing the contact 
angle was selected.

None of the 16 surfactants exhibited a high performance 
in reducing the contact angle for relatively heavy crude 
oil samples.

(2)  Contact angle measurement at 120 ℃ of reservoir 
temperature

For the two alkyl nonionic surfactants selected for con-
tact angle measurement at 66 ℃, subsequent contact 
angle measurements at 120 ℃ were carried out. One sur-
factant with high performance in reducing the contact 
angle was selected. Medium-gravity crude oil was used 
for this measurement. Measurements using brine without 
surfactant indicated a contact angle of approximately 140 ° 
as the baseline. However, measurements using a surfac-
tant-brine solution indicated a contact angle smaller than 
20 ° with this alkyl nonionic surfactant; that is, this sur-
factant changed the wettability from weakly oil-wet to 
strongly water-wet.

Although each sample of one cationic surfactant and one 
nonylphenol nonionic surfactant did not exhibit a high 
performance in reducing the contact angle, we decided to 
use them in subsequent spontaneous imbibition tests to 
compare them with the nonylphenol nonionic surfactant.

*2  Contact angle: In this study, “Contact angle” is defined as the angle outside the oil droplet that appears between a res-
ervoir rock chip and a crude oil droplet.

*3 EO: Ethylene oxide (EO) is the hydrophilic head of a nonionic surfactant. Chemical formula: (C2H4O)n
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3.  Spontaneous imbibition test
Spontaneous imbibition tests were performed for the 
three samples selected from the contact angle measure-
ments. Plug core samples saturated with crude oil were 
placed in an Amott cell filled with water, to which the 
surfactant was added. The volume of oil produced by the 
spontaneous imbibition of water was measured for eight 
days. Consequently, the alkyl nonionic surfactant exhib-
ited the highest oil recovery. We noted that this surfactant 
further indicated high performance in the reduction of 
IFT and alteration of wettability, as mentioned above.

4.  Numerical simulation study
A core-scale surfactant simulation model was constructed 
to mimic a spontaneous imbibition test. The capillary 
pressure and relative permeability were tuned to repro-
duce the results of the spontaneous imbibition test. This 
core-scale model will be upscaled to the field scale in the 
future.

Conclusions and Future Work

A surfactant screening study was conducted to investigate 
the applicability of surfactant EOR techniques for Eagle 
Ford tight reservoirs. Several surfactants were selected 

based on contact angle measurements. Moreover, one 
alkyl nonionic surfactant, which exhibited the highest oil 
recovery in the spontaneous imbibition test, was selected 
as the most promising surfactant in this study.

In addition, a core-scale surfactant simulation model was 
constructed. This model will be upscaled to the field-
scale in the future.
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Introduction

Oil production from the Onnagawa tight formation 
increased 10-fold after acid stimulation treatment tests, 
which were carried out with the support of JOGMEC in 
2012. According to the analysis of production and pres-
sure data, it is estimated that incremental oil is produced 
via the dissolution of carbonate veins by the injected 
acid. However, the physical mechanisms underlying 
improved production are not well understood. In 2017, 
JOGMEC and JAPEX began a joint study to quantita-
tively understand the mechanisms of the acidizing pro-
cess in the Onnagawa Formation.

Until the last fiscal year (FY2020), studies were carried 
out as listed in the Table 1. During this fiscal year 
(FY2021), acidizing/reservoir simulation studies for 
Kurosawa AK-1 well and Higashi-Ayukawa AK-1 well, 
cuttings/core analysis for siliceous rock, and Basin simu-
lation for Ayukawa oil and gas field were carried out. 
Moreover, a basis of design for a new demonstration 
field test of acid stimulation at Higashi-Ayukawa AK-1 
was developed.

Contents and Results

1.   Construction of reservoir simulation model for 
Kurosawa AK-1 well

(1) Model construction workflow
Numerical simulation workflow to quantitatively evalu-
ate acid stimulation results at Kurosawa AK-1 well, in 
which acid stimulation treatment tests were conducted in 
the FY2012, was constructed in the Phase-3 and Phase-4 
(Fig. 1). In this workflow, acidizing simulation was car-
ried out using TOUGHREACT, which is a geochemical 
reactive transport simulator developed by Lawrence 
Berkeley National Laboratory. Porosity and permeability 
of acid stimulation area (“Acidized fracture”) calculated 
using TOUGHREACT were input in Eclipse100 (a 
black-oil reservoir simulator developed by Schlum-
berger) model. Simulation results obtained using 
Eclipse100 were compared with production history data 
to evaluate model accuracy.

(2) Model construction
In the Phase-3, there was a room for improving history 
matching accuracy of bottomhole pressure. Therefore, 
TOUGHREACT and Eclipse100 model were modified in 

Table 1: Major study items until last fiscal year

Phase No. FY Main study items

Phase-0[1] 2017
Analysis of the distribution pattern of natural fractures using core description 
and a formation micro-imager (FMI)

Phase-1[2] 2018
Natural fracture evaluation to construct a Discrete Fracture Network (DFN*) 
model

Phase-2[3] 2019
A geological review of the Higashi-Ayukawa AK-1 well, consideration of the 
acidizing/reservoir simulator, and acid flooding experiments

Phase-3[4] 2020
A geological analysis and sampling of the formation fluid of Higashi-Ayukawa 
AK-1 well, acidizing/reservoir simulation for Kurosawa AK-1 well

* DFN model: A stochastic model that represents the geometrical properties of each individual fracture based on the sta-
tistics of fractures acquired from borehole data (core or imaging tools). The generated fracture sets become components 
of the reservoir simulation model by setting the permeability of each fracture.
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the Phase-4. Firstly, owing to modified TOUGHREACT 
model settings, acidized fracture was extended in the 
horizontal direction. As produced oil volume from the 
matrix into the acidized fracture was increased by this 
extended acidized fracture, history matching accuracy 
was improved.

Next, absolute permeability value around acidized frac-
ture in Eclipse100 model was increased to a certain 
degree (Incremented Absolute Permeability Zone: IAP 
Zone). IAP Zone is based on a concept of permeability 
compensation, in which permeability was cut off when 
TOUGHREACT model was created using acidizing sim-
ulation results by SHIFT (Fig. 1). As a result, history 
matching accuracy was improved as the IAP Zone 
enabled more oil to flow into acidized fracture. Due to 
the above modifications, reasonable reservoir simulation 
model was obtained.

(3) Simulation results
Subsequently, reservoir model was constructed in accor-
dance with considering reservoir volume and so on, in 
addition to above construction process.

Figs. 2 and 3 demonstrates the comparison between sim-
ulation results and history data. Simulated oil production 
exactly matched history data as a control parameter of 
simulation. Bottomhole pressure, gas production, and 
water production mostly matched historical data.

2.   Production forecasting simulation for Higashi-
Ayukawa AK-1 well

Five years production forecasting simulation was carried 
out for Higashi-Ayukawa AK-1 well using TOUGHRE-
ACT and Eclipse100.

As the acid stimulation for two layers is planned at 
Higashi-Ayukawa AK-1 well, a reservoir model for each 
layer was constructed to predict oil production after acid 
stimulation. Based on Kurosawa AK-1 model, geological 
parameters were determined (Base case simulation). 
Moreover, parameters for high and low cases were deter-
mined based on well logging evaluation. Furthermore, 
five years production simulation was carried out.

To evaluate effects of each parameter on cumulative oil 
production for five years, a sensitivity analysis was 

Fig. 1: Model construction workflow by history matching

Fig. 2: Comparison between simulation results and historical data (Oil production (left), Bottomhole Pressure (right))
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carried out. Fig. 4 shows a tornado diagram for one of 
the two layers. (A tornado diagram for another layer was 
not provided owing to mostly similar results.)

Sensitivity of oil production to the length (rf) of IAP 
Zone was higher than that of other parameters. Moreover, 
it was indicated that there were several downside risks 
for cumulative oil production for five years.

3.   Cuttings and core analysis
In addition to characterizing the carbonate veins, it is 
essential to evaluate the characteristics of porosity and 
petroleum potential of the rock for the development of 
Onnagawa tight oil formation. Among these rock condi-
tions, the partial porosity for the porcellanite strongly 
depend on the burial diagenesis of the biological-origin 
silica[5]. In this study, we have carried out the cutting and 
core analysis for the Onnagawa formation and porcel-
lanite in Hokkaido Tenpoku area having similar deposi-
tional age. It was observed that this analysis may provide 
the rock characteristics for each well in Ayukawa oil and 
gas field if we develop the cross-plotting of the relation-
ship of porosity and partial porosity by the Almina con-
tent and vertical depth from opal-CT/quartz diagenetic 

transformation boundary (Fig. 5)

In the FY2022, we will conduct the additional cuttings 
and core analysis and continue to investigate regional 
characteristics of Onnagawa porcellanite in the Akita 
basin.

4.   Basin Simulation
The Onnagawa formation which is the reservoir of the 
Ayukawa oil and gas field is classified as a tight reservoir 
rock. However, the result of an oil sample analysis in the 
Phase 3 suggested that there is the possibility of oil 
migration and accumulation in the Onnagawa formation. 
Thus, it is effective to conduct basin simulation for eval-
uating the reserves of this oil and gas field as the basin 
simulation will present the model of petroleum migration 
and accumulation with the structural development and 
kinetics.

In this study, we initially reviewed the migration and 
accumulation paths in the simulation result with the rock 
facies, geological structure, and kinetics provided by the 
reported study[6]. Based on the review, we observed a 
contradiction that, no oil was found in the field. 

Fig. 3: Comparison between simulation results and historical data (Gas production (left), Water production (right))

Fig. 4: Sectional view of reservoir model (left), Tornado chart (right)
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Nonetheless, the results of the simulation suggested an 
oil accumulation at one of the well locations. Then we 
obtained the latest interpreted structures of 3D seismic 
survey and found that this latest information of the struc-
ture between wells have not been input in the basin simu-
lation.

In the FY2021, we could not attain the evaluation of 
reserves even though we carried out the reviewing works 
as described above. We will carry out the actual revision 
works of the simulation model and subsequent evaluation 
works of reserves in the FY2022.

5.   Basis of design for the acid stimulation at Higashi-
Ayukawa AK-1 well

A basis of design for a new demonstration field test of 
the acid stimulation at Higashi-Ayukawa AK-1 well was 
developed by referring to the acid stimulation tests at 
Kurosawa AK-1 well. Acid injection volume was exam-
ined by acidizing simulation of TOUGHREACT. Main 
objectives of this demonstration field test are to evaluate 
repeatability of acidizing operation at Kurosawa AK-1 
well and to investigate effectiveness of acid stimulation 
against the major layers of tight oil formation.

Conclusions and Future Work

Reservoir model after acid stimulation of Kurosawa 
AK-1 well was constructed using TOUGHREACT and 

Eclipse100. Acidizing/reservoir simulation including 
production forecasting and sensitivity study for 
Higashi-Ayukawa AK-1 well was carried out. We are 
planning to expand Eclipse100 model to Dual Porosity 
model to improve this reservoir model in the future.

The cutting and core analysis presented the understand-
ing about the characteristics of porcellanite in the 
Onnagawa formation. In the FY2022, we will perform 
this analysis for the Nikaho area and implement further 
investigation regarding the global characteristics of por-
cellanite in the Onnagawa formation.

We have started the basin simulation and could point out 
the shortcoming of the geological model from early 
works. Based on the identified problems, in the FY2022, 
we will complete the model revision and carry out the 
reserve evaluation.

A basis of design for a new demonstration field test of 
the acid stimulation at Higashi-Ayukawa AK-1 well was 
developed. We will continue to consider a basis of design 
for the upcoming field test.
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(4) Refrac Simulation, Design, and Evaluation in Haynesville
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Introduction

Re-fracturing technology was effectively considered to 
increase the value of existing well in the US shale and 
gas development. Re-fracturing is the technology to 
establish the new fractures through re-hydraulic fractur-
ing and recover the production when the well production 
is decreasing. Service vendor proposed a variety of 
methods of re-fracturing while each operator did re-frac-
turing through a trial and error method. However, the 
current problem has limited information for re-fracturing 
evaluation later. If JOGMEC conducted precedence 
research on re-fracturing technology, it is expected to 
acquire the advantage of future shale development in the 
Japanese company.

Since 2019, JOGMEC prepared a joint research agree-
ment with Tokyo Gas America (TGA) and Tokyo Gas 
Natural Resources (TGNR) and conducted the research 
related to well optimization and analysis of geology in 
the Haynesville formation[1]. In this report, we would like 
to share the outcome of literature review on re-fracturing 
technology, fracture simulation, reservoir simulation, and 
geological analysis.

Research contents and their outcome

1. Literature Search
Re-fracturing is the technology to improve the production 
through re-hydraulic fracturing in the production well 
and an application of Improved Oil Recovery (IOR). We 
do not know exactly when to apply the re-fracturing 
technology for horizontal well as the result of re-fractur-
ing organized in 2010. The optimization of production 
showed insignificant improvement than expected[2]. If 
re-fracturing can establish new fractures in the source 
rock, where existing fractures did not reach before, pro-
duction is recovered as expected or more than expected[3].

When fluid flows into exiting fractures, new fractures do 
not establish and cannot efficiently access the source 
rock wherever left behind. Therefore, both existing 

fractures and perforations are required to be temporarily 
blocked. Cheapest method of blocking is to use chemical 
diverter (chemical substance with either particulate or 
fibrous that temporarily blocks fractures) in the most 
cases. However, chemical diverter creates high friction in 
the well so that they do not reach the tip of fractures. 
Optimization of pressure design created little improve-
ment[4]. On the other hand, existing perforations are 
blocked through mechanical isolation by the installation 
of either cemented or expandable liner in the well with 
additional cost. These methods of stimulated new area 
have proved possibility of increasing production recovery 
than initial production[5].

2.   Fracture and reservoir simulation
(1) Fracture simulation
Both TGA and TGNR provided well design, pumping 
data for completion, and production data for refracture 
candidate well. Kinetix shale made by Schlumberger 
(SLB) was used to simulate fracture propagation with 
evenly balanced injected volume of water and proppant. 
When the difference between maximum horizontal stress 
and minimum horizontal stress is negligible, the direction 
of fracture propagation is considered to bend complexly 
due to the resistance of fracture pressure. This phenome-
non has not been reported in the Haynesville area, so the 
fractures propagate in the direction of maximum horizon-
tal stress. Based on the result, length of fracture was esti-
mated to not reach the midpoint of neighboring well (Fig. 
1).

(2) Reservoir Simulation
Reservoir simulation was conducted with fracture equiv-
alent mesh permeability based on fracture length, prop-
pant volume, and different rock permeability with near 
and far fractures (Fig. 2). Based on the result, gas is pro-
duced only in the vicinity of the fracture and gas is left 
behind in the stimulated area of the reservoir. Therefore, 
accessing the rock where gas is left behind is important. 
We can expect a small amount of production recovery 
when injecting fluid/proppant into the existing fractures. 
Gas is left behind between the existing fractures even in 
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the vicinity of the well so that we can easily recover this 
gas.

This result has observed that refrac with mechanical iso-
lation is effective and literature search also suggested the 
same.

On the other hand, propagating fracture between neigh-
boring wells is difficult. All the injected fluid/proppant 
will not contribute to the fracture propagation while a 
certain amount of water will leak-off within the rock. 
Therefore, drilling the new well between the neighboring 
wells is most effective if well spacing is too long.

3.   Geology and Digital technology approach
Gathering information on the re-fractured wells is 
required to analyze the geological information in the area 
of Haynesville. Drilling database in North America was 
subscribed while well information in the non-operated 
area was not available. We narrowed down the well 
information based on the following criteria. (1) We 

focused on the number of hydraulic fracturing operation 
and extracted 153 out of 2000 wells with plural fracturing 
operation. (2) To avoid mixing with different completion 
methods, casing size had to be less than 3.5 inch. Finally, 
67 out of 153 wells were selected.

After the selection of wells, Delta Estimated Ultimate 
Recovery (Production difference before and after refrac) 
was set as an objective variable to apply multiple regres-
sion analysis. We also set three different objective vari-
ables: (1) Delta EUR (Difference between Post Refrac 
EUR and Pre Refrac EUR, (2) Delta EUR per ft (Differ-
ence between Post Refrac EUR and Pre Refrac EUR per 
unit lateral length), and (3) Post Refrac EUR/Pre Refrac 
EUR (The ratio between Post Refrac EUR and Pre 
Refrac EUR).

Explanatory variables included lateral length, proppant 
loading, delta proppant intensity, TVD, fracture intensity, 
borehole temperature, porosity, Sw, OGIP, Vclay, Toc, 
and bottom pressure. We received more than 0.5 adjusted 
R2 against three different objective valuables (Fig. 3).

Based on the result, lateral length is the key factor among 
all the completion parameters while OGIP, porosity, and 
Sw are strong factors for Delta EUR and Delta EUR per 
ft and fracture intensity, porosity, and Vcaly are strong 
factors for Post Refrac EUR/Pre Refrac EUR among all 
the geological parameters. Our model does not have 
enough data on explanatory variables to conclude feature 
importance parameters so that either extra data or differ-
ent algorithm (such as clustering method) is required to 
improve our model.

Fig. 1:  Result of fracture simulation   
The result shows fracture does not reach the neigh-
boring wells. Another words, unstimulated reservoir 
zone is exited.

Fig. 2: Result of reservoir simulation
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Summary

In this study, we received an understanding of refractur-
ing success with limited information on Haynesville 
area. The speed of technical development in North 
America is quick and new methods are emerging. We 
have established the research implementation structure to 
pursue refracturing possibility through mechanical isola-
tion.
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(1)  Direct visualization and simulation technology development 
for the hydraulic fracturing
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Introduction

Hydraulic fracturing is the essential technology for 
developing the shale oil/gas fields and the further optimi-
zation of the development is required under the recent 
circumstances, where the oil and gas prices are greatly 
changing. As the shape of hydraulic fracture (HF) and its 
complexity associated with branching cannot be directly 
observed in the field, the required approaches are (ⅰ) the 
direct observation by laboratory experiences, (ⅱ) indirect 
observation using the acoustic emission (AE), and (ⅲ) 
the investigations of the scale gap between laboratory 
and field employing the numerical simulation technology 
as described in this report.

JOGMEC has carried out the entrusted research project 
entitled, “Study for the visualization of hydraulic fracture 
in shale rock” with Kyoto University since FY2013 and 
continued the laboratory experiment and visualization 
technology development[1]. Meanwhile, JOGMEC has 
carried out the entrusted research project entitled “Physi-
cal mechanism based numerical simulation of crack 
propagation in rock” with UFZ since FY2020. Further-
more, we have been investigating the complexity of HF 
associated with branching and developing the new 

simulator to express two types of AEs (i.e., tensile AE 
and shear AE)[2].

From 2020 through 2021 FYs, as the results of these two 
projects, we have observed new insight regarding the 
complexity of HF observed in the Eagle Ford shale as 
described in this report. Furthermore, we have imple-
mented the laboratory experiment using the Montney 
shale with carbonate veins and started the simulator 
update for expressing the two types of AEs.

Contents and Results

1.  Laboratory hydraulic fracturing experiment and 
fracture visualization

Veins in the rock are considered to affect the HF com-
plexity and contribute to production improvement in the 
field. To examine the relationship between the HF com-
plexity and veins, the laboratory experiments using the 
Montney shale rock with carbonate veins were carried 
out in Kyoto University, during the FY2021. The stress 
condition was the uniaxial compressive system similar to 
the experiments during the FY2020[1].

Fig. 1 shows the cross sections and visualized HFs for all 

Fig. 1:  Results of laboratory experiment. The diameter of fracturing hole is 6 mm. Length of the speci-
men in the direction orthogonal to the page is 6.5 cm
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the four specimens of Montney shale. HF propagated in 
the up-and-down directions following the uniaxial load-
ing direction.

Specimens A to C included one vein and the positional 
relationship between fracturing hole and vein varied with 
specimen. From the viewpoint of relationship between 
HF and vein, we have following remarks. In specimen A, 
HF deflected along the vein. In specimen B, vein pene-
trated the fracturing hole and HF created totally along the 
vein. If the mineral component and crystal distribution in 
rock is highly homogeneous, HF starts from the top and 
bottom points of fracturing hole due to the stress concen-
tration near fracturing hole. In specimen B, however, HF 
selected to start at the vein. This may mean that the ten-
sile strength of vein was weaker than that of Montney 
main rock compartment. In specimen C, HF penetrated 
the vein and propagated straightforward.

Specimen D did not include vein, but it was found that 
the injected fluid flowed in the pore space (partly filled 
with oil) generated by the organic piece and the visual-
ized HF suggested that the injected fluid flowed back-
ward in the fracturing hole direction.

As described above, it was found that various patterns of 
HF propagation were created owing to the positional 
relationship of vein, organic piece, and fracturing hole. 
As the carbonate veins are typically included in the tight 
reservoir rocks or shale rocks, these experimental results 
are expected to provide certain information for the actual 
tight reservoir development by Japanese companies.

2.  Development of simulation technology
In this study, we have been developing the hydraulic 
fracturing simulator based on the phase-field method 
proposed by Bourdin et al.[3]. In the phase-field method, 
the energy balance equations in the elastic body are 
solved using the finite element method. Introducing the 
parameter named the phase-field variable, which 
expresses rock, fracture, and transition zone between 
rock and fracture, the phase-field method can express 
complex fracture propagation without the re-generation 
of finite element mesh when the fracture shape changes. 
Since FY2021 we have been engaged in the deployment 
of the functions to express friction on the discontinuous 
planes, and to express the inertia for simulating acoustic 
phenomena, into the phase-field method.

(1)  Discovery on fracture complexity
In the field, if complex shaped HFs would be created, the 
HFs could be expected to lead effective production of 
shale oil/gas. We have carried out laboratory experiments 
using various types of rock and observation of the visual-
ized HFs suggests the tendency that HF branching near 
fracturing hole is negligible, while the increase of com-
plexity of HF with branching can be seen in the area 
away from the fracturing hole (Fig. 2a).

First, we focused on the laboratory experiment using the 
Eagle Ford shale rock of which calcite content is 96%, 
meaning that the rock is highly homogeneous in terms of 
mineral contents. We subsequently manually read all the 
HFs and calculated the total length of HF from the visu-
alized HF pictures. Based on this work, we confirmed the 
dependency that the HFs very near fracturing hole does 

Fig. 2:  Visualized HF and analysis. (a) Visualized HF obtained from the laboratory experiment using the Eagle Ford shale rock 
(Sample C). (b) Result of HF lengths analysis for three specimens extracted from the Eagle Ford shale rock.
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not easily produce branch (increase the complexity) 
while the HFs easily branch and increase the complexity 
with increase in the distance from fracturing hole. Even-
tually we found the tendency that the degree of complex-
ity generation became constant at a certain distance from 
the fracturing hole (Fig. 2b).

Second, we calculated two cases of energy release rates 
when the HF hits the discontinuity using the simulator 
developed through this study since FY2020. One is the 
energy release rate in the case when the HF penetrates 
the discontinuity (i.e., in-situ weak plane) and continues 
to propagate straightforward, and another is the case 
when the HF deflects along the discontinuity. The ratio 
of the former to the latter increases with the increase in 
the distance from fracturing hole, indicating that the HF 
easily deflects with the increase in the distance from 
fracturing hole. Moreover, the ratio becomes constant at 
a certain distance from the fracturing hole. This tendency 
that the HF complexity varies with the distance from 
fracturing hole is analogous to the yielding of the experi-
ment described above (Fig. 3).

In this section, similar tendencies were obtained from 
both experiment and numerical simulation (Figs. 2b and 
3b). There is a possibility of the HF networking in the 
field by conducting multiple HFs through in-situ weak 
planes. It can be said that the result of this study is an 
important discovery because a novel way to understand 
the relationship between the HF complexity and produc-
tivity in the field would be demonstrated.

(2)  Development of simulator to express two types of 
AEs

AEs induced by the hydraulic fracturing can be distin-
guished as tensile AE and shear AE by analyzing the 
polarity and amplitude of the first-break P-wave in the 
recorded waveforms. In the laboratory experiment, using 
the analysis procedure developed by Kyoto University, 
classification of the two types of AEs[4] and further anal-
ysis of AE induced by the tensile rupture[5] have been 
available. However, it is reported that shear AEs are 
dominantly observed in the field and the signal level of 
tensile AEs are weak and may be buried in the noise or 
shear AEs. Therefore, it is urgently necessary to develop 
the simulation technology to consider the detectability of 
tensile AE in field, or to understand whether the scale 
gap is existing between laboratory and field.

In the FY2021, we started the implementation of follow-
ing two functions, based on the concept of simulator 
development which can express both tensile and shear 
AEs as shown in the Fig. 4. One is the friction on the 
discontinuity plane to express the shear mode rupture, 
and another is the inertia to express the acoustic phenom-
ena generated by AEs. This implementation has been 
done through the comparison with several analytic solu-
tions. In the FY2022, we will continue the implementa-
tion of AE generation mechanics in the simulator and 
cultivate a better understanding about whether the scale 
gap is existing between laboratory and field.

Conclusions and Future Work

First, this study demonstrated the important finding 

Fig. 3:  Simulation result for investigating whether the HF deflects along discontinuity (in-situ weak plane) or 
the HF penetrates discontinuity and continue to propagate straightforward. (a) Simulation model to 
calculate the energy release rate. The model size and loading are set to be the same values as labora-
tory experiment. (b) Result of numerical simulation to calculate the energy release rate for each case 
when the HF penetrates discontinuity or continue to propagate straightforward under the assumption 
that there is one circular grain in the homogeneous medium with various distances “d” from the frac-
turing hole.
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about the HF complexity. We have started the deploy-
ment of AE generation mechanism in the simulator. 
Second, we carried out the laboratory experiments using 
the Montney shale with carbonate veins and observed 
several patterns of HF propagation. In future, we will 
carry out the analysis of AE data acquired from the labo-
ratory experiment. Moreover, we will continue the devel-
opment of simulator and try to understand the difference 
between AE and actual HF locations and aim to provide 
sophisticated field development designs.
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Introduction

In November 2008, JOGMEC concluded a Memorandum 
of Understanding (MOU) with the Commonwealth Sci-
entific and Industrial Research Organisation (CSIRO) of 
Australia in the field of oil and natural gas and conducted 
joint research on hydraulic fracturing technology in the 
FY2019. After that, JOGMEC and CSIRO have contin-
ued to exchange technical information and post-experi-
mental studies, and in October 2021, we made a 
collaborative project agreement for the feasibility study 
of CO2 fracturing. By collaborating with CSIRO[1][2], 
which has abundant experimental knowledge and facili-
ties related to fracturing, the research can be effectively 
carried out.

In the FY2021, we aimed to deepen our understanding of 
the characteristics of the shape of the fractures generated 
with CO2 fracturing through laboratory experiments, 
analysis, and observation. Collecting the information 
about the latest recognition about CO2 fracturing technol-
ogy in the Oil and Gas industry was also aimed, includ-
ing field applications and potential, through a trend 
survey.

Contents and Results

In this joint project, JOGMEC and CSIRO shared experi-
mental and analytical work to gain a deeper understand-
ing of the characteristics and issues related to CO2 
fracturing technology and to evaluate its applicability. 
The rock samples used in the study were American Black 
Granite (which is similar to gabbro in terms of mineral 
composition) and Montney Shale (shale). Laboratory 
fracturing experiments (hydraulic fracturing and CO2 
fracturing) were planned on cubic samples, and physical 
properties of rock cores and cuttings samples were also 
planned to be measured. The thin sections from the cubic 
samples fractured through the laboratory fracturing 
experiments were intended to be irradiated with ultravio-
let light and observed under a microscope to see the dif-

ferences between fracturing fluids and rock types.

1.  Laboratory Fracturing Experiments
After confirming the absence of significant natural frac-
tures based on X-ray CT imaging, the following three 
cases of laboratory fracturing experiments were planned 
on cubic samples (15 cm per side) of American Black 
Granite and Montney Shale under loading from three-
axes. Case 1 was completed in the FY2021. Cases 2 and 
3 will be conducted in the FY2022.
Case 1: Hydraulic fracturing for American Black Granite
Case 2:  Supercritical CO2 Fracturing for American Black 

Granite
Case 3: Supercritical CO2 Fracturing for Montney Shale

Overview of Case 1:
Laboratory fracturing experiments were conducted by 
drilling a 1/4-inch (6.35 mm) diameter, 7.5 cm long (1/2 
the block length) perforation in the center of the speci-
men and inserting a steel pipe into the hole to inject 
water as fracturing fluid.
Specimen rock type: American Black Granite
Specimen size: 15 cm x 15 cm x 15 cm (cubic shape, 
Fig. 1)
Loading conditions: 60.2 MPa, 53.1 MPa, 38.1 MPa
Injection fluid: tap water
Flow rate: 1.0 cc/min

AE observation: A total of 32 AE sensors were placed to 
observe active and passive ultrasonic data during the 
fracturing experiment.

In the FY2022, we plan the observation experiments of 
thin sections from the cubic samples after fracturing tests 
in each case, using polarized light microscopy to confirm 
the characteristics of sedimentary surfaces and natural 
fractures, and visualize fracture networks using fluores-
cent resin under ultraviolet irradiation.

2.  Rock physical property measurements
Rock properties of the rock types (American Black 
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Granite and Montney Shale) subjected to the fracturing 
experiment as described in the Section 1 were measured 
using cores or cuttings samples.

The following items of experiment were measured. Con-
firmation of the existence of remarkable fractures (Medi-
cal X-ray CT), elemental analysis (XRD: X-ray 
diffraction method), gas porosity measurement, gas per-
meability measurement, pore size distribution measure-
ment using mercury injection method, uniaxial 
compressive strength (UCS) measurement, fracture 
toughness measurement[3] (Fig. 2), tensile strength mea-
surement (Brazillian test), TOC (total organic carbon) 
analysis, CEC measurement (Cation Exchange Capacity, 
with and without CO2 ageing), and SSA measurement 
(Specific Surface Area, with and without CO2 ageing).

CEC and SSA were measured on samples prepared 

separately from the fracturing experiments, with and 
without CO2 ageing (40 °C, 25.2 MPa) for 7 days. CEC 
and SSA increased when clay mineral contents were 
large, but the type of clay mineral also had an effect. 
Smectite and illite have larger values than illite and 
kaolinite, respectively. It is said that when rocks contain-
ing such clay minerals react with CO2 and the clay min-
erals are altered (e.g., illitization), changes in CEC and 
SSA may be observed[4]. In the case of CO2 fracturing in 
the field, some portion of CO2 is thought to be remained 
in the formation even after flowback operation. Such 
CO2 may react with the rock and narrow the flow path 
for oil and gas production. Therefore, this study was 
included to investigate the effects of CO2 fracturing on 
the rock samples in this project.

3.  Trend survey on CO2 fracturing technology
A survey of the latest trends on CO2 fracturing technol-
ogy was conducted through literature review and inter-
views for operating companies, service providers, 
researchers, and other experts to ascertain the latest rec-
ognition in the Oil and Gas industry, field applications, 
and potential of CO2 fracturing, and to utilize them to 
evaluate the feasibility of the technology (survey con-
tractor: WSS Energy Consulting Ltd.).

The use of CO2 as a fracturing fluid is said to be advanta-
geous in terms of productivity due to its higher miscibil-
ity with hydrocarbons compared with water. Also, for the 
fields where water is difficult to procure, or where the 
formation is water-sensitive, meaning the invaded forma-
tion can be damaged mainly due to swelling of the clay, 
the use of less water can be also an advantage.

As a type of CO2 fracturing, foam (or energized fluid, 
which has a smaller gas-liquid ratio compared to foam) 
fracturing, which uses surfactants or other agents to gen-
erate foam, is considered the most technically mature 

Fig. 1:  Rock sample (American Black Granite) after water 
fracturing in Case 1. The test was conducted at the 
national geosequestration laboratory of CSIRO.

Fig. 2: Fracture toughness measurement
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form of CO2 fracturing. The next most common applica-
tions are as liquid CO2 and supercritical CO2.

When only CO2, rather than foam, is injected in a liquid 
or supercritical state, the fracture network is expected to 
be more complex due to its low viscosity. It is expected 
to contribute to increased wellbore productivity, as well 
as reduced environmental impact, because of the possibly 
lowered formation breakdown pressure. On the other 
hand, a drawback of CO2 fracturing (liquid/supercritical) 
is that the created fractures are easy to close because it is 
poor at proppant placement due to its low viscosity.

Fracturing technology using CO2 was actively applied in 
the field until around 2015, especially in North America. 
In the example of the Montney formation in Canada, 
about 65% of the nearly 6,000 wells drilled between 
1975 and 2015 were fractured with foam using CO2, N2, 
or a combination of both to improve their productivity[5]. 
However, the decline in oil prices since 2015, along with 
the widespread use of slickwater fracturing (water-based 
fracturing with a small amount of polymer mixed in to 
reduce pressure loss in the wellbore), caused the remark-
able reduction in the number of CO2 application cases for 
fracturing in recent years.

Simulation techniques specific to CO2 fracturing are not 
developed enough, because of the limited understanding 
of mechanisms and computational resources. Fracture 
geometry, chemical reactions, poroelastic effects, and 
proppant transport are still poorly understood research 
areas, and although there have been attempts to apply 
existing software for hydraulic fracturing to CO2 fractur-
ing, there is much room for improvement for reliable 
evaluation. Another issue is the lack of field knowledge, 
which the industry needs to accumulate again.

As for operation facilities, it should be noted that when 
liquid CO2 (rather than foam/energized fluid) is injected, 
very few vendors can provide the closed sand blenders 
which are required to mix proppants with CO2 on surface. 
Also, the lack of established industry guidelines for CO2 
fracturing, despite the extensive risks of HSE (Health, 
Safety and Environment) associated with CO2 (e.g., 
when releasing flowback gas, the depressurized CO2 may 
lose its solubility and dissolution ability as it turns to gas, 
and the dissolved impurities may be concentrated and 
released, resulting in long-term harm to people and the 
environment, potentially) seems to be another difficulty.

The field facility for fracturing with supercritical CO2 in 
the Ordos Basin in China is shown in the Fig. 3.

Overall, the main reasons for the difficulty of CO2 frac-
turing can be said to be the low price of fossil fuel and 
the difficulty of procurement of CO2 and related facility. 
On the other hand, the recent focus on CCS and the rise 
in fossil fuel prices may encourage the expansion of CO2 
fracturing applications, and when CO2 is stored in rela-
tively low-permeability reservoirs in the future, a proce-
dure starting with CO2 fracturing to improve the 
injectivity and storage capacity may be considered.

However, the current situation is that CO2 is expensive, 
competing with other commercial use industries, and the 
general price for CO2 projects in major oil-producing 
areas in the U.S. is said to be around 100-150 USD/ton 
for CO2 and 3.5-5.0 USD/mile for road transport. They 
will be even more expensive or difficult to procure in 
some countries and regions. Furthermore, CCS projects 
rely on tax incentives such as the U.S. legislation (Section 
45Q) to extend tax credits due to CO2 sequestration, but 
the proof of permanent sequestration is required and no 

Fig. 3: Example of view of a supercritical CO2 fracturing site[6]
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incentives are in place for CO2 fracturing, which has not 
been proven. If such situations change, and the industry 
again accumulates the knowledge of field applications, 
CO2 fracturing could become a more attractive option, 
depending on the price of fossil fuel and the water stress 
level in the region.

Summary

The purpose of this collaborative research with CSIRO is 
to deepen our understanding of the characteristics of 
fractures formed by CO2 fracturing, to confirm the latest 
recognition of CO2 fracturing technology in the industry, 
field applications, and its potential, and to evaluate the 
applicability of the technology.

In the FY2021, we conducted laboratory hydraulic frac-
turing experiments on American Black Granite cubic 
samples (Case 1), rock property measurements for Amer-
ican Black Granite and Montney Shale, and a survey on 
the latest trends in CO2 fracturing technology.

In the FY2022, laboratory fracturing experiments using 
supercritical CO2 were conducted on American Black 
Granite and Montney Shale cubic samples (Cases 2 and 
3), and the cubic samples after fracturing tests in each 
case were subjected to observation experiments of frac-
ture networks using resin, for its sedimentation surface 
characteristics and natural fractures detection. Polarized 
light microscopy of thin sections will be conducted to 
confirm surface features and formed fractures, as well as 
consideration and discussion for further plan.
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Introduction

Hydraulic fracturing is an essential technology for shale 
gas and oil development, and the optimization of hydrau-
lic fracturing is required to improve the efficiency of 
development. It is necessary to clarify the shape of frac-
tures created by hydraulic fracturing, the fracture propa-
gation mechanism, and the affected area; however, 
hydraulic fracturing in the actual field occurs at depths of 
3,000 to 4,000 m below the surface, and direct observa-
tion of subsurface conditions is not possible; therefore, 
the evaluation of fracture shape involves technical uncer-
tainty. Although fracture geometry is widely evaluated at 
shale development sites using monitoring techniques 
such as microseismic data and distributed acoustic sens-
ing (DAS), the relationship between the stimulated reser-
voir volume (SRV) estimated using monitoring data and 
the fracture network actually formed underground 
remains unclear.

JOGMEC has been conducting laboratory hydraulic frac-
turing experiments with Kyoto University since fiscal 
year (FY) 2013 to investigate the relationship between 
hydraulic fractures and acoustic emissions (AE) gener-
ated by fracturing[1]. However, the propagation of frac-
tures could not be captured completely because of the 
limited sample size in laboratory experiments. Based on 
this background, JOGMEC has been planning to conduct 
hydraulic fracturing experiments on an outcrop scale (on 
the order of meters).

JOGMEC conducted hydraulic fracturing experiments on 
the Onnagawa Formation, which is widely distributed as 
a reservoir rock in oil and gas fields around Akita Prefec-
ture, in FY 2018 and 2019[2][3]. In this experiment, some 
technical knowledge, such as the selection of the target 
interval from core observation, procedure of hydraulic 
fracturing, and AE observation, was obtained. JOGMEC 
is planning an experiment to visualize fractures using 
these findings. Specifically, we aimed to generate frac-
tures using a curable resin mixed with a fluorescent agent 

as the injection fluid, recover the rock including fractures 
by coring, and observe fractures filled with the resin. To 
realize this method, it is necessary to select a curable 
resin, develop a packer for injecting the resin, and study 
recovery methods for rock samples using coring or other 
methods. For FY2020, we selected resin and developed a 
packer[4].

In FY2021, additional experiments were conducted to 
solve issues related to the curing characteristics of the 
resin confirmed in the previous year, and additional 
experimental equipment was constructed.

Contents and Results

1.  Experiments to confirm the curing characteristics 
of the resin

In the FY2020 experiment, it was observed that the 
bonding area tended to be smaller than the initial area to 
which the resin was applied during bonding between the 
rock samples. We considered four possible factors: (1) 
curing and shrinkage of the resin, (2) outflow of the resin 
during sealing, (3) infiltration of the resin into the rocks, 
and (4) resin aggregation owing to capillary action (Fig. 
1).

①  A sandstone specimen collected from a quarry in the 
Montney Formation of Canada was cut to a diameter 
of 50 mm and height of 23 mm. A drop of resin (a 
mixture of liquids A and B) was placed onto the upper 
polished surface, and the surface was covered with a 
disk-shaped transparent glass plate 50 mm in diameter 
and 5 mm thick, after which the disk-shaped rock and 
the glass plate were placed between the upper and 
lower square glass plates using a clamp.

②  The extent of the resin was observed using UV irradi-
ation and visual inspection, and the changes over time 
and the degree of shrinkage were recorded for 48h 
from the start of curing.
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③  To determine the infiltration of resin into the rock, the 
same test was conducted with glass plates glued 
together (drops of resin were added to the glass plate 
and covered with a glass plate) for comparison.

The test results showed that the area of the resin 
expanded from the top surface of the rock to the sur-
rounding cracks until 30 min after the start of curing, 
after which the area of the resin on the top surface of the 
rock decreased by 28% owing to the shrinkage of the 
resin associated with curing. Although the resin did not 
overflow from the rock sides, it flowed into closely fis-
sured cracks on the rock sides. In the case of glass plate-
to-glass plate bonding, the reduction in the resin area was 
only approximately 4%. Combining these results, the 
reduction due to factors (1) and (4) was considered 
approximately 4% of the aforementioned factors. The 
effect of Eq.(2) was considered negligible because no 
resin flow was observed from the sides of the rocks. The 
main reason for the decrease in the resin area is thought 

to be (3) infiltration into the rock, particularly into the 
natural fractures. This result must be considered when 
estimating the extent of fracture extension in an outcrop 
experiment using resin as fracturing fluid.

2.  Packer operation verification test
The resin used in the outcrop experiment was cured by 
mixing two liquids in equal amounts of two liquids. The 
experimental equipment was designed to feed the same 
amount of the two liquids into the packer, mix them in 
the packer, and discharge the mixture (Fig. 2). We veri-
fied that the packer for mixing resins constructed in 
FY2020 could pump two types of liquids at the same 
rate. In the FY2020 experiments, the pumping time to 
each line in the packer was different for liquids A and B, 
when the packer was placed horizontally during liquid 
pumping. In this year’s study, we measured the difference 
in discharge time by pumping liquid in a vertical position 
under the same conditions as the actual outcrop experi-
ment. Consequently, the average pumping times to each 

 

(a) (b) (c) 

(d) (e) (f) 

Fig. 1:  Procedure of the experiment for observing the resin curing process 
(a)specimen divided by red dashed line, (b) Polished surface side after splitting,  
(c) Drop of resin on polished surface, (d) the rock covered by disk-shaped glass plate,  
(e) Sandwiched sample between square glass plates, (f)ultraviolet light irradiation

 

Discharge port for Liquid B 

Discharge port for Liquid A 

(Red) 

(Yellow) 

Upper Packer line 

Lower Packer line 

Liquid A injection line 

Liquid B injection line 
Pipeline for Liquid A: Outer wall 13.87mm, Inner wall 6.35mm⇒ 119.4mm2 
Pipeline for Liquid B: Outer wall 24.30mm, Inner wall 21.34mm⇒106.2mm2 

Fig. 2: Internal structure of the packer
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line in the packer were 42 s for liquid A and 41 s for 
liquid B, which was approximately similar. It was con-
firmed that the two liquids could be mixed almost evenly 
from the start of mixing when liquids A and B were 
pumped simultaneously at the same rate.

3.  Fabrication of equipment for the resin injection 
experiments

We fabricated the equipment used for the resin injection 
experiment, including a sensor box to measure the down-
hole pressure attached to the packer, a high-pressure con-
tainer for pumping resin (Fig. 3), and a rod to attach the 
AE sensor. After the sensor box was fabricated, the 
sensor operation check and pressure resistance perfor-
mance were confirmed. The specifications required for 
the high-pressure vessel were (1) to pump the same 
amount of the two types of resin for mixing into the 
packer and (2) to be able to quickly refill the vessel with 
resin after discharge. We checked the operation during 
the water supply, pressure resistance tests, and disassem-
bly and assembly operations of the manufactured 
high-pressure vessel and confirmed that the syringe 
pump could pump water into the high-pressure vessel 
and then to the resin side line to refill the resin-side 
vessel without any problems. In addition, we procured 
additional jacks and rods for the AE sensor, which were 
in short supply for the outcrop experiment and verified 
their operation.

Conclusions and Future Work

This year, we conducted experiments to confirm the 
characteristics of the resin and to verify the operation of 
the packer prototype. In the following fiscal year, we 
plan to use these results to improve the packer and con-
duct demonstration tests in Japan, aiming to establish a 

method for resin fracture experiments in outcrops, clarify 
the fracture propagation mechanism, and compare the 
results with the AE records.
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(4)  Geological evaluation of the target formation for Fracturing 
experiments

TAKEUCHI Tsutau

Term: FY 2021-2022
Contractor: Akita University

Objective

Accurate estimation of fracture geometry in hydraulic 
fracturing is very important for the optimization of shale 
gas and oil development. JOGMEC has been conducting 
laboratory experiments, outcrop experiments, and simu-
lations to understand the fracture propagation mechanism 
during hydraulic fracturing and to improve techniques 
for estimating the extent of fractures that contribute to 
production from field-observed microseismic data. 
Hydraulic fracturing experiments were conducted in the 
Onnagawa Formation, which is widely distributed as res-
ervoir rock in oil and gas fields in Akita Prefecture in 
fiscal years 2018 and 2019[1][2]. In this experiment, we 
obtained technical knowledge through the selection of 
the test interval based on core observations, hydraulic 
fracturing, and acoustic emission (AE) observation 
during hydraulic fracturing. This year, to utilize these 
findings and apply them to shale development, we con-
ducted experiments in formations where shale oil and 
shale gas development is actually taking place. As a part 
of this study, rock samples of the Triassic Montney For-
mation were collected from a quarry near Calgary, 
Canada. To estimate the suitability of this formation for 
outcrop hydraulic fracturing experiments, we conducted 
lithological observations, geochemical analyses, and 
observations using a scanning electron microscope with 
automatic mineral identification (FEI QEMSCAN 650, 
hereinafter referred to as “QEMSCAN”).

Contents and Results

1.  Lithological observations
The lithology of the collected samples consisted of 
mainly siliceous shale (mudstone), which can be classi-
fied into massive, laminated, and fractured facies with 
fillings. The laminated facies exhibit light gray to dark 
gray in color and is composed mainly of quartz particles 
and contains calcium carbonate. Some of the lithologies 
contain many natural fractures, and most of the frac-
ture-filling minerals are white in color and composed 

mainly of calcium carbonates (Fig. 1).

2.  Geochemical analysis
(1)  CHN analysis
CHN analysis estimates the weight percentages of total 
carbon, total hydrogen, and total nitrogen in a sample by 
quantifying the carbon dioxide, water, and nitrogen gen-
erated by combustion of the sample for a certain period 
using thermal conduction detection. In this study, a 
LECO CHN628 was used.

The results of the analysis are shown in the Table 1. The 
maximum amount of total carbon was 8.8% in KAM_06 
and the lowest amount was 2.5% in KAM_13. The total 
nitrogen contents were about 0.03% throughout all 

Table 1: CHN analysis results

Sample No. Formation Hydrogen Carbon Nitrogen

KAM_18 Montney 0.33415 2.9953 0.03935

KAM_15 Montney 0.17257 3.8934 0.03124

KAM_13 Montney 0.20089 2.5063 0.03768

KAM_10 Montney 0.13714 3.1998 0.03362

KAM_09 Montney 0.0924 4.4614 0.03059

KAM_08 Montney 0.09523 3.5825 0.03373

KAM_06 Montney 0.0818 8.8013 0.03052

KAM_05 Montney 0.10943 4.1063 0.0314

KAM_02 Montney 0.13018 3.6463 0.0391

KAM_01 Montney 0.11908 3.7027 0.03602

 

Natural Fracture 

Lamina 

Fig. 1: Sample KAM_15 photo of polishing surface
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samples. The extremely high value of total carbon is pre-
sumably related to the amount of inorganic carbon in the 
rock, which was also observed by naked eye.

(2) XRF Analysis
X-ray fluorescence (XRF) analyzes the content of con-
stituent elements by measuring the unique X-ray fluores-
cence generated when the sample is irradiated with 
X-rays. In this study, the analysis was conducted under 
the following measurement conditions: voltage 30 kV, 
current 16 mA, 2θ = 2 to 40°, scan speed 2.00°/min, and 
sampling slap 0.01° using OlympusVANTA owned by 
Akita University. The method of this analysis was based 
on Suzuki et al. (2006)[3]. XRF analysis was performed 
on the major lithologic part and fracture fillings of each 
sample under these conditions.

The major lithologic part of all samples is mainly com-
posed of Si, and Mg, Ca, Fe, and Al were abundant as 
other elements. Calcium was predominant in the veins 
filling the natural fractures, suggesting that calcite is 
prominent in the filler material.

(3)  RockEval Analysis
RockEval analysis was performed to determine the 
amount of organic carbon, thermal maturity, and kerogen 
type in rocks using Vinci’s RockEval 6.0 at Akita Uni-
versity. Various data related to evaluate the source rock 
capacity were measured by heating the rock sample at 
elevated temperatures. As per the method the amount of 
hydrocarbons released by the heating process are mea-
sured as a function of temperature. Two peaks called S1 
and S2 occur during heating, S1 indicating the amount of 

hydrocarbons already formed underground and remaining 
in the rock sample, and S2 indicating the amount of 
hydrocarbons produced by the pyrolysis of kerogen in 
the rock. The temperature of the S2 peak is Tmax, which 
is used to evaluate the petroleum source rock capacity.

As a result, both S1 and S2 were extremely low in all 
samples, so Tmax did not take a general value, and esti-
mation of the thermal history was not feasible. TOC were 
measured very low, ranging from 0% to 0.2% in all sam-
ples, while inorganic carbon content (%) were high, 
ranging from 3 to 10%. These values are similar to those 
obtained using CHN analysis. Therefore, it suggests that 
the carbon atoms in the samples from this outcrop are 
almost entirely derived from inorganic carbon, and the 
amount of organic carbon is extremely low.

3.  QEMSCAN
The QEMSCAN can take electron microscopic images of 
a rock sample, simultaneously identify the minerals of 
the constituent particles of the rock by X-ray analysis 
and make mineral mapping on the microscopic images. 
Rectangular samples of 5 mm x 5 mm x 2 mm size were 
prepared for the five samples, and the polished surfaces 
were measured by QEMSCAN.

For sample KAM_18, which has a laminated structure, 
measurements were conducted at the rock color boundary 
between light grayish area and dark grayish area. The 
lamination was characterized by concentrations of clay 
minerals and pyrite. Clay minerals and pyrite were abun-
dant in the dark-gray areas, on the other hand, dolomite 
and quartz were dominant in the white areas (Fig. 2). For 

Quartz 931483
Dolomite 366130
Illite 264381
K-Feldspar 240454
Albite 182679
Unclassified 100214
Muscovite 58369
Pyrite 45416
Biotite 45069
Chlorite 34671
Rutile 11539
Apatite 10734
Kutnohorite 4625
Smectite 2384
Background 1971
Gypsum/Anhydrite 1123
Glauconite 651
Diopside 593
Kaolinite 584
Zircon 329
Calcite 267
Paragonite 179
Hornblende 149
Ilmenite 59
Titanite 48
Andesine 23
Pyrophyllite 19
Monazite 10
Talc 9
KCl Mud 3
Enstatite 3
Siderite 3
NaCl Mud 1

 i l 88 0

Mineral Name

dark grayish area

light grayish area

Fig. 2: Sample KAM_1(left): QEMSCAN measurement image(right): Photograph of sample for measurement



102

Part 3  Ⅱ. Tight oil/gas development  2. Fundamental research

samples KAM_15 and KAM_10, which have dark-gray 
colored weakly foliated structures, samples were domi-
nated by quartz throughout, followed by dolomite and 
clay minerals such as illite. Framboidal pyrite was also 
observed in Sample KAM_15. Sample KAM_06, which 
exhibits massive brown lithology, was dominated by 
dolomite, with concentrations of calcite and quartz in the 
fractures. The fracture geometry indicated that the quartz 
and calcite filled fractures formed several times.

Conclusions and Future Work

The geological analysis of the Canadian Montney For-
mation, which was considered as a candidate site for out-
crop hydraulic fracturing experiment, was performed. 
The Montney Formation at the outcrop exhibit generally 
a light gray to dark gray shale with a laminated structure, 
partially shows developed natural fracture systems with 
mineral fillings and massive lithology. Geochemical fea-
ture is that the laminated facies which is the main facies 
are composed mainly of quartz and contains dolomite 
and clay minerals. Clay minerals predominate in the dark 
portions of the laminated facies, while dolomite is more 
abundant in the light-colored portions. The results of the 
geochemical analysis indicate that the carbon content of 
the samples analyzed in this study is almost entirely inor-
ganic carbon, and the organic carbon content is 
extremely low. The QEMSCAN analysis revealed that 
the light-grayish to dark-grayish hard shale portion of the 
laminated facies is dominated by quartz, but also contains 
a large amount of dolomite. Hydraulic fracturing experi-
ments on the Onnagawa Formation were successful only 
on the sections which were cemented by dolomite. The 

high dolomite content in the Montney Formation is also 
expected to contribute to the success of hydraulic fractur-
ing. Although clay and carbonate minerals are found in 
both laminated and massive sections, the probability of 
success of hydraulic fracturing experiments is considered 
to be higher in the massive sections due to less cleavage.
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(5)  Experimental study and numerical modeling of wormhole 
formation in carbonate acidizing

ISHIWATA Tomoaki, TSUCHIYA Yoshihiro, and KURAMOTO Daisuke

Term: FY 2021-2022
Collaborative Research: Waseda University

Introduction

The matrix-acidizing process in carbonate formations 
may create highly conductive wormholes around a bore-
hole, thus enhancing the productivity of a well (Fig. 1). 
Carbonate rocks are considered to be relatively complex 
owing to their texture heterogeneity, such as a variety of 
pore types and a wide range of pore sizes. The efficiency 
of wormholes may be affected by these types of hetero-
geneities.

JOGMEC has been conducting a collaborative research 
project with Waseda University since fiscal year (FY) 
2018 (Phase-1), which aims to investigate the formation 
and growth of wormholes and the optimal acid injection 
rate in carbonate formations through laboratory experi-
ments and the development of numerical simulation 
models. Until FY 2020 (Phase-3), water flooding experi-
ments at JOGMEC and acid flooding experiments at 
Texas A&M University (TAMU) were conducted using 
three types of carbonate rocks (Indiana limestone, Austin 
Chalk, and Edwards White)[1]-[2]. Additionally, a numeri-
cal model that can simulate wormhole growth was devel-
oped based on the phase-field method[1]-[2]. The overall 
objective of this study is to provide a useful numerical 
simulation model and techniques for evaluating the opti-

mal acid injection design in oil and gas fields.

Contents and Results

1.  CT imaging and analysis for core samples after 
water flooding and acid flooding experiments

Water flooding and acid flooding experiments were con-
ducted for three types of carbonate core samples (Indiana 
limestone, Austin Chalk, and Edwards White) until the 
last FY. For these core samples, 3D (three-dimensional) 
CT (Computed Tomography) image data were obtained 
using an X-ray CT scanner at JOGMEC. The 3D CT 
images were constructed using ImageJ, an open-source 
software for processing and analyzing the image data. A 
3D CT image of the wormholes is shown in Fig. 2.

The image analysis showed that the route of wormhole 
growth roughly overlapped with the preferential flow 
path of water in the water-flooding experiment. That is, 
the acid flowed approximately in the same path as that of 
water.

2.  Development of a numerical simulation model
In this study, a numerical model that could simulate 
wormhole growth was developed based on the phase-
field method. The following three items represent the 
main progress made during this FY:

Fig. 1: Schematic diagram of Wormholes

Fig. 2: 3D Wormhole CT image of 4 inch diameter core sample
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(1)  Comparison between numerical model and 
analytical solution

To evaluate the validity of the 2D (two-dimensional) 
numerical simulation model developed in this study, the 
simulation results were compared with analytical solu-
tions for reaction infiltration instability problems derived 
by Chadam and Ortoleva (1990). Consequently, because 
the simulation results agreed well with the analytical 
solution, it was concluded that the phase-field method 
implemented in the numerical model was a valid 
approach for simulating the wormhole growth.

(2)  Numerical experiment about heterogeneity of 
permeability

A numerical experiment using a 2D numerical simulation 
model was performed to evaluate the effect of the hetero-
geneity of permeability fields. Heterogeneous permeabil-
ity fields were developed using uniform, normal, and 
lognormal distributions. Examples of simulation results 
are shown in Fig. 3. The simulation results of the hetero-
geneous permeability fields (Realizations 1-3) indicated 
that the wormhole growth efficiency was reduced owing 
to the heterogeneity of the permeability field compared 
with the homogeneous model.

(3)  Development of fully implicit numerical model
To develop a 3D numerical simulation model in the 
future, it is important to reduce computation time. There-
fore, in this study, a fully implicit numerical model was 
developed, and its computation time was compared with 
that of the explicit numerical model developed in a pre-
vious study. Consequently, the stability of the numerical 
simulation is improved in the fully implicit model. How-
ever, the computation time of the fully implicit model is 
longer than that of the explicit model. Another solver 
will be considered in the future to confirm whether com-
putation time can be improved.

Conclusions and Future Work

According to the CT image analysis of wormhole growth 
and water flooding experiments, the route of the acid 
flow roughly overlapped with the preferential flow path 
of water in the water flooding experiment. In the future, 
to improve the resolution of CT images, the measurement 
conditions of X-ray CT scanners can be improved to 
improve the resolution of CT images.

Regarding the development of the numerical simulation 
model, the following three results were obtained: 1) The 
validity of the numerical model was confirmed by com-
parison with an analytical solution. 2) The heterogeneity 
of the permeability fields affected the efficiency of 
wormhole growth. 3) A fully implicit numerical simula-
tion model was developed. To evaluate the optimal 
design for acid injection in oil and gas fields in the 
future, the development of a 3D numerical model and 
shortening of the computation time are the main chal-
lenges in this study.
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(6)  Molecular simulation study on the adsorption of hydrocarbon 
binary mixture in nanopores
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Introduction

Organic-rich shale contains kerogen nanopores with 
characteristic lengths from approximately 1 to 100 nm, 
where a large amount of shale gas is stored. It is reported 
that, in those nanopores, molecular-scale phenomena like 
gas adsorption and gas slip flow occur[1][2][3] and phase 
behavior of reservoir fluid is significantly different from 
that in the bulk[4]. Then, it is expected that production 
behavior is affected by these phenomena in nanopores[5][6]. 
Therefore, to more properly estimate and/or predict 
reserve amount and production behavior, it is desirable to 
model these phenomena at molecular scale.

Based on this background, JOGMEC has conducted an 
industry-university collaborative study from 2014[7][8][9][10]. 
In 2021, we have been in collaboration with the Univer-
sity of Tokyo to better understand adsorption process in 
nanopores.

Contents and Results

In this study, adsorption of hydrocarbon binary mixture 
in nanopores was simulated using Grand Canonical 
Monte Carlo (GCMC) method. As the binary mixture, 
methane-ethane binary mixture was used.

In GCMC, which is one of molecular simulation meth-
ods, as the Monte Carlo step progresses, the simulation 
system will converge to the equilibrium state where the 
pre-determined equilibrium conditions are satisfied, and 
the minimum Gibbs free energy is achieved. Chemical 
potentials are given as the pre-determined equilibrium 
conditions and, before GCMC, they were estimated using 
Monte Carlo (MC) simulations with Widom insertion 
method[11] at a given pressure, temperature, and fluid 
composition in bulk condition. Beforehand, Gibbs 
Ensemble Monte Carlo (GEMC) method was used to 
determine the bulk phase behavior. In general, the inter-
molecular force between fluid and pore wall cannot be 

ignored when the size of the system is in nano-order, 
then the fluid molecule is adsorbed on the pore wall. In 
addition, it was found that, for a binary-component fluid, 
the heavy component is selectively adsorbed, i.e., more 
adsorbed than the light one, deviating the composition in 
nanopores from that in the bulk condition[11][12].

In this study, based on the previous study[2], the adsorp-
tion was calculated as follows: 1) for the given composi-
tion in bulk condition, the chemical potential was 
calculated, 2) GCMC was conducted at a given pressure 
for a given pore size, 3) excess adsorption, which was 
excess mass per unit pore volume due to adsorption com-
pared to mass in bulk condition, was calculated, 4) Steps 
2) -3) were repeated at a different pressure, 5) Steps 2) 
-4) were repeated for a different pore size, 6) resultant 
excess adsorptions for all pore sizes were combined by 
weighted average using a pore size distribution to obtain 
an isothermal adsorption curve for a focused shale rock 
sample. Here, as the last year, the temperature, composi-
tion in bulk condition, and selected pore sizes were set to 
be 40 ℃, (methane: ethane) = (0.9 : 0.1), and 1-20 nm, 
respectively. On the other hand, the pore wall was 
changed from graphite to kerogen by considering the last 
year’s results. During last year, the simulation results 
were smaller than the experimental results[10][12] reported 
by Wang et al. (2015)[13]. The reason might be that the 
pore wall was modeled by graphite. In the previous 
study[2], it was found that adsorption was also observed 
in micropores within kerogen pore wall. Then, we con-
ducted GCMC calculations with the pore wall modeled 
by kerogen. The obtained results are shown in the Fig 
below with Wang’s experimental and the last year’s 
results. As expected, the simulation result was more con-
sistent with the experimental results than that in the last 
year. On the other hand, it was found that the simulation 
result was sensitive to the kerogen density because the 
volume of the micropores in kerogen depends on the ker-
ogen density. Among three kerogen densities estimated 
using molecular dynamics, the low density (0.971 g/cm3) 
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showed the best match to the experimental results.

Conclusions and Future Work

The isothermal excess adsorption curve for (methane: 
ethane) = (0.9 : 0.1) binary mixture using kerogen pore 
wall model was successfully calculated. Also, the 
obtained results showed better matching to the experi-
mental results than that for the last year’s graphite model. 
Then, we will investigate the results more carefully, for 
example, determining the amount of the adsorbed meth-
ane compared to the pure methane. On the other hand, 
considering actual reservoir fluids, different compositions 
and multi-components should be investigated. Also, in 
terms of field developments, it must be an important 
theme that how much of the adsorbed gas can be pro-
duced.
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Research and development of methane hydrate resources

Phase 4 of the resource and development project to 
investigate the pore-filling type of methane hydrate 
started in FY2019 and has been funded by the Ministry 
of Economy, Trade and Industry (METI). To execute the 
project, JOGMEC, the National Institute of Advanced 
Industrial Science and Technology (AIST), and Japan 
Methane Hydrate Operating Co., Ltd. (JMH) jointly 
formed the new MH21-S R&D consortium.

FY2019 was dedicated to identification of the issues 
regarding commercialization of the resource and finding 
related solutions through a review of previous study 
results, such as the results of two offshore production 
tests. The results of the study undertaken during the 
FY2019 were published as scientific papers and utilized 
to develop the execution plan for Phase 4*.

FY2020 was dedicated to preparation of a planned long-
term production test in Alaska as a collaboration project 
with the National Energy Technology Laboratories 
(NETL) and the United States Department of Energy, 
and to analyze the available seismic survey data and 
other information for the determination of candidate 
locations for future offshore exploratory drilling offshore 
Japan.

During the FY2021, a detailed implementation plan was 
designed, and preparation works of the Alaska long-term 
production test (such as procurement of long-lead items, 
design of monitoring system) were conducted to start the 
field operation. Toward the next offshore production test 
in Japan (after Phase 4), Logging While Drilling (LWD) 
and Geotechnical Drilling were planned, and four meth-
ane hydrate concentrated zones (MHCZs) were inter-
preted as the locations for LWD. The specification of the 

data acquisition was decided, and field operation was 
conducted by JMH to determine candidate prosperous 
MHCZs for exploratory drilling and short-term produc-
tion tests in Phase 4.

Phase 4 was planned for four years (FY2019-2022), and 
two milestones were set at the end of FY2021 as follows:
-  Acquire long-term production data based on the 

long-term onshore production test and verify pro-
duction technologies sufficiently.

-  Finalize the location and complete the preparation 
for exploratory drilling and short-term offshore pro-
duction test.

On the other hand, based on current conditions, such as a 
delay in the implementation schedule of the Alaska long-
term onshore production test caused by the outbreak of 
COVID-19 and a delay in the availability of necessary 
data for the selection of locations for LWD, it was indi-
cated that these milestones will be postponed for one 
year and the duration of Phase 4 will be extended to the 
end of FY2023 at the 38th Advisory Committee for 
National Methane Hydrate R&D Program of METI (held 
on November 17, 2021).

In addition to the Alaska onshore long-term production 
test and LWD on offshore Japan, reservoir evaluation, 
improvements in production systems, resource assess-
ments in Japanese waters, and assessments of environ-
mental impacts need to be conducted continuously for 
future commercialization.

Some key accomplishments from each study are pre-
sented in the following sections.

* Yamamoto K., Tenma, N. and Abe, M. (2021): Japan’s Phase Four Methane Hydrate Research Program, Fire in the Ice, 
the National Energy Technology Laboratories, the US Department of Energy, 21(1), 1-5,  https://netl.doe.gov/sites/
default/files/publication/MHNews_Spring2021_0.pdf (cited on July 5, 2022)

https://netl.doe.gov/sites/default/files/publication/MHNews_Spring2021_0.pdf
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(1) Study of geomechanics and sand management
ABE Shungo

Term: FY 2017-
Contractor:  Schlumberger K.K., Rensselaer Polytechnic Institute (RPI), Waseda University, Hiroshima 

University

Objective

For stable and long-term gas production from methane 
hydrate (hereinafter “MH”), understanding of geome-
chanical behavior along with fluid flow in reservoirs is 
extremely important because formation deformation and 
sand migration (sand flow into the wellbore) may occur 
with MH dissociation in unconsolidated sand layers, 
potentially affecting production performance. Therefore, 
JOGMEC has conducted several studies on geomechan-
ics and sand management, ranging from experimental 
approaches to modeling and simulation. An overview of 
some of the studies conducted during the FY2021 is pro-
vided below.

Contents and Results

1.  Geomechanical modeling for long-term onshore 
production tests (Contractor: Schlumberger K.K.)

During gas production from MH, there are concerns that 
possible formation deformation as a result of hydrate dis-
sociation, could impair the integrity of the casing, sand 
control devices, and other components. Therefore, the 
investigation of geomechanical aspects is important. As 
the onshore production test currently planned in Alaska 
aims at longer-term gas production than any other past 
production tests of MH, elaborate geomechanical pre-as-
sessment should be conducted.

In this study, a three-dimensional geomechanical model 
was constructed for two production wells (PTW-1 and 
PTW-2) planned for onshore long-term production tests 
using the VISAGE simulator and coupled with a reser-
voir model to simulate formation consolidation, subsid-
ence, and stress conditions. To simplify the model, it is 
assumed that the downhole pressure is reduced and 
maintained at 4 MPa by the depressurization method, and 
gas is produced for one year from the B (lower) forma-
tion, which is the main target for the production test, in 
PTW-1. Another case assumes gas production from the D 
(upper) formation in PTW-2 also for one year with simi-
lar depressurization strategy.

The predicted displacement of the equipment and other 
objects near the wellbore based on numerical simulation 
at the time of drilling, completion, and after one year of 
gas production is shown in the Fig. 1 Based on the previ-
ous study results, the amount of strain that would cause 
casing failure was estimated to be about 0.02 strain, but 
in this calculation, it was calculated to be less than 0.004 
strain after one year of production (around completed 
section, the yellow portion of the 9 5/8” casing). As a 
result of this simulation, the integrity of the casing and 
other areas around the wellbore were evaluated to be 
secured. During the long-term onshore production test, 
we plan to measure the amount of strain around the well-
bore and then compare the mechanical data obtained 
during the test and the simulation results to clarify the 

Fig. 1: Calculation results of near wellbore strain (weak cementing case)
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geomechanical effects of long-term gas production on 
the wellbore.

2.  Numerical simulation of sand production 
(Contractor: RPI, Waseda University)

To predict the occurrence of troublesome sand production 
problems, in which sand flows into the wellbore together 
with gas/water during MH production and may damage 
wellbore and surface equipment, geomechanical models 
are being developed, and numerical simulations using 
these models have been conducted. As previously 
reported, the model to predict sand production behavior 
requires complex calculations because it involves various 
factors, such as dynamics, fluid/particle flow, chemical 
reactions including hydrate dissociation, and thermody-
namics (Fig. 2).

Until the FY2020, we attempted history matching using 
the data obtained during the first and second offshore 
production tests and improved the developed models 
based on the results. In the FY2021, to predict sand pro-
duction in the long-term onshore production test, we 
determined input parameters based on mechanical prop-
erty information obtained from core analysis results, and 
predicted sand migration behavior during one year of 

production (Fig. 3).

The calculation results indicated that sand flow is likely 
to occur mainly in the lower portion of the production 
section within a range of approximately 30 m from the 
wellbore. The simulation study will continue in the next 
fiscal year for the long-term onshore production test.

For the simulation mentioned above, some mechanical 
parameters were estimated using history matching based 
on data from the second offshore production test. How-
ever, because the actual formation properties differ for 
each MH concentrated zone, it is essential to conduct 
mechanical tests separately and quantitatively to deter-
mine all the input parameters. Accordingly, in parallel 
with the numerical simulation, experiments using the 
apparatus owned by JOGMEC to derive the necessary 
parameters are also ongoing, and these experiments are 
supported by Waseda University.

3.  Microbially Induced Calcite Precipitation 
(Contractor: Hiroshima University)

This study aimed to apply microbially induced calcite 
precipitation (MICP) technology, which is already used 
in the construction industry for soil reinforcement and 
countermeasures against soil liquefaction, to unconsoli-
dated layers where sand migration is likely to occur. Pre-
vious studies have shown that calcite (calcium carbonate) 
can be precipitated by isolating/cultivating microbes 
existing in the Nankai area, suggesting that this technol-
ogy is useful not only to address the sand related issues 
but also as a water-blocking technology to prevent 
large-volume of water production. In the FY2021, we 
elucidated the expression mechanism of genes that con-
tribute to calcite precipitation and examined methods for 
activating microbes in low-temperature and high-pressure 
environments to enhance the applicability of this technol-
ogy to MH development. Although the feasibility of cul-
tivation under high-pressure conditions (13 MPa) was Fig. 2: Concept of sand migration model

Fig. 3: Example of sand migration simulation for the onshore production test
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demonstrated, it was confirmed that the proliferation rate 
of the promising microbes significantly decreased under 
low-temperature conditions (13℃). In subsequent years, 
a study on the conditions under which microbes can 
grow at low temperatures will be conducted.

Conclusions and Future Work

An overview of various studies based on geomechanical 
findings for the long-term stable production of MH is 
presented. Because geomechanics may play an important 

role in MH development, studies, and experiments to 
better understand the geomechanical factors that could 
inhibit long-term stable production, as well as necessary 
monitoring and countermeasure technologies, will be 
continued.
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(2)  Study on Water production management technology using a 
waterglass-based chemical

ARIMA Yutaro, and ABE Shungo

Term: FY 2020-
Collaborative Researcher: Tohoku University

Introduction

One of the technical concerns during gas production 
from methane hydrate (hereinafter “MH”) using the 
depressurization method is that excessive water produc-
tion prevents sufficient depressurization[1]. It is assumed 
that one of the possible causes of such excessive water 
production is water intrusion from the aquifer into the 
MH reservoir or wellbore.

As a countermeasure against such water-production 
problems associated with aquifers, injecting water-block-
ing agents (substances that react with water and reduce 
the permeability of the formation) into specific forma-
tions could be considered. To select suitable agents, per-
formance evaluations and applicability studies of some 
water-blocking agents have been conducted since the 
FY2020[2].

In the construction industry (e.g., tunnel excavation 
work), waterglass (sodium silicate solution) is widely 
used to reduce permeability and reinforce a formation. 
When acid is added to the liquid waterglass, the neutral-
ization reaction leads to the precipitation of amorphous 
silica, changing the waterglass into a gel-like substance. 
Waterglass is also being studied as a remedy for CO2 
leakage during Carbon dioxide Capture and Storage 
(CCS)[3]. Based on the CCS research, it is known that 
CO2 can act as a neutralizing agent for waterglasses. 
Because the viscosity of CO2 is very low and it can easily 
spread in a formation, waterglass is expected to reduce 
the permeability of a wide area from the wellbore if CO2 
is injected into the formation where the waterglass is 
widely placed.

Therefore, this study was conducted to verify the appli-
cability of a waterglass-based water-blocking agent to 
MH reservoirs. In the FY2020, numerical simulations 
using TOUGHREACT software were conducted to con-
firm the decrease in aquifer permeability due to the 
waterglass-CO2 reaction and the behavior of waterglass 

in the aquifer. Based on these results, “1. Core flooding 
experiment for confirmation of the waterglass-CO2 reac-
tion” and “2. Numerical simulations based on the field 
characteristics” were conducted during the FY2021.

To investigate the effectiveness of the agent in MH reser-
voirs, a study on this material was commissioned to 
Tohoku University, where researchers have experience in 
studying the application of this agent at CCS sites and 
are also knowledgeable about petroleum geomechanics.

Contents and Results

1.  Core flooding experiment for confirmation of the 
waterglass-CO2 reaction

Core flooding experiments were conducted to confirm 
the reaction between the waterglass and CO2. A sand 
pack sample simulating the MH reservoir was filled with 
water glass, followed by CO2 injection (Fig. 1). It was 
planned to measure the water permeability before and 
after the CO2 flooding and compare the X-ray Computed 
Tomography (CT) images, and these results were 
expected to help in understanding the waterglass-CO2 
reaction and the effectiveness of water blocking.

However, the water permeability after CO2 flooding 
could not be measured because the downstream pipe was 
blocked by gel-like waterglass. On the other hand, on 
comparing the water permeability of the entire sand pack 
sample before CO2 flooding and the air permeability of a 
part of the sample after the experiment, it was suggested 
that the permeability decreased because of the water-
glass-CO2 reaction.

2.  Numerical simulation based on field characteristics

Numerical simulations were conducted using a simple 
reservoir model during the FY2020. Subsequently, a 
more realistic reservoir model was constructed and used 
to evaluate the applicability of the waterglass-based 
water blocking agent during the FY2021.
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The simulation study was conducted according to the 
workflow shown in the Fig. 2. The first step was to con-
duct a waterglass-CO2 reaction simulation. The TOUGH-
REACT software was used to evaluate changes in 
permeability and porosity, as well as their ranges. Various 
constants of the rate equation required for the calculation 
of the waterglass-CO2 reaction kinetics were used with 
reference to Ito et al. (2014)[3] as in FY2020. The second 
step was to update the reservoir model based on the dis-
tribution of the permeability and porosity obtained from 
the waterglass-CO2 reaction simulation results. After 
updating the model, a production simulation was con-
ducted using the TOUGH2 software to predict the water 
production. Based on this workflow, the effect of water 
blocking was evaluated by considering multiple cases.

A reservoir model of the two-dimensional cylindrical 

coordinate system was constructed based on the well and 
monitoring data obtained in the second offshore MH pro-
duction test in the Nankai Trough. As shown in the Fig. 
3, the process of injecting waterglass into the aquifer 
(thickness of 8 m) was omitted, and it was assumed that 
a hollow disc-shaped domain with a radius of 50-100 m 
centered on the wellbore had already been filled with 
waterglass in the base case. The initial formation tem-
perature was set to 13 ℃ and the reservoir pressure was 
set to 13 MPa. It was assumed that CO2 was injected into 
the aquifer at a constant rate (880 m3/day) from the well-
bore for 60 days, shut in for 20 days, followed by pro-
duction for 40 days.

The simulation results showed that the permeability in 
the section where the waterglass had been filled 
decreased (Fig. 4), and the water production rate 
decreased compared to the case where waterglass was 
not placed in the formation. To understand the sensitivity 
of the considered parameters, other cases were also stim-
ulated. The results indicated that the distance from the 
wellbore and the concentration of the waterglass affected 
the effectiveness of water blocking.

Conclusions and Future Work

Core flooding experiments and numerical simulations 
were conducted to evaluate the applicability of the water-
glass-based water-blocking agent to MH reservoirs.

In the experiments, CO2 was injected into sand pack 
samples filled with waterglass, and the permeability 

図1

Core holder X-ray CT scanner

Accumulator

Buffer tank

Back pressure 
regulator

Fig. 1: Image of experimental set-up for core flooding experiment

Fig. 2: Numerical simulation workflow
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change was observed. The results of the experiments 
showed that the permeability decreased owing to the 
waterglass-CO2 reaction, although the downstream pipe 
was blocked by a gel-like substance made of waterglass. 
Additional experiments are planned to quantitatively 
evaluate the permeability before and after CO2 flooding.

The numerical simulation conducted utilizing a realistic 

reservoir model indicated that the permeability in the 
section where waterglass had been filled decreased, and 
the water production rate reduced compared with the 
case where waterglass was not placed in the formation. A 
further sensitivity study is planned, and optimal work 
planning will be discussed using the actual injection 
method.
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(3)  Distributed Acoustic Sensing (DAS)  technology trend survey 
as a geophysical monitoring method for the next offshore 
production test

KOBAYASHI Toshiaki, and SHIMODA Naoyuki

Term: FY 2021
Contractor: RPS Energy Limited

Introduction

A time-lapse reflection seismic survey was conducted 
from FY2016 to FY2018 to grasp the changes in reser-
voir physical properties before and after the 2nd Offshore 
Production Test. The data was acquired by installing an 
Ocean Bottom Cable (hereinafter, OBC) consisting of 70 
receivers of four-components (hydrophone, and three 
components of accelerometer) on the seafloor and firing 
an airgun near the sea surface.

By comparing the data before and after the test, the 
changes in elastic properties could be detected. However, 
when the acquired data was verified, it was found that 
higher quality data could be acquired by reviewing the 
data acquisition specifications[1]. Therefore, other geo-
physical monitoring methods were examined without 
limiting to the OBC method. As a result, the Distributed 
Acoustic Sensing (DAS) method, which acquires seismic 
data using optical fibers, has become a prime candidate 
for the next offshore production test[2].

During the FY2021, a literature survey of published 
studies was conducted, and the websites of several DAS 
technology providers were researched as a technology 
trend survey to grasp the current status and future poten-
tial of DAS technology in more detail.

Contents and Results

Following is a summary of a part of the technology trend 
survey on DAS conducted during the FY2021.

1.  Overview of DAS technology
The laser light input to the optical fiber is scattered in the 
fiber, and a part of it returns backwards. DAS is a 
method for measuring fiber strain by observing the inten-
sity and phase of such backscattered light.

DAS technology was introduced in the field of seismic 
survey in the late 2000s and was first used for Vertical 
Seismic Profiling (VSP) surveys. DAS is capable of effi-
ciently acquiring data because entire length of the optical 
fiber cable serves as the receiver and one cable can cover 
a long acquisition section. Therefore, VSP surveys using 
DAS (hereafter referred to as V-DAS in this report) have 
been developed as an alternative to conventional VSP 
surveys using receivers. On the other hand, seismic sur-
veys in which a DAS is installed on the ground surface 
to acquire data (hereafter referred to as S-DAS in this 
report) have been slower to be put into practical use as 
compared to V-DAS due to the problem of inferior sensi-
tivity (directionality issues of the DAS) due to small 
strain changes in the optical fiber in P waves that are 
incident perpendicularly to the optical fiber.

The incident of laser light into an optical fiber and the 
recording of backscattered waves are performed using a 
laser light input/output device (interrogator), who’s per-
formance is improving year by year. Currently, the gauge 
length (receiver point resolution) can be set to several 
meters, enabling high-density, high resolution data sam-
pling compared to the 10 or 30 meter gauge lengths used 
a few years ago. For example, a 50 km optical fiber cable 
with a 1 m receiver interval would have 50,000 receiver 
points, resulting in very high-density data sampling, and 
is expected to play a major role in the acquisition of 
high-density data for future 24/7 monitoring operations.

2.  Current status of DAS technology
DAS technology is a new technology and currently has 
some advantages over conventional methods, but there is 
also a scope for improvement. The number of V-DAS 
survey is increasing, but receiver component is single. 
S-DAS has limitation on the acquired waveforms due to 
the directionality issue. However, the directionality issue 
is expected to be solved using helically wound cable 
(HWC). In addition, various studies on the research and 
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application of DAS technology have been published, 
showing the interest and potential of DAS technology, 
along with potential future developments. Tables 1 and 
2 summarize the advantages and disadvantages of DAS 
technology, respectively.

3.  Examples of application of DAS technology and 
studies of improvement measures

(1)  V-DAS
V-DAS implementation for oil and gas development is 
increasing for the purpose of permanent reservoir moni-
toring and Enhanced Oil Recovery (EOR) monitoring. It 
is also applied to Carbon dioxide Capture and Storage 
(CCS) monitoring and geothermal development. The 
systems are designed for long term operation and are 
required to be flexible and robust.

The optical fiber cables used in V-DAS are armored to 
cope with the harsh environment in the well and are typi-
cally 1/4 inch in diameter, allowing installation in situa-
tions where conventional receivers cannot be installed. 
The material is glass fiber, so it is not restricted by water. 
In addition, a single DAS cable can be used to acquire 
data in deep wells. Shell has conducted V-DAS in deep 
water and deep wells in the Gulf of Mexico and has 
installed DAS cables up to 18,000 feet (approximately 
5,500 m) to acquire data (Kiyashchenko, 2020[4]). V-DAS 
can measure long sections in a single firing operation, 
resulting in efficient data acquisition.

The challenge with V-DAS is that, as with conventional 
VSP, the information obtained is limited to the area 
around the well (depending on the measurement depth). 
However, it is possible to deploy V-DAS cables in 

Table. 1: Advantages of DAS technology

Ultra-broad band Zero - kHz way beyond seismic needs

Dynamic range 120 dB - 130 dB (supplier dependent) - current systems

Flexibility configuration
Receiver spacing configurable post installation
Dense spatial sampling, reduced/no aliasing, higher resolution data
Superior velocity models

Reliability

No moving parts/infield electronics.
Not susceptible to electrical leakage and electromagnetic.
Water resistant.
Operates in hostile environments where electronics fail.

Low cost Low-cost fiber and ease of deployment.

Multiples Multiple fibers can be installed in single cable (Vibration, temperature, flow rates, pressure).

V-DAS
One fiber can cover an entire well with a single shot.
Can access locations inaccessible to geophones.

S-DAS Deployment is an order of magnitude quicker in terms of labor & time. (Kyle T. Spikes, 2019[3])

Ideal for permanent monitoring Low cost, long-term reliability, ease of deployment

Gauge Length/receiver spacing Can be determined post acquisition (Hardware dependent).

Table. 2: Disadvantages of DAS technology

Noise/vibrations Interrogator sensitivity is affected by the operating environment.

Directionality Straight DAS fibers are insensitive to normally incident P-wave arrivals.

Coupling Can be variable. As coupling reduces, signal strength decreases.

Depth calibration Uncertainty as to absolute location of fiber/receiver locations within well relative to the formation.

Acquired component Current commercial DAS limited to 1 component.

Potentially massive data volumes
If used for monitoring 24/7, narrow GL can create peta-bytes of data. Will
need ML/AI to manage data

Careful planning & coordination 
required

Required to maximize data potential

Noise DAS data is generally noisier than equivalent geophone data.
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multiple wells. Recently, Saudi Aramco designed a new 
V-DAS system (Smart DAS uphole system) for imaging 
low relief structures at deep depth (Bakulin, 2019[5]).

(2)  S-DAS
Although the directionality of DAS compared to the 
rapid growth of V-DAS has hindered the development of 
S-DAS, an interest in S-DAS is increasing over the years 
regardless of onshore and offshore survey. In a recent 
study[6], S-DAS was recognized as a new alternative to 
point sensors such as receivers, and a multiscale grid 
receiver.

Multiscale grids are an application of the flexibility of 
DAS, whereby multiple data sets are extracted from a 
single cable by changing the gauge length of the DAS. 
For example, a narrow gauge length of 1 m is preferred 
for complex near surface conditions and accurate mea-
surement of surface and refraction waves. For deeper 
imaging, a gauge length of 10-20 m may be optimal. A 
gauge length of 50 m may also be required to acquire 
very low frequency seismic waves. DAS can acquire data 
from these different gauge lengths with a single optical 
fiber and one firing operation, which is an advantage 
over point sensor receivers.

(3)  Directionality of S-DAS
As DAS cannot receive P waves incident on an optical 
fiber at high angles, practical application of S-DAS is 
limited as compared with V-DAS. Therefore, White et 
al[7] tested different types of optical fiber cables in the 
field (straight optical fiber cables, two types of HWCs 
(symmetric and asymmetric coils), and a conventional 
receiver for comparison) with the purpose of analyzing 
sensitivity of P waves at high incident angles. The results 
showed that HWCs with asymmetrically wound coils 
were more sensitive to high angle P waves. Spikes et al[3] 
also compared data acquired with a conventional receiver 
and three different optical fiber cables (HWC, bared 
straight optical fiber cable, and armored straight optical 
fiber cable). The results showed that the receiver and 
HWC performance was similar and demonstrated that 
seismic reflection data can be acquired using S-DAS.

On the other hand, Kuvshinov[8] examined the sensitivity 
of HWC depending on the winding angle and showed 
that the HWC with a winding angle of about 30 degrees 
is almost independent of the incident angle in soft rock, 
and that the sensitivity increases with the incident angle 
in hard rock. The optimum winding angle also depends 
on the Poisson’s ratio of the fibers used.

(4)  Coupling and cable laying
Like the receiver coupling, the DAS cable coupling 
affects the quality of the acquired data. In the case of 
V-DAS, it is attempted that the cable is fixed outside the 
casing. While, for S-DAS, the cable should ideally be 
buried in a trench. For installation, it is necessary to con-
sider the continuous contact of the cable with seafloor, 
strength of the seafloor, and weight of the cable. It has 
been reported that strong coupling can be achieved with 
20-100 cm of burial, while 10-20 cm of trench is suffi-
cient for seismic surveys in desert environments (Bakulin, 
2019[5]).

4.  Challenges of DAS technology
Although DAS technology is relatively new in the field 
of seismic survey, its advantages are listed in the Table 1. 
In particular, the flexibility of application and the low 
cost of DAS technology are expected to result in wider 
applications in the future. In addition, the following 
issues will be tasks to improve and scale up the level of 
DAS technology in the future.

・�Development of multi component, multi parameters, 
and multi channel instruments integrating distributed 
optical fiber acoustic wave, temperature, and strain 
sensing, which will consolidate different types of sys-
tems into a single interrogator, reducing overall costs.
・�Further development of high temperature resistance, 

higher Rayleigh scattering coefficients, and resistance 
to hydrogen and bending losses to improves capabili-
ties and extend hardware lifetimes.
・�Development of three components with different tech-

nical approaches and implementation techniques, 
including three components DAS cable and interroga-
tors to provide low cost three components seismic data 
acquisition for all environments. In the short term, 
before commercial availability of the three components 
DAS cables, combining a one component cable or a 
HWC cable with three components DAS optical fiber 
geophones could provide an intermediate solution.
・�In the future, large volumes of high density, low cost 

data that will be generated, especially through 24/7 
monitoring operations, are going to present a challenge 
to today’s processing and interpretation tools. Leverag-
ing and extracting value from these data is going to 
require development of sophisticated ML (Machine 
Learning) and AI (Artificial Intelligence) techniques.

Conclusions and Future Work

During the FY2021, a literature survey was conducted to 



121

Part 3  Ⅲ. R&D of methane hydrate  1. Reservoir characterization

understand the current status of DAS technology and 
examples of application of DAS methods to seismic 
reflection surveys. There are many applications of 
V-DAS and its reliability as a survey method is increas-
ing. On the other hand, S-DAS is still in the research 
stage and although field tests have been conducted, vari-
ous issues remain for its field application. In addition, a 
common challenge for V-DAS and S-DAS is the practical 
application of three component acquisition cables. With 
future improvements and developments, the possibility 
of practical application of HWC is increasing.

In the future, the technical capabilities of DAS technol-
ogy providers will be researched to determine whether 
the DAS method can be applied in future offshore pro-
duction tests.
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on the Alaska North Slope
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Introduction

1.  Objectives of the long-term production test
The objectives of the planned methane hydrate (hereinaf-
ter “MH”) production test on the Alaska North Slope are 
to 1) acquire long-term data on gas production from 
MH-bearing sediments; 2) better understand gas produc-
tion behavior and 3) verify the potential of long-term and 
stable gas production from MH using depressurization to 
establish a production methodology for future commer-
cial production. An onshore location on the Alaska North 
Slope, US, where a production test could be conducted at 
a relatively low cost and with high operational flexibility 
compared with offshore sites, was selected as the long-
term production site. Our ultimate goal is to commer-
cially produce methane gas from MH in the offshore 
region of Japan; therefore, the acquired data and analysis 
of results are intended to be utilized for future planning 
of the next phase of the offshore production test, which 
will be decided at the end of this phase (FY2023) if it is 
worth considering the results of the onshore production 
test and other activities.

2.  Background and history of collaborative research
JOGMEC and the DOE/NETL signed a memorandum of 
understanding (MOU) on November 6, 2014, to collabo-
rate on a long-term MH production test in Alaska. Both 
parties collaboratively selected a candidate site within 
the Prudhoe Bay Unit (PBU) in 2016, where commercial 
oil production had been undertaken for more than 40 
years with the operator, BP Exploration Alaska, Inc., for 
long-term production tests. Subsequently, a stratigraphic 
test well (STW) was successfully drilled in December 
2018. Analyses of data acquired during drilling of the 
STW confirmed the occurrence of MH in two sandy 
layers, and the research team concluded that these 
MH-bearing reservoirs could be targets for the long-term 
production test.

Planning and preparatory work toward the implementa-
tion of production tests is currently ongoing.

Contents and Results

1.  Science and operation plan
The NETL and JOGMEC collaboratively developed an 
integrated planning document called the Science and 
Operational Plan (S&O Plan), and continued to update 
the information for finalization. The document summa-
rizes scientific objectives and general operational plans, 
such as drilling, data acquisition (e.g., geophysical log-
ging and full-round pressure core sampling), well com-
pletion, data monitoring, and production test strategies.

2.  Monitoring plan of reservoir response for the 
long-term production test in Alaska

To better understand the MH production behavior and 
evaluate the reservoir response and environmental 
impacts, a monitoring plan was developed and advanced 
for the long-term production test (refer to “Data acquisi-
tion activities and monitoring plan of reservoir response 
for the long-term production test in Alaska” for details).

The planning efforts included a feasibility study of cross-
well tomography by utilizing distributed acoustic sensing 
(DAS) cables to be deployed in four wells, as well as a 
feasibility study for detecting the indication of sand pro-
duction using acoustic signals with DAS cables during 
production.

3.  Development of a detailed implementation plan
The development of a detailed implementation plan was 
continued by JOGMEC, NETL, and ASRC Energy Ser-
vices Alaska, Inc. (AES), who was selected as the third-
party operator (TPO*1) in January 2021 to achieve safe 
operation and scientific objectives.

*1  Operator of this project who performs drilling, operation of facilities, and related work. As the operator of this project 
is not one of the current Prudhoe Bay Working Interest Owners (WIOs), it is termed TPO.
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The detailed implementation plan includes a depressur-
ization system that engages electrical submersible pumps 
(ESPs), sand control devices, and a well completion plan 
with countermeasures against the reformation of MH in 
the production system (refer to “Designing and prepara-
tion work for well completion, downhole production 
system, and surface production facilities” for details).

Parallel to the above efforts, discussions with related par-
ties, including PBU WIOs and the Alaska Department of 
Natural Resources, were conducted mainly by AES. 
Additionally, the overall project schedule was reviewed 
and updated by carefully considering the effect of 
COVID-19 pandemic.

4.  Procurement of long-lead items
To meet the overall project schedule of the MH21-S 
R&D consortium (MH21-S), procurement work for long-
lead items (e.g., sensor cables (for temperature, pressure, 
and strain measurement), wellhead, and other surface 
equipment), and ESPs to be deployed at the geo-data 
well (GDW*2) and two production test wells (PTWs*2) 
have been continued.

Some of those items have been transferred to the TPO.

5.  Data acquisition
Formation temperature measurements, using a distributed 
temperature sensing (DTS) cable installed in the STW 
and a baseline elevation survey to acquire data on sea-
sonal fluctuations in surface elevation, were continued.

The baseline elevation survey is currently suspended 
because data for all seasons have already been acquired; 
therefore, the initial objectives of this baseline elevation 
survey were accomplished. It is planned to resume the 

elevation survey after the initiation of the production test 
(refer to “Data acquisition activities and monitoring plan 
of reservoir response for the long-term production test in 
Alaska” for details).

Data acquisition at the GDW and PTWs are planned to 
start immediately after the drilling work, and the deploy-
ment of sensor cables for each well.

Conclusion and Future Work

During the FY2021, the development of a detailed 
implementation plan was continued collaboratively 
among the Japanese team, US team, and the selected 
TPO for the implementation of the long-term production 
test in Alaska.

In addition, development of the monitoring plan, data 
acquisition of the formation temperature at the STW, the 
baseline elevation survey, and procurement work of long-
lead items were continued, and some of the long-lead 
items were transferred to the TPO.

In the next fiscal year, finalization of the detailed imple-
mentation plan and preparation work toward the start of 
the production test, including drilling three wells (GDW 
and PTWs), are planned.
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(2)  Data acquisition activities and monitoring plan of reservoir 
response for the long-term production test in Alaska
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Introduction

In collaboration with the National Energy Technology 
Laboratory (NETL) and United States Geological Survey 
(USGS), JOGMEC is planning a long-term methane 
hydrate (hereinafter “MH”) production test in Alaska.

In December 2018, a stratigraphic test well (STW) was 
drilled at the Kuparuk State 7-11-12 pad in the Prudhoe 
Bay Unit (PBU) on the Alaska North Slope. Data from 
the STW confirmed the occurrence of two highly satu-
rated MH-bearing sandy layers (units B and D) below the 
permafrost.

The production test is planned to be conducted using four 
wells, three new wells to be drilled, in addition to the 
existing STW. The three new wells include a geo-data 
well (GDW) to obtain more detailed reservoir informa-
tion through pressure coring and two production test 
wells (PTW-1 and PTW-2) to produce methane gas using 
depressurization. STW and GDW will also be used as 
monitoring wells.

This report describes the ongoing field data acquisition 
activities and the monitoring plan for pressure, tempera-
ture, and strain in the GDW and PTWs for the implemen-
tation of a long-term MH production test. Field data 
acquisition and STW formation temperature data QC 
(Quality Control) were supported by Toyo Engineering 
Corporation, and the STW formation temperature data 
analysis was conducted in cooperation with Schlum-
berger K.K.

Contents and Results

1.  Field data acquisition
(1)  DTS formation temperature monitoring
Since the STW was drilled, formation temperature moni-
toring was conducted using distributed temperature 

sensing (DTS) cables installed behind the well casing. 
These temperature data will be useful for estimating the 
initial reservoir temperature, gas hydrate stability zone 
(GHSZ), and for detecting changes in formation tem-
perature during future production test. During the 
FY2021, a review of the influence of environmental tem-
peratures around the DTS equipment on formation tem-
perature measurements, analysis of temperature 
anomalies (temporary increases in formation tempera-
ture), and evaluation of temperature stability around MH 
reservoirs was conducted following the previous year.

(2)  Baseline elevation survey
To confirm that future production test will not affect the 
ground surface, monitoring of seasonal variation in 
ground elevation on a monthly basis have been continued 
as a baseline survey. The survey uses a global positioning 
system (GPS), and approximately 240 measurement 
points were installed within a radius of 1,600 ft (approxi-
mately 500 m) around the Kuparuk State 7-11-12 pad. 
Fig. 1 shows the relative change in elevation (median 
value for all measurement points) for each month from 
the ground level as of November 2019. It appears that the 
frozen soil surface thaws during the summer when the 
temperature near the ground surface exceeds 0 ℃, caus-
ing subsidence of the ground surface. As baseline data 
for an entire year were already obtained, the measure-
ments were temporarily suspended after data acquisition 
in July 2021. We plan to resume the data acquisition after 
initiation of the production test.

2.  Monitoring plan of reservoir response
The monitoring plan for each well is shown in the Fig. 2 
and Table 1.

(1)  Formation temperature and acoustic measurement
Distributed acoustic sensing (DAS)/DTS fiber-optic 
cables will be installed in the GDW and the PTWs. In 
addition, resistance temperature detectors (RTDs), which 
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measure temperature changes by detecting resistance 
variations, will be installed in the GDW. RTDs can 
acquire up to 60 points of temperature data per cable and 
have a higher resolution and accuracy than that of DTS. 
The combination of RTDs with DTS can estimate the 
high-accuracy values of the initial temperature and tem-
perature changes during the production test.

In March 2019, DAS-VSP (Vertical Seismic Profile) 
using a DAS cable (acoustic sensor) as a receiver 
installed in the STW was conducted to acquire detailed 
geological information near the STW[2]. After drilling the 
GDW and PTWs, it is planned to conduct cross-well 
seismic tomography, in which seismic waves generated 
from a seismic source is placed in the GDW is received 

by DAS cables in the other three wells to estimate the 
cross-section of the seismic velocity structure between 
the wells. During the FY2021, a feasibility study on 
cross-well seismic tomography was conducted (for 
details, see (2)-⑤Study of Geophysical Monitoring 
Methods for Long-Term Onshore Production Tests). As 
described above, the main objective of DAS installation 
is to understand the subsurface structure and capture 
changes in reservoir properties before and after produc-
tion test, but it is also expected to detect abnormal signals 
associated with sand production and acoustic emissions 
associated with production.

(2)  Pressure measurement
To understand the dissociation or formation behavior of 

Fig. 1: Change in elevation around the test site and maximum/minimum temperature at Prudhoe Bay, Alaska[1]

Fig. 2: Schematic illustration of the overall monitoring plan for each well
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MH in a reservoir, it is essential to measure both the 
pressure and temperature. Therefore, pressure sensors 
will be installed in the GDW and PTWs. In the case of 
PTWs, a pressure difference may arise between the 
inside of the wellbore and formation across sand control 
devices. Accordingly, it is important to monitor the for-
mation pressure outside the casing as well as the wellbore 
pressure inside the casing to evaluate whether the reser-
voir pressure is actually reduced.

The planned pressure sensor can measure up to eight 
locations (eight pairs (16 sensors)) of the pressure data 
inside and outside the casing with a single cable. The 
inside and outside pressures of the casing within the pro-
duction interval will be measured using dual gauges. The 
outside pressure of the casing above and below the pro-
duction interval will be measured using a single gauge.

(3)  Strain measurement
The sensors used to measure the axial and bending 
strains occurring at the wellbore and in the reservoir will 
be installed in the GDW and PTWs. The purpose is to 
observe the deformation of the formation due to MH dis-
sociation. There are two strain measurement options: a 
Brillouin optical time-domain reflectometer (BOTDR), 
which is based on a distributed optical fiber, and fiber 
Bragg grating (FBG) sensors, which can measure strain 
at a limited number of points with high resolution and 
accuracy. Although multiple cables are generally required 
to distinguish between axial and bending strains, the 
FBG sensor, containing two grating fibers in a spiral pat-
tern in a single cable, can simultaneously detect axial and 
bending strains. Consequently, it has been decided to use 
an FBG sensor to reduce the number of cables and miti-
gate the installation related risk. The maximum measure-
ment interval of the FBG sensor is 300 m, which covers 
the entire interval between units B and D.

As mentioned above, a detailed plan was developed for 

the sensors to be installed in each well. In addition, the 
cable installation procedure was discussed, and a data 
transfer system was prepared to monitor all data from 
downhole equipment and surface production facilities at 
remote locations (such as offices).

Conclusions and Future Work

The formation temperature measurements and baseline 
elevation surveys were continued, and a monitoring plan 
for the GDW and PTWs was developed for the long-term 
production test in Alaska. In parallel with the preparation 
of the drilling and completion plan for the GDW and 
PTWs, it is planned to finalize the entire monitoring 
plan, including downhole sensors, downhole equipment, 
and surface production facilities.
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Introduction

Detailed design of the well completion, downhole pro-
duction system, and surface production facilities, all of 
which should fit the purpose of long-term production, 
has been conducted for the onshore methane hydrate 
(hereinafter “MH”) production test in North Slope, 
Alaska.

Two production test wells (PTW-1 and PTW-2) and one 
monitoring and data appraisal well (GDW) will be drilled 
in addition to the existing stratigraphic test well (STW) 
drilled in December 2018.

In the FY2021, based on the designing and preparation 
work implemented by the FY2020, finalization and opti-
mization of the production system was conducted 
through various aspects such as risk assessment and pro-
ceeded with the preparatory work including manufactur-
ing of the production system toward the implementation 
of the production test.

Contents and Results

1.  Preparation of Well Completion and Subsurface 
Production Systems

Fig. 1 shows outline of the two production wells (PTW-1 

Fig. 1: Outline of the Production wells
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and PTW-2) for the onshore production test. In PTW-1, 
which will be producing first, B Unit located in the 
deeper section of the two target hydrate layers (B and D 
Unit) will be completed for production. In PTW-2, both 
B and D Unit are considered as the layers for completion 
and production, however, to flexibly select better com-
pletion design considering the reason of production fail-
ure that may occur during the PTW-1 production, all the 
completion work other than casing installation such as 
perforation and installation of sand control devices will 
be conducted after confirming production performance 
of PTW-1.

During the FY2021, procurement work of equipment 
such as Electrical Submersible Pump (ESP), Downhole 
Electric Heater (DHEH), Wellhead Xmas Tree (WHXT), 
and Casing was continued. In addition, system test 
(including Function test, and Fit Up test) of some major 
equipment were completed, followed by the shipping of 
these equipment to the production test site.

(1)  Deployment test for the ESP
To cover the wide range of possible water production 
rate during the onshore production test, four types of ESP 
assemblies for different flow ranges are prepared. The 
main part of this ESP assembly is a product from Baker 
Hughes, however, to enable easier retrieval and installa-
tion of the ESP using slickline operation (without rig 
operation), commercial products from AccessESP were 
selected for the motor, power connection system, and 
other parts, which will be attached to the Baker Hughes’ 
ESP. Owing to combination of the systems from different 
vendors, a deployment test was conducted prior to ship-

ping.

In this test, deployment of major combination of the 
equipment was tested to confirm the operation proce-
dures, followed by a function test, consequently, func-
tionality of the system was confirmed and the parameters 
such as weight during the installation, tension on the 
slickline, and overpull at retrieves were also checked. 
Upon completion of this series of tests, the ESP was 
shipped toward the North Slope, Alaska.

(2)  Fit Up Test for the WHXT
Due to the installation of various sensors, cables and 
pipes need to be penetrated through the WHXT. A Fit Up 
Test (FUT) was conducted to confirm that these cables 
can pass through without any problems (Fig. 2). As many 
cables and pipes will exist around the WHXT, operation 
itself was complicated, but it was confirmed that the 
WHXT could be installed without any problems. Based 
on the FUT, valuable lessons learnt to be considered 
before the actual operation were also captured. After the 
test, WHXT will be maintained and then shipped to the 
production test site.

(3)  Function Test for the DHEH
During the MH production test, hydration reformation in 
a wellbore due to changes in the temperature-pressure 
condition during unexpected shut-in is one of the opera-
tional concerns, therefore, a DHEH will be installed in 
each PTW to increase temperature in the wellbore and 
avoid such troublesome situation. According to market 
surveys, no reliable and suitable DHEHs for the long-
term production test were found, therefore it was decided 

Fig. 2: Fit Up Test (Left: Landing hanger with cables and pipes, Right: Bracket around the WHXT)
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to develop a new DHEH with a vendor who has experi-
ence of developing similar type of heater which can be 
used in downhole. The designing work and fabrication of 
a DHEH started in the FY2020, and in the FY2021, a 
function test was conducted using the developed heater. 
It was confirmed that temperature of fluid could be 
raised by 10℃ under a flow of 4,500 bbl/day, which was 
the expected flow rate for production test, and that the 
temperature rise could be kept stable for six hours con-
tinuously. Thus, performance of the developed equipment 
met the requirements and it is decided to start transporta-
tion to the North Slope, Alaska.

2.  Design and Preparation of the Surface Production 
Facilities

Regarding the designing work of the surface production 
facilities, which was progressed to 60% in the FY2020, 
was advanced to 100% in the FY2021. Also, the prepara-
tion work of surface facilities including modularization 
has started.

Fig. 3 shows outline of the surface production facilities. 
In the design of surface facilities, optimization was per-
formed such as reviewing the number of evaporators for 
produced water, considering the expected production 
volume. Also, it was designed to use the produced gas as 
fuel for evaporators and so on. As the produced gas 
volume can fluctuate greatly, as it happened in the past 
production tests, amount of supplied gas to operate the 
facilities could be insufficient. Therefore, gas supply 
from the nearby pipeline was also considered and 

prepared to continue production test even if such unstable 
fuel gas supply happens.

Fig. 4 shows the example of modularization. From the 
viewpoint of cost and efficiency, it is considered reason-
able to minimize the on-site construction as the project 
site is in a remote area with limited existing infrastructure 
and manpower. It was decided that modularization 
method, utilized in the conventional oil and gas projects, 
will be adopted. By installing pipes, cables, and equip-
ment at the fabrication yard, on-site work can be mini-
mized and the risks from weather effects were also 
reduced. In addition, the module was manufactured with 
the function to protect the equipment from extremely 
cold and harsh weather especially in the winter season at 

Fig. 3: Outline of Surface Production Facilities

Fig. 4:  Example of Modularization (Image shows the pump 
module)
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the site. In detail, equipment such as pump, desander, 
generator will be installed in the module at the fabrica-
tion yard and will be connected by pipes and cables on 
site. The completed modules will be shipped to the site 
and connected to each other after the installation.

Conclusions and Future Work

In the FY2021, continuing from the FY2020, preparation 
work of subsurface production systems, design and 
preparation work of surface production facilities have 
been continued. Regarding the subsurface production 
system, procurement of equipment was conducted, fol-
lowed by testing to confirm the combined functionality 
showing good results to meet the requirements. For the 
surface production facilities, design work was completed, 
followed by optimization of the design and procurement 

of the facilities.

The preparation work of equipment will be continued 
toward the start of drilling and production test.
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Introduction

The Stratigraphic Test Well (STW) in the Alaska Long-
Term Onshore Production Test site was drilled in 2018 in 
the Phase 3, and British Petroleum was the operator of 
the drilling campaign. The objective of the STW is to 
evaluate the temperature, thickness, and MH saturation 
of the methane hydrate (MH) bearing Units B, C, and D 
from the Cenozoic Sagavanirktok Formation. Based on 
the acquired log data, sonic and Vp/Vs indicate the free 
gas zone in the lower part of the MH stability zone and 
in the lower part of Unit B (Fig. 1). The gas in the lower 
part of Unit B can be not only a risk factor that prevents 
depressurization during production tests but also in pro-
duction with dissolved methane gas. Therefore, in the 
FY2021, to evaluate the presence of gases inferred from 
sonic and Vp/Vs data, we constructed a rock physics 
model and analyzed time-lapse sonic logging data to 
clarify the characteristics of the gas.

Contents and Results

In this study, a rock physics model was constructed based 
on the results of the logging analysis, and synthetic 
P-wave velocities will be created for the case with the 
presence of gas and another case without gas. In addition, 
the gas suggested under the MH stability zone was eval-
uated by comparison with sonic-logging data acquired 
over time.

(1)  Rock Physics Model Construction
Rock physics model consists of the P-wave velocity, 
S-wave velocity, density, elastic properties of the matrix, 
elastic properties of the fluid, consolidation constant, and 
porosity. Several methods exist for constructing the rock 
physics model and this study used the Simpli-
fied-Three-Phase Biot Type Equation (STPBE), first 
introduced by Lee (2008)[1], which is expressed by the 
following equations:

where, k is the bulk modulus, μ is the shear modulus, ρ is 
the bulk density, φis the porosity, φh is the gas hydrate 
volume, α is the consolidation factor, and ε is the grain 
supporting factor.

The rock physics model for minerals and MH in the 
STPBE modeling is shown in the Fig. 2[2] [3].

(2)  Results of Rock Physics Model
Based on the previous logging analysis results, two case 
studies, Case A and Case B, were created using the 
STPBE method. Case A represents the presence of gas in 
the lower part of B reservoir layer and Case B represents 
the absence of gas in the lower part of B reservoir layer 
(Fig. 3). In both cases, the results agreed within ±10% 
overall, although there were some errors at few places in 
comparison with the sonic velocities of the formation 
results. These results indicate that the model adequately 
represented the formation characteristics. The results for 
the lower part of Unit B, which is the subject of this 
study, are shown in the Fig. 4.

Case A: Compressional slowness (P-wave velocity) 
agreed well with the synthetic record and logging, but 
shear slowness (inverse of S-wave velocity) was larger 
(slower) in the composite record than in the logging 
results.

Case B: Compressional slowness is smaller (faster) in the 
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synthetic record than logging, and the shear slowness 
agrees well between the composite record and logging.

(3)  Time-lapse analysis of Sonic logging data
To examine the discrepancy between the synthetic and 
logging measurements in the lower part of B reservoir 
layer, time-lapse sonic logging data were analyzed. For 
Unit B of the STW, a total of three logging records were 
acquired during drilling (LWD) and after drilling (after 3 
hours: MAD03 and after 70 hours: MAD04). Fig. 5 
shows a comparison of Case B Synthetic, MAD03, and 
MAD04.

In comparison with Case B, the shear slowness of the 
synthetic record and the logging (8.5LWD03 Shear: 
black and blue lines) were consistent. The results of the 
2020 study confirmed that the shear slowness of the 
8.5MAD03 and 8.5MAD04 logs was almost the same. 
On the other hand, the data from LWD and MAD03 (after 
3 hours) showed a deviation from the composite record 
because of a gas effect slower sonic value in the lower 
part of the B unit, but the synthetic and logging records 
from MAD04 (after 70 hours) were almost the same, 
showing no effect of the gas.

Based on the above analysis of the time-lapse sonic log 
data and the consistency of MAD04 with the synthetic P- 
and S-wave velocities of Case B, it is considered that the 
gas in the lower part of Unit B was generated during 
drilling and trapped near the wellbore so that the LWD 
and MAD03 deviated from the synthetic record of Case 
B owing to the effect of gas. After 70 hours of MAD04 
logging data, the gas was not characterized, which is 
consistent with the synthetic record of Case B.

Conclusions and Future Work

A rock physics model for STW was constructed to dis-
cuss the presence of gas in the lower part of Unit B. The 

Fig. 2: Illustration of elastic properties used in the rock physics model

a

b

Fig. 1:  (a) Results of logging analysis for reservoir layer B. 
The upper part of layer B is shown in pink and the 
lower part in red color. (b) Cross plot of P-wave 
velocity versus Vp/Vs obtained from sonic logging. 
The data points are colored with the background 
color of (a). The green line indicates mud, the blue 
line indicates water saturated sand, and the red line 
indicates the trend of gas saturation. Red circle in the 
lower part of layer B with Vp/Vs value around two 
and sonic velocity of 105 to 135 us/ft suggest the pres-
ence of gas.
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outcomes from this study are summarized as follows.
-  Rock physics modeling of the STW was conducted 

using the Simplified Three Phase Biot Type Equa-
tion method.

-  The model results agree with the logs within ±10%.
-  Compressional slowness calculated using the rock 

physics model in Case B was smaller (faster) than 
that of sonic logging at the time of drilling but 
agreed with the data recorded 70 hours after drilling.

-  Shear Slowness was consistent with the case B 
model and the logging data.

-  A comparison with the composite data of the rock 

Fig. 4: Modeling results of B reservoir layer, showing synthetic (black line) and logging results (red and pink lines)

Fig. 3:  Comparison of modeling results, synthetic (black line) and logging results (red 
and pink lines) of P-wave and S-wave velocities. The blue, red, and green 
arrows indicate a small error, but the overall agreement is within ±10%.
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physics model suggests that gas induced by drilling 
was trapped near the borehole wall in the lower part 
of Unit B and affected the logging data (LWD, 
MAD03). Because the gas trapping was eliminated 
70 hours later, the MAD04 sonic logging is consid-
ered to reflect the formation P- and S-wave veloci-
ties, with values consistent with Case B.
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Introduction

Geophysical survey data in the long-term onshore pro-
duction test are expected to contribute to understand the 
reservoir properties prior to the production test and eval-
uate the area of hydrate concentrations that may contrib-
ute to the production.

Till date, a stratigraphic test well (STW) was drilled in 
December 2018, and 3D-VSP data using the STW was 
recorded in March 2019[1]. The generated data was used 
for geological modeling in combination with the 3D seis-
mic data acquired by the field operator. In the long-term 
production test, methane hydrate (hereinafter “MH”) in 
the reservoir is expected to decompose into gas and 
water by depressurization resulting in the possible con-
siderable changes in the physical properties. In addition, 
if it is possible to extract the zone of reservoir that con-
tributed to the production by interpreting data, more 
detailed discussions could be held.

Therefore, in the FY2021, geophysical survey methods 
that can be used before and after production were stud-
ied.

Contents and Results

Five candidate monitoring methods for the long-term 
production test in Alaska were selected namely (1) 
3D-VSP, (2) Walkaway-VSP (W-VSP), (3) Fixed seismic 
source, (4) Cross-Well Tomography (CWT), and (5) AE 
monitoring. The following sections summarize each of 
the studies.

(1)  3D-VSP
The STW has a Distributed Acoustic Sensing (DAS) 
fiber, which is optical fiber, installed behind the casing 
with other sensors. 3D-VSP data using DAS was 
acquired in 2019, and a good quality image of reservoir 
depth could be developed as shown in the Fig. 1. Using 
this data, geological modeling has been conducted, 
including the detection of small faults that could not be 

Fig. 1: Example of 3D-VSP cross section. There are strong amplitude reflectors at reservoir depth.
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detected using 3D seismic data. The amplitude values 
have also been referred to for gas risk assessment of 
drilling. Additionally, there are a lot of application cases 
of oil and gas field monitoring using 3D-VSP because it 
can provide physical properties around the wellbore at a 
lower cost than that for 3D seismic method.

As DAS fiber will also be installed in GDW (Geo Data 
Well), PTW (Production Test Well)-1, and PTW-2, which 
are scheduled to be drilled in the future, more detailed 
reservoir characterization data will be obtained based on 
the 3D-VSP data from the four wells including STW. 
Therefore, acquisition of 3D-VSP data from the four 
wells before and after the production test was considered.

The 3D-VSP data was acquired in 2019 using vibrators 
as seismic source with the shot point geometry as shown 
in the Fig.2. The identical shots geometry is required for 
future data acquisition. However, the test site is located 
on permafrost and lakes and marshes appear from spring 
to fall. Therefore, it is difficult to acquire data except 
winter season when the ground surface is frozen and 
covered with ice and snow. If the period between the 
three wells drilling completion and the start of production 
falls during winter season, data could be recorded, but it 
is difficult to record data in a timely manner. In addition, 
during the production test, noise is generated by ESP for 
depressurization, which is not suitable for data acquisi-
tion using DAS in the production well. Therefore, the 
next 3D-VSP data acquisition is planned after the pro-
duction test, and 2019 dataset will be used as a baseline 
data.

(2)  Walkaway-VSP (W-VSP)
When the surface is not frozen, an existing road is the 

only location where vibrator seismic source can be used 
(see Fig. 2, left). Near the production test site, there is a 
main road that runs east-west, and a branch from the 
main road that extends south to access the production 
facility (Z-Pad road). A pipeline runs along the side of 
the main road, and seismic shooting is prohibited to 
avoid the adverse effects of vibrations. Therefore, only 
the Z-Pad road to the production facility can be utilized 
as W-VSP shot points.

A simulation of the data obtained from the seismic shots 
on the Z-Pad road was conducted. A cross section from 
the existing 3D-VSP data using only the data obtained 
from seismic shots near the Z-Pad road was also gener-
ated (Fig. 3). The results confirm that monitoring 
between the wellbore and Z-Pad road is feasible. This 
method can be advantageously used for data acquisition 
throughout the year. With this method, it may be possible 
to identify changes in reservoir properties such as density 
and seismic velocity, as well as conditions such as pres-
sure before, 1 day after, 2 days after, 5 days after, 10 days 
after, and so on, as production begins. On the other hand, 
as the number of shot points is limited, data interpretation 
may be difficult due to the effects of surface conditions 
or weather. Also, because the seismic source is on the 
surface, the data resolution is inferior to that of CWT, 
which will be discussed later.

(3)  Fixed seismic source
In this method, a concrete foundation is constructed on 
the ground surface, and seismic waves are generated by 
rotating a weight on the foundation. Fixed seismic source 
has a good repeatability and is considered superior for 
long-term monitoring over several years to several 
decades. ACROSS (Accurately Controlled Routinely 

Fig. 2:  Shot points geometory. Red and purple colored area are restrict zone for seismic shots due to pipeline 
or pingo (ice-cored hills on permafrost surface).
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Operated Signal System) and SOV (Seismic Orbital 
Vibrator) are typical fixed seismic sources.

Reservoir monitoring using ACROSS is being conducted 
by the Technical Department of JOGMEC[2], so informa-
tion was collected within JOGMEC. As a result, as the 
production test period was one year, which is always 
affected by seasonal variations, the advantages of fixed 
source monitoring may not be fully utilized. In addition, 
because available installing source points are limited, the 
applicable seismic data processes are limited, and pro-
cessing results could not obtain sufficient quality.

(4)  Cross-Well Tomography (CWT)
CWT is a method of getting the elastic properties 
between two wells by setting a seismic source in one 
well and recording seismic waves in the other well. As 
four wells will be drilled at the production test site and 
receiver array (DAS) will be installed in all the wells, it 
is expected that a high-quality data set will be acquired. 
In addition, as the seismic source will be located in the 
wellbore, there will be no seasonal or weather effect, and 
the shorter seismic wave propagation distance suggests 
possibility of a high resolution (high frequency) data.

In this study, simulations were conducted for the case of 
a source located in GDW and for the case of a source in 
PTW-2 which is possible to use before well completion. 
Fig. 4 shows the density of seismic wave propagation 
paths monitored using the CWT. Fig. 5 shows the simu-
lated seismic records expected to be obtained before and 
after the production test. From Fig. 4 and 5, it is expected 
that a good quality reservoir monitoring is possible as 

seismic data can be recorded above and below the reser-
voir. The cross sections between multiple wells recorded 
before the production test are also expected to be utilized 
for the evaluation of reservoir heterogeneity, which will 
improve the accuracy of interpretation of the production 
test results.

On the other hand, as a matter of concern, when the seis-
mic source is moved inside the borehole, the borehole 
fluid will be agitated, and temperature monitoring will be 
disturbed, which is important for the MH dissolution 
monitoring. Sometimes, a highly viscous fluid may be 
used to prevent fluid convection due to the temperature 
difference inside of the borehole. In such cases, replace-
ment of the borehole fluid may be required to lower the 
seismic source in the borehole. This increases the dura-

Fig. 3:  Generated cross section using shots close to the Z-Pad road. Red points on the right figure indicate shot 
points used for the generation.

Fig. 4:  Density of seismic wave propagation paths. Shot 
points interval is 4 m at GDW.
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tion and cost of the data acquisition.

(5)  AE monitoring
As DAS will be also installed in the three wells to be 
drilled, it is expected that four wells will be able to 
record seismic data continuously, and the events such as 
microseisms and sand production could be detected. 
Therefore, we conducted a simulation to check the mag-
nitude of microseismic events that can be observed with 
this well configuration.

In the simulation, various magnitudes and hypocenter 
locations were assumed, and waveforms were synthe-
sized considering sensitivity of the DAS (Fig. 6). Based 
on the result shown in the Fig. 7, up to magnitude -3 
microseismic can be detected in the vicinity of the well-

bore.

This method was selected for actual application as it only 
requires DAS, which has already been decided to be 
installed behind the casing and does not require any 
additional work. Detailed discussions will be held with 
the data recording company in the future.

Conclusions and Future Work

The following study outcomes are summarized based on 
this study of geophysical monitoring methods that could 
detect changes in physical properties before and after 
production and help to interpret the area of reservoir that 
contributed to the production.

Fig. 5:  Shot gather examples of CWT. The gathers of pre-production, post-production, and the differences are shown 
by left, right, and middle figures, respectively.

Fig. 6: Example of synthesized microseismic waveform. From left side, GDW, PTW1, and PTW2 waveform are shown.
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(1) 3D-VSP: The next recording will be made in winter 
after the production test.

(2) W-VSP: W-VSP is inferior to CWT in terms of prior-
ity, but it would be applied when CWT well operations 
are not possible.

(3) Fixed seismic source: Not adopted because the moni-
toring period is less than one year.

(4) CWT: Applied when it is possible to put a seismic 
source in the wellbore.

(5) AE: To be implemented for monitoring using DAS 
that has already been decided to be installed behind 
the casing.

We will continue to examine the applicability of W-VSP 
and CWT and proceed to the data acquisition.
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Objectives

During the second offshore methane hydrate (hereinafter 
“MH”) production test in 2017, methane gas was pro-
duced from MH-bearing sediments using the depressur-
ization method. Produced gas and water were separated 
in the well and transported to the surface through separate 
production lines. However, parts of the water production 
line were likely exposed to temperature and pressure 
conditions that were within the hydrate stability region. 
Therefore, insufficient down-hole gas-water separation 
could have led to flow-assurance issues, such as hydrate 
reformation, which might have partially or totally 
plugged the water production line.

To gain a clear understanding of how MH forms and 
plugs lines in production systems, experimental and 
numerical studies were conducted in collaboration with 
Oilfield Technologies. The studies included (i) experi-
ments to estimate the MH formation rate in MH slurries 
using a flow-loop experimental apparatus and (ii) numer-
ical analyses using production data from the AT1-P2 well 
for the second offshore production test.

Contents and Results

1. Flow-loop experiment
A schematic diagram of the experimental apparatus is 
shown in the Fig. 1. A mixture of methane gas and water 
at a certain volume fraction of MH was filled in a flow 
loop (16.7m long, 10.21mm of inside diameter), and was 
circulated in the loop using a circulation pump to gener-
ate MH at different temperatures, pressures, and flow 
rates. A 12m section of the flow line was submerged in a 
temperature-controlled water bath, while the rest of the 
section was maintained at a constant temperature using a 
cooling jacket. A differential-pressure gauge in the hori-
zontal piping section measured the pressure drop as the 
fluid flowed over a certain distance; based on the pres-
sure drop, the yield stress and viscosity of the fluid were 
calculated. In addition, an in-line video camera installed 
on the flow loop obtained images of gas bubbles and MH 
particles in the fluid in the order of millimeters.

During the FY2021, the yield stress of MH slurries was 
measured 18h after the pump was deactivated to obtain 
additional data for the previous study conducted in the 

Fig. 1: Schematic of the experimental apparatus
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FY2020, where yield stresses of MH slurries were 
recorded at 3min and 8h after the pump was stopped[1]. 
The yield stress remained almost constant regardless of 
the period when the fluids were static; however, some 
hydrate particles moved upward due to buoyancy while 
there was no fluid flow, which caused some variations in 
the measured yield stress of the MH slurries owing to 
uneven distributions of MH particles in the system.

Fig. 2 shows images of methane bubbles captured using 
the in-line camera in fluids at various salt concentrations. 
As the fluid salinity increased, the methane bubbles 

obviously decreased in size. Previous studies suggested 
that salts in fluids, including sodium chloride (NaCl), 
tend to inhibit coalescence of gas bubbles[2][3][4][5], which 
may cause fine bubbles to be dominant in the fluids. 
When saline concentration was below 1.2wt%, the aver-
age diameter and Sauter mean diameter (SMD) of meth-
ane bubbles each decreased when salinity increased; 
however, they remained almost constant when salinity 
was over 1.2wt% (Fig. 3).

2. Numerical analyses of commingled flows
To investigate the flow assurance issues in production 

Fig. 2: Methane bubbles at different NaCl concentrations (100 bar and 1.6 m/s)

Fig. 3: Relationships between NaCl concentration and SMD/mean diameter
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systems under commingled conditions, numerical analy-
ses were conducted focusing on the water production 
system in the AT1-P2 well for the second offshore test, 
where commingled conditions might have existed. The 
OLGA multiphase flow simulator, numerical software 
developed by Schlumberger, was used in conjunction 
with the software extension that the University of West-
ern Australia (UWA) developed to consider hydrate for-
mation in OLGA calculations.

Fig. 4 illustrates the simulation model constructed for 
this numerical study. The model consisted of the sections 
for (i) a tubing string, which connects an electric sub-
mersible pump (ESP) under the seabed and an emergency 
disconnect package (EDP) located on the seabed, and (ii) 
two flexible hoses, each of which links the EDP and the 
surface facility.

To evaluate the applicability of OLGA without the exten-
sion, simulation was conducted using field data, such as 
temperatures, pressures, and production flow rates. Fig. 5 
shows a comparison between the pressures calculated 
using the simulation and those obtained at 1127.7m 
below the sea level (mbsl), which is downstream of the 
ESP, during the period of stable production. The pres-
sures in the early stage of production (Fig. 5) were calcu-
lated with the “O4P-FH2_Valve” in Fig. 4 closed to 
simulate a total blockage in the annulus hose, which was 

actually encountered during the production period[6].

The simulation results were mostly higher as compared 
to the field data. However, most of the differences 
between the calculation results and the actual data fell 
within the range of ±10% of the actual results throughout 
the case-1 period (Fig. 6). Based on the comparison, the 
pressure losses in the water production lines, calculated 
in this simulation, agreed well with the actual results.

Regarding the fluid regime inside the “O4P-FH1_Flexi-
bleHose” in Fig. 4, annular flow was estimated to be 
dominant in the hose in the early phase of production, 
which was different from the actual conditions where the 
hose was filled with sea water and there was no annular 
flow.

To investigate the validity of OLGA with the extension, 
the fluid pressure downstream of the ESP was calculated 
under the conditions, similar to those for the simulation 
with OLGA alone (Fig. 7). With the extended OLGA 
program, the calculated pressures remained almost iden-
tical to the measured results until approximately 40h 
after production began; however, after 40h of production, 
the simulation results showed higher values compared to 
the actual data, and the difference tended to increase over 
time. This simulation considered that hydrate formation 
was realistically estimated in the production system; 

Fig. 4: Simulation model of the water production system (AT1-P2)
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nonetheless, hydrate formation on the downstream side 
of the ESP turned out to be overestimated.

There could be multiple reasons for the excessive hydrate 

formation predicted in the simulation: (ⅰ) Although the 
adhesive force between a MH particle and the inner sur-
face of pipes was estimated based on the results of previ-
ous experiments with gas-dominant systems[7], this could 
have been higher than the actual value[8]. (ⅱ) In addition, 
the U-values automatically calculated using OLGA could 
have caused large differences in the amount of heat 
transfer between the water flow lines and ambient envi-
ronment, which might have affected the simulation 
results.

Conclusions and Future Work

During the FY2021, additional data on the relationship 
between the pump shut-down period and yield stress of 
MH slurries were obtained by conducting experiments 
using the flow loop apparatus. Moreover, the relationship 
between NaCl concentration and size of methane bubble 

Fig. 5: Comparison of the simulated and actual fluid pressures at 1127.7 mbsl

Fig. 6: Differences in the fluid pressures at 1127.7mbsl between the model estimation and the actual measurement

Fig. 7:  Comparison of fluid pressures at 1127.7mbsl between 
the model estimation and the actual observation
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in MH slurries was investigated to improve the estima-
tion model of hydrate formation rate, which was devel-
oped in a previous study.

The experiment revealed that methane bubbles tended to 
decrease in size as salinity increased to 1.2wt% and the 
bubble size remained almost constant when salinity was 
above 1.2wt%. To gain a clear understanding of how MH 
forms in production systems, further studies on the rela-
tionship between salinity and size of methane bubbles in 
MH slurries are necessary.

In a numerical study of commingled flows, the applica-
bility of OLGA and the extension program developed by 
UWA was scrutinized to include hydrate formation in 
simulation. On the assumption that one of the annulus 
hoses, which connected the sea surface and EDP on the 
seabed, was completely plugged from the start of produc-
tion, the calculated fluid pressure downstream of the 
EDP was in good agreement with the actual pressure 
data. This demonstrated that the pressure loss in the ver-
tical flowlines was correctly estimated using OLGA. 
Regarding the OLGA simulation with the extension, 
hydrate formation was overestimated in a production 
line; therefore, the ESP discharge pressure increased con-
siderably, which differed greatly from the actual observa-
tion.

To improve the prediction accuracy of MH formation in 
water-dominant systems, the UWA extension will need to 
be upgraded by including detailed physical factors, such 
as heat transfer between the inside and outside of produc-
tion systems and adhesive forces of MH particles.
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(2) Computational Fluid Dynamics for Flow Assurance
OMORI Motohiro, NAGAOKA Takuya, and MATSUNAGA Tatsuya

Term: FY 2020 and FY 2021
Contractor: AdvanceSoft Corporation

Objectives

During the second offshore methane hydrate (hereinafter 
“MH”) production test in 2017, methane gas was pro-
duced from MH-bearing sediments using the depressur-
ization method. Produced gas and water were separated 
in the well and transported to the surface through separate 
production lines. However, a part of the water production 
line was likely exposed to temperature and pressure con-
ditions that were within the hydrate stability region. 
Therefore, insufficient down-hole gas-water separation 
could have led to flow-assurance issues, such as hydrate 
reformation, which might have partially or totally 
plugged the water production line. In fact, a flow path 
blockage was experienced multiple times during the pre-
vious offshore production test. Hydrate reformation in 
the water production line remains a flow-assurance issue 
of major concern for future production tests.

A series of experimental studies were conducted using a 
flow loop to obtain detailed data on the physical proper-
ties of hydrate slurries, and to develop models for an 
estimation of the hydrate formation rate and viscosity of 
water-hydrate slurries [1][2][3][4][5][6]. During the FY2020, 
the development of a numerical simulator was initiated 
in cooperation with AdvanceSoft Corporation to simulate 
the formation of MH and estimate the flow conditions of 
MH slurries.

The objectives of this study are to ⅰ) develop methods to 
predict the flow-assurance issues that may occur during 
future production tests and commercial production, and 
ⅱ) incorporate the knowledge obtained from the simula-
tion for the design of future production systems.

Contents and Results

1.  Improvement of the gas-liquid-solid three-phase 
flow simulator

During the FY2020, the Advance/FrontFlow/MP code-
base, which was created by AdvanceSoft Corporation for 
gas-liquid two-phase flow analyses, was used to develop 

a simulator to analyze gas-liquid-solid three-phase flows. 
Two-phase fluid models were necessary for analyzing the 
effects of MH slurries on the fluid flow in pipes. Hydrate 
growth on the pipe wall and in areas where fluid flows 
are stagnant can be relatively well simulated based on 
coarse mesh sizes and time steps. Such models are also 
beneficial for understanding the effects of MH slurries 
on fluid flows in complex geometries in the field. Water 
or seawater uniformly containing methane bubbles was 
used as the first phase in the two-fluid model, and the 
solid phase of MH was used as the second phase.

During the FY2021, following software improvements 
were made for better accuracy, convergence, and stability 
of the calculations:

(1) Modification of the existing model to consider both 
turbulent and laminar flows in simulation by including 
calculations for laminar flows in areas where the flow 
rate is low, or the volume fraction of MH is high.

(2) Improvement in the pressure-drop calculations by 
introducing a wall function that considers the surface 
roughness of flow lines.

(3) Upgrade to preserve the upper limit of the volume 
fraction of MH. (Each MH particle was assumed to be 
spherical, and the closest packing density of MH par-
ticles was set to 0.63.)

(4) Introduction of model equations that enable reproduc-
tion of the experimental relationship between the rela-
tive viscosity of MH slurries and the volume fraction 
of MH.

(5) Introduction of (a) model equations for bubble diame-
ter and (b) the physical properties of MH as functions 
of temperature and pressure.

(6) Incorporation of an overall heat-transfer coefficient 
model for heat transfer between inside and outside 
flow lines.

(7) Improvement of calculation convergence by discretiz-
ing and modifying (c) the constitutive equations of 
motion and (d) energy equations for gas-liquid mixed 
phase and solid phase.
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As examples, the effects of (1) and (3) above were veri-
fied using a numerical model of a vertical pipe with a 
sudden contraction in the flow area. This analysis was 
conducted for the case of a MH slurry with a MH volume 
fraction of 0.5, which was assumed to be flowing verti-
cally upward at a flow rate of 0.1 m/s (Fig. 1). The calcu-
lation results after six seconds of slurry flow showed that 
MH accumulated in the upper corners under the upper 
limit of the close packing density of MH particles (Fig. 
2), and the velocities of both liquid and solid phases were 
close to zero (Fig. 3). This indicates that local accumula-
tions of MH were illustrated well in this simulation.

2.  Gas-solid-liquid three-phase flow analysis in an 
actual well flow-line geometry

The grid model developed in the Flow Assurance Study 
for the Gas Production Test[7] conducted by AdvanceSoft 
Corporation in FY2012 was used to investigate whether 
MH is reformed when methane gas (with a MH volume 
fraction of 0.1) accompanied by water in a water produc-
tion line is cooled by the ambient seawater, and how such 
reformed MH distributes in the flow path due to the 
interaction between the solid and liquid phases of MH. 
Examples of targeted geometries of the flow path and 
calculation grids are shown in the Fig. 4.

(a) Dimension of 
contracted pipe

(b) Computational grid (c) Initial condition of the 
volume fraction of solid 
phase MH

Fig. 1: Analysis model of a vertical flow path with a sudden contraction in flow area and the initial distribution 
of the volume fraction of solid-phase MH (alpha-s)

(a) after 0.1 s          (b) after 1 s          (c) after 6 s

Fig. 2: Time variation of the distribution of the volume fraction of solid-phase MH (alpha-s) in a vertical 
flow path with a sudden contraction in flow area
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In this analysis, calculations were performed under 
higher pressure conditions compared to the actual opera-
tional conditions to promote MH reformation. The area 
where temperature and pressure conditions are within 
MH stability region is shown in red in the Fig. 5 (a). The 
distribution of volume fraction of the solid-phase MH as 
shown in the Fig. 5 (b), indicates that MH was retained 
in the dead-end zones, while in the main line it flowed 
without sticking to the pipe wall. Fig. 6 shows enlarged 
views of sections A, B, and C. In section C, the volume 
fraction of the solid-phase MH was higher at and around 
the outer periphery, where it was cooled by the external 
seawater surrounding the flowline. Based on the results, 
it was confirmed that the behavior of MH slurries in flow 
paths with complex geometries can be replicated using 
the upgraded simulator.

Conclusions and Future Work

During the FY2021, the calculation accuracy, conver-
gence, and stability of the flow-analysis simulator, the 
development of which was initiated in FY2020, were 
improved by modifying the constitutive equations and 
models. Moreover, the heat-transfer coefficient equation 
was introduced to enable thermal-flow analysis that con-
siders heat conduction inside and outside the pipelines. 
Simulation was performed using a flow path with com-
plex geometry representing an actual wellbore. Simula-
tion results verified that generation and decomposition of 
MH and the effects of the generated solid-phase MH on 
its liquid phase could be adequately considered.

The simulator accuracy needs to be further improved by 
conducting additional experiments under conditions of 

(a) Liquid phase velocity (vel-l) distribution (b) Solid phase velocity (vel-s) distribution

Fig. 3: Enlarged views of velocity distributions of liquid and solid phases six seconds after the start of calculation

Fig. 4:  Examples of flowline analysis area and computational 
grid

(a)             (b)

A

BC

Fig. 5:  MH generation area (a) and the distribution of the 
volume fraction of the solid-phase MH (alpha) (b)
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high methane gas concentrations (volume fractions of 
MH) and high salinity. In addition, it is necessary to 
improve the calculation algorithm to minimize the com-
putational time and to achieve successful simulation of 
long-term unsteady flows using analysis models with 
complex geometries of actual flow paths in the field. 
This simulator is expected to contribute to the develop-
ment of prediction methods for MH formation and the 
flow behavior of MH slurries.
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(3) Study of monitoring technology
KANNO Takayuki

Term: FY 2020-
Contractor: Schlumberger K.K.

Introduction

In the first and second methane hydrate (hereinafter 
“MH”) offshore production tests, monitoring was con-
ducted using devices installed in the wellbore and on the 
seabed with the aim of applying and demonstrating the 
monitoring technologies that would provide information 
and understanding of MH dissociation behavior. For 
monitoring in the future MH production tests, it is 
expected that long-term monitoring will be required with 
less human intervention and effort. Therefore, study in 
the FY2020 was carried out by reviewing the technical 
aspects of downhole monitoring in previous offshore 
monitoring projects and extracting 27 key technology 
areas to focus on the subsequent period.

In the FY2021, further analysis was performed on these 
focused areas on improvement from the perspectives of 
cost, new technology, and robustness.

Contents and Results

1.  Consideration of key influencers on cost, new 
technology, and robustness in monitoring

As the planning of future monitoring programs must take 
cost, new technology, and robustness into consideration 
among other aspects, the key influencing indicators, or 
factors on each of these three aspects were defined.

(1)  Cost
The overall product cost must be optimized and cost 
competitiveness must be maintained with the following 
items:
・Fit-for-purpose material selection
・Trade off between redundancy and cost
・�Optimizing use of wet-mate connectors for location 

and frequency
・Reuse of existing equipment via re-qualification
・Optimizing battery life safety margin

(2)  New technology
Identifying new measurement sensors or applying new 

design techniques should be pursued using the following 
technology related concepts.
・�Autonomous monitoring with less human interven-

tion
・�Life cycle adaptation of measurement sensor obso-

lescence and replacement
・�Higher speed telemetry system with acoustic tech-

nology
・�System control and operation with artificial intelli-

gence (AI)
・�Digitalized monitoring system with information and 

data management

(3)  Robustness
Robustness is at the heart of monitoring system reliabil-
ity, and the following items were considered, particularly 
for long-term offshore monitoring:
・Modular design of main system components
・�Qualification and test programs specified for 

deployed environment
・Optimized design for installation and deployment
・System redundancy for component failure
・Data recovery with cable and wireless telemetry

2.  Consideration of physical and functional 
breakdown structure of monitoring technology

All technical components that constitute the monitoring 
system were analyzed and grouped into the breakdown 
of physical (hardware) and functional (system function) 
structures. Each of the 27 focus areas extracted in the 
previous fiscal year were tagged with corresponding 
physical and functional structures to indicate how and 
what improvements should be considered for future 
monitoring. (Table 1)

Following abbreviations and associated expansions are 
used in the Table 1.

PBS: Physical Breakdown Structure for categorizing
FBS: Functional Breakdown Structure for categorizing
EM: Electromagnetic
DAS: Distributed Acoustic Sensing using optical fiber
DTS:  Distributed Temperature Sensing using optical 
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fiber
hDVS:  Heterodyne Distributed Vibration Sensing 

using optical fiber
ROV: Remotely Operated Vehicle for underwater
TAS: Temperature Array Sensor

Conclusions and Future Work

The present study proposed technical points to be 
improved from the perspectives of cost, new technology, 
and robustness for future offshore monitoring.

When planning a future offshore monitoring program, 
the outputs of this study shall be referred to while con-
sidering the needs of measurement items and watching 
the latest technological trends.
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Table. 1: Summary of technical elements for improvement in monitoring system with target aspect and physical/functional component

Target Segment PBS FBS Description

Cost Downhole Sensor Measure Procurement Plan of Long Lead Time Items

Cost Seafloor Interconnectivity Operate Optical Wet Mate Connector

Cost Seafloor-Surface Acquisition Execute Unmanned Remote Data Harvesting

Cost Seafloor-Surface Acquisition Communicate Reuse of Acoustic Telemetry Communication

Cost Seafloor-Surface Interconnectivity Communicate Hybrid Subsea Umbilical Cable Development

Cost Surface Acquisition Operate Automated Operation Sequence

New Technology Downhole Mechanical Communicate Concept Validation on Pressure Gauge Behavior

New Technology Downhole Sensor Measure EM Transmission for Downhole Sensor to Surface

New Technology Downhole Sensor Measure DAS/hDVS as new measurement sensor

New Technology Downhole Sensor Measure Monitoring behind sand screen

New Technology Seafloor Sensor Measure Extending support to environmental monitoring

New Technology Seafloor Mechanical Operate Underwater ROV Magnets

New Technology Seafloor-Surface Acquisition Communicate Optical Telemetry to Improve Data Transmission Rate

Robustness Downhole Sensor Measure Subsea DTS Measurement System

Robustness Downhole Sensor Measure Subsea TAS Measurement System

Robustness Downhole Sensor Measure Pressure Gauge Measurement System 

Robustness Downhole Mechanical Execute Downhole Cable/Sensor Deployment Methods 

Robustness Downhole Mechanical Operate New Cable Protectors Design

Robustness Seafloor Acquisition Measure New subsea Master Controller Unit (MCU) Development 

Robustness Seafloor Power Supply Operate Subsea battery / external DC supply /shunt regulator reuse

Robustness Seafloor Mechanical Execute Sensor Design Redundancy Analysis

Robustness Seafloor Interconnectivity Operate Emergency Disconnect Design for Umbilical Cable

Robustness Seafloor Interconnectivity Operate Independent Monitoring System or Integration System

Robustness Seafloor-Surface Acquisition Communicate Data Transfer Plan during Production Test

Robustness Surface Acquisition Validate Onsite Data QC check

Robustness Surface Acquisition Validate Onsite Data Visualization

Robustness Surface Interconnectivity Operate Electrical / optical collector use when RIH
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(1) Study of sedimentary history in the eastern Nankai Trough
IMAI Toshinori, Than Tin Aung, and TANO Kotaro

Term: FY 2019-
Contractor: Tohoku University

Introduction

Since 2009, JOGMEC has been estimating the deposi-
tional age using the oxygen isotope ratio of foraminiferal 
shells using the core sample of the METI “Tokai-oki-Ku-
mano-nada” exploratory test wells in 2004, as research 
related to methane hydrate system (methane generation, 
migration, accumulation, and Methane Hydrate (herein-
after “MH”) accumulation). In 2012, in addition to the 
analysis using the core sample obtained at the Daini 
Atsumi Knoll, where the first offshore MH production 
test was done, the depositional age and sedimentation 
rate were studied. These results are extremely important 
while considering the relationship between the time of 
development of sedimentary basins and geological struc-
tures in the eastern Nankai Trough area and the formation 
mechanism of the MH concentrated zone.

However, similar studies were not conducted using core 
samples obtained after the first offshore MH production 
test, and the sedimentary ages of the formation in which 
the offshore production test was conducted have not been 
studied. Therefore, in this study, the paleoenvironment 
was estimated from the core samples obtained in the pre-
vious MH project using microfossils, and the geological 
age was studied by integrating with the previous 
research. Furthermore, the volcanic ash in the core 
sample was identified to improve the dating accuracy.

Contents and Results

1. Method and well location
The analytical methods used for estimating the sedimen-
tary age are as follows.
・	Establishment of Biostratigraphy of both calcareous 

nannofossil and planktonic foraminifera
・	Tephra correlation based on trace-element chemistry 

of apatite and volcanic glass

The analyzed core samples were obtained from the fol-
lowing wells.
・AT1-GT1

・AT1-CW1
・AT1-CW2
・A1-FC*

(*Only volcanic ash was analyzed in this study. For the 
Biostratigraphy, refer to the report of METI “Tokai-oki 
to Kumano-nada” exploratory test wells in 2004)

In the C0001E and F wells of Site C0001 drilled by 
IODP Expedition 315, a detailed Quaternary geological 
age model has been established based on biostratigraphy 
of calcareous nannofossil, radiolarians and planktonic 
foraminifera, magnetostratigraphy, and oxygen isotope 
record. By correlation among the volcanic ash collected 
from the AT1-GT1 and A1-FC wells and the E and F 
wells, a verification of the geological age based on bio-
stratigraphy in these wells was conducted. As no volcanic 
ash layer could be confirmed in the core samples col-
lected at the AT1-CW1 and AT1-CW2 wells, the age cor-
relation was conducted using biostratigraphy. The well 
locations are shown in the Fig. 1.

2.  Discussion of paleoenvironment and dating using 
biostratigraphy

Planktonic foraminifera indicate a community in the 
mid-latitude region because it frequently contains Glo-
bobulimina inflata. In addition, the communities that 
inhabit in the Kuroshio Current, such as G. ruber, G. 
sacculifer, and Pulleniatin obliquiloculata are also 
found, suggesting that the paleoenvironment was similar 
to the current sea area.

Benthic foraminifera, such as Bulimina acculeata, Pulle-
nia bulloides, Bolobinita quadrilateral, and Sphaeroidina 
bulloides, can be found, and it is considered to indicate a 
community of Upper Middle Bathyal (400/500 to 
800/1,000mMSL) to Lower Middle Bathyal (800/1,000 
to 2,000/2,500mMSL). Regarding the paleowater depth 
considered from benthic foraminifera, it was considered 
that there was no significant change in the well location 
as almost similar benthic foraminiferal assemblages were 
observed in all the core samples of the wells. An 
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oxygen-deficient genus, such as Globobulimin, Chilosto-
mella, and Rutherfordoides, were occasionally found, but 
individuals in good oxygen conditions, such as Hanza-
waia wulferstrof, Siphouvigerina hisipida were also 
found. These results suggest that the seafloor was in a 
normal oxygen state. However, as black tubular individu-
als, which are thought to be pyrite lumps, were frequently 
observed, it is possible that the environment was low in 
oxygen from a certain depth. On the other hand, there 
was almost no production of pyrite particles or fossils 
replaced with pyrite. In addition, some core samples con-
taining large amounts of plant fragments were also 
found, but as they contained fossils from shallow waters, 
such as the genus Elphidium, it is clear that these sedi-
ments were transported by turbidite.

The bottom sample in the AT1-GT1 well contained many 
crystals considered Zeolite. This may mean that this 
layer corresponds to the top of the Methane Hydrate con-
centration zone.

The calcareous nannofossil such as Gephyrocapsa paral-
lela, Pseudomiliania lacunose, and Reticulofenestra 
asanoi are effective species for dating. According to Sato 
et al. (2012)[1] and Balestra et al. (2015)[3] , the first 
occurrence of R. asanoi was 1.13 or 1.175 Ma (1.13/1.175 
Ma), the last occurrence was 0.85/0.9087 Ma, the first 
occurrence of G. parallela was 0.99 Ma, and the last 
occurrence of P. lacunosa was 0.45/0.4372 Ma. In this 
study, the first and last occurrence horizon of R. asanoi 
could be found in the AT1-GT1 well. However, R. asanoi 
was found in two zones. It is possible that the zone is 

repeated or that R. asanoi is mixed in the upper section 
due to redeposition. It is highly possible that this horizon 
is not the original first occurrence horizon of R. asanoi 
because G. parallela, which will be described later, is 
also produced in the first occurrence horizon of R. 
asanoi.

The first occurrence horizon of G. parallela (0.99 Ma) is 
an important chronological reference point. However, it 
was not possible to identify the first occurrence horizon 
because the same species was found from all the core 
samples. The last occurrence horizon of P. lacunosa is 
also an important chronological reference point, but it 
was not possible to identify the last occurrence horizon 
of this species because the same species was also found 
from all the core samples.

Based on these results, the following indications were 
deduced. The geological age of the AT1-GT1 well is 
0.85/0.9087 Ma near the horizon where the last occur-
rence of R. asanoi on the lower side is observed. In addi-
tion, the depth deeper than the analyzed section in this 
study is the age of 0.99 Ma, which is the first occurrence 
horizon of G. parallela.

In the AT1-CW1 well, as with the AT1-GT1 well, three 
species of index fossils, G. parallela, P. lacunosa, and R. 
asanoi, were found. G. parallela and P. lacunosa were 
found from all core samples, making it impossible to 
specify the first and last occurrence horizon. On the other 
hand, as R. asanoi was found only from the lower two 
layers, it was decided as the last occurrence horizon 

Fig. 1: Well location
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(0.85/0.9087 Ma) of R. asanoi.

In the AT1-CW2 well, as with the AT1-CW1 well, three 
species of index fossils, G. parallela, P. lacunosa, and R. 
asanoi, were found. G. parallela and P. lacunosa were 
found from all core samples. On the other hand, as R. 
asanoi was found only from the lowest layer, it was 
decided as the last occurrence horizon (0.85/0.9087 Ma) 
of R. asanoi.

In the A1-FC, we referred to the report of the domestic 
drilling project “Tokai Oki-Kumano Nada” in the 
FY2003.

3. Analysis results of volcanic ash
Volcanic ash samples contain apatite, and it is known that 
the Cl, Mg, Mn, and Fe contents of the apatite vary 
greatly depending on the tephra (e.g., Takashima et 
al.,2017[8], Kuwabara et al.,2019[4]). Fig. 3 shows that 
each volcanic ash can be clearly identified using the 
Cl-Mg and Mn-Fe diagrams. However, for some samples, 
most of them are plotted near the zero point on the 
Cl-Mg diagram and in the region where both Mn and Fe 
are less than 0.1wt% on the Mn-Fe diagram. According 
to Takashima et al. (In press), the samples plotted in this 
area are known to be characteristic of Japanese 

Cretaceous granite. Therefore, it is highly possible that 
the apatite entering this area is not derived from the 
magma that is the origin of the volcanic ash, but from the 
basement rock of Cretaceous granite clastic material par-
ticles. Fig. 3 also shows the composition range of typical 
Quaternary widespread tephra apatite, in addition to the 
results of this study (Aso-1, Aso-4, Shishimuta-Pink, 
Shishimuta-Azuki and Toya tephra deposits). The volca-
nic ash obtained from the uppermost part in the AT1-GT1 
well match with the composition range of Aso-1 in both 
the Cl-Mg and Mn-Fe diagrams. However, other ash 
samples did not match with these typical Quaternary 
widespread tephras. In addition, it was not possible to 
obtain the volcanic ash sample in the AT1-CW1 and 
CW2 well.

As a result of comparing the whole rock chemical data of 
all tephra samples in the A1-GT1 well and A1-FC well, it 
was possible to compare the two-layers as shown in the 
Fig. 2. The verification of the contrast of chemical data 
was carried out based on the statistical distance (D2) pro-
posed by Perkins et al. (1995, 1998)[6][7]. The formula and 
details of the statistical distance are reported in 
Takashima (2018)[2].

Fig. 2:  Correlation of integrated stratigraphy each well based on this study (For IODP Site315 C0001E&F, Matsuzaki et al. 
(2015)[5] was referred.) For tephra, compare the two layers of A Tuff and B Tuff (brown dotted line).
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Conclusions and Future Work

By comparing the range zone of the calcareous nanno-
fossil, it was possible to correlate among the considered 
wells. It is suggested that the occurrence zone of R. 
asanoi, which was reported in the A1-FC well of METI 
“Tokai-oki to Kumano-nada” exploratory test wells in 
2004, may be found twice, similar to the AT1-GT1 well. 
In this study, only a limited number of samples were 
used for analysis of the geological age, but more detailed 
studies are needed with a greater number of samples. The 
results of the tephra analysis showed that two layers of 
tephra could be correlated between the AT1-GT1 and 
A1-FC wells. The correlation based on the lithology and 
seismic section between the two wells was consistent 
with the tephra analysis.

In the future, if we can compare these tephras with the 
widespread tephras whose ages have been clarified and 

the tephras in the IODP Site 315 C0001E-F well, more 
accurate age determination will be possible. Furthermore, 
it is expected to reveal more information about the age 
and sedimentary environment of MH accumulation, and 
the effects of sea-level changes after accumulation.
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(2) Data acquisition specifications for preliminary survey
Than Tin Aung, NAITO Kazuya, and SHIMODA Naoyuki

Term: FY 2021
Collaborator: Japan Methane Hydrate Operating Co., Ltd.

Introduction

Exploratory drilling with short-term flow tests for off-
shore methane hydrate (hereinafter “MH”) have been 
scheduled in the Phase 4 of resource development plan of 
pore-filling type of methane hydrate, based on a Japanese 
governmental plan “The Plan for the Development of 
Marine Energy and Mineral Resources”[1]. To decide the 
site location of the exploratory drilling and subsequent 
short-term flow tests, we will conduct Logging While 
Drilling (hereinafter “LWD”) in advance at the prospect 
of MH concentrated zones to confirm the presence of 
MH as a preliminary survey. We also planned to collect 
rock core samples for geo-technical analysis to acquire 
physical parameters and foundation strength beneath the 
seafloor. We selected LWD tools and considered items of 
analysis for the geo-technical core samples.

Contents and Results

1. Selection of logging tool type
To decide logging tool type, tool specification, measure-
ment, and data acquired during the previous drilling 
campaigns were reviewed. These drilling campaigns 
were domestic drilling projects “METI Nankai Trough” 
and “METI Tokai-oki to Kumano-nada”, the MH first 
and second offshore production tests, and the Strati-
graphic Test Well (STW) on the long-term onshore meth-
ane hydrate production test program in Alaska. Based on 
the review, some minor troubles which could be handled 
were identified. Problems were rare for data utilization in 
logging analysis. Thus, we concluded that we can con-
duct appropriate formation evaluation using similar types 
and tools of previous logging operations. It should be 
noted that the tool names shown below are as per 
Schlumberger Ltd. because they provided logging tools 
for the previous surveys.

1-① Velocity logging
Velocity logging tool gets the Checkshot data and seismic 
profiles around a well and beneath logging tools using 
data analysis. The complex geological structure is 

expected at the scheduled drilling site considering many 
anomalies found in 3D seismic data such as high velocity 
anomaly, BSR, methane hydrate concentrated zone 
(hereinafter “MHCZ”), and double BSRs. Therefore, we 
suppose that using only velocity data from 3D seismic 
survey is not sufficient to make accurate time to depth 
conversion. Consequently, detailed seismic velocity data 
at LWD wells might be acquired using this logging tool. 
The SeismicVISION by Schlumberger Ltd. corresponds 
to this tool.

Use of this tool during drill pipe replacement operation 
can considerably save operation time, compared to wire-
line Checkshot survey. This tool was used in the domestic 
drilling project “METI Tokai-oki to Kumano-nada”.

1‐② Sonic logging
To conduct advanced geo-mechanical analysis, S-wave 
velocities and Stoneley wave are acquired in addition to 
normal sonic logging (P-wave). The SonicScope by 
Schlumberger Ltd. corresponds to this tool. This tool was 
also used in STW on the long-term onshore methane 
hydrate production test program in Alaska, and the meth-
ane hydrate first and second offshore production tests. 
We observed significant P-wave attenuation and found 
difficulty in getting accurate sonic values in the previous 
test data. To supplement this problem, we will implement 
an advanced “Leaky-P” analysis which utilizes subtle 
leaking sonic waves from geological layers.

1‐③  Porosity logging using nuclear magnetic 
resonance data

It is preferable to calculate MH saturation, accurate 
effective porosity, and permeability using Nuclear Mag-
netic Resonance principle. The proVISION Plus by 
Schlumberger Ltd. corresponds to this tool. This tool was 
used for STW in Alaska and the methane hydrate first 
and second offshore production tests. We can get real-
time porosity data for free fluid using this tool. We can 
also observe difference between neutron porosity and the 
proVISION Plus porosity if this tool is simultaneously 
used with a conventional neutron porosity measurement 
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tool, and presence of MHCZs can be evaluated in real 
time.

1‐④ Porosity and density logging
To determine porosity and bulk density, NeoScope tool 
by Schlumberger Ltd. was used. The tool is operated 
without any chemical radiation source, but the Pulsed 
Neutron Generator (PNG), and we can make more pre-
cise evaluation for geological interpretation, if we use the 
tool with the ProVISION Plus. We need approval for the 
implementation plan from Nuclear Regulation Authority 
JAPAN because this tool uses a radiological equipment. 
Thus, a longer preparation interval and a radiation pro-
tection supervisor are required to use this tool. This tool 
was used in the methane hydrate second offshore produc-
tion test.

The radiation ray generated using PNG can temporarily 
fluctuate GR values of rocks. GR values are measured 
using the MicroScope in ordinal operation; however, the 
MicroScope is mostly allocated above the NeoScope 
which is lowermost tool of BHA. Therefore, we need to 
be careful on GR values during pipe lifting operation 
because these values do not reflect formation response. 
Previous results have showed that such GR fluctuation 
returns to former state after several hours.

１‐⑤ Resistivity and Resistivity Image Logging
To acquire the resistivity logs and images, the geoVI-
SION by Schlumberger Ltd. was used for the previous 
drilling campaigns. We can get images of higher resolu-
tion and make more precise geological evaluation using 
the MicroScope, because this is the successor of the geo-
VISION which has been proven by many drilling sur-
veys. The MicroScope has not been used for domestic 
MH projects yet although this tool has already been used 
for deep water surveys.

1‐⑥  Measurement of mobility, pore water pressure, 
and formation fracture pressure

Measurement of mobility (the capacity of fluid flow in 
porous rocks: this parameter can used as approximation 
of permeability), pore water pressure, and formation 
fracture pressure were conducted using Modular 
Dynamic Tester (MDT, a wireline tool) by Schlumberger 
Ltd. wireline logging tool. For upcoming short-term flow 
test, it is essential to improve understanding of the 
MHCZ from reservoir engineering aspect. Suitability of 
a well location for the short-term flow test can be deter-
mined based on quantitative analysis of the data. More-
over, these measurements will support quantitative 

discussion on optimization of length and method of well 
completion.

Recently there was a successful field case study of the 
Dual Packer Single Probe (described later) in an oversea 
MH project, therefore we planned to use tools with simi-
lar specifications.

Dual Packer: The Dual Packer provides highly effective 
isolation having interval length of 1 m between the pack-
ers. MDT will be operated in the shallow depth less than 
500m below seafloor, where geological layers may be 
composed of soft sediments with low compaction. We 
need effective isolation with such tool as the Dual Packer 
to accurately measure the formation fluid pressure during 
pressurization or depressurization tests in such situations. 
As the maximum hole diameter to ensure isolation is 9.5 
inches, it is necessary to minimize pump pressure and 
rpm to prevent borehole wall collapse, when drilling at 
the planned interval.

Single Probe: Installation of the Single Probe beneath the 
Dual Packer can open the flow line from inside to outside 
of the packer section. In case of an unexpected pressure 
change within the packer section during inflation due to 
lost circulation or kick from the formation, the pressure 
difference can also be relieved through single probe.

Wireline tools used in the scheduled preliminary survey 
will be thrown down in the open water because this proj-
ect has been planned as riserless drilling. We used 9-5/8” 
guide casing beneath several tens of meters from the sea 
surface to keep the cable away from the water screw of 
the drilling ship, just in case of breakage of the wireline. 
Another plan including the use of longer guide casing 
having about 1,000m length, from sea surface to near the 
seafloor, was dismissed because many risks such as 1) 
such a thick pipe can be largely drifted by ocean current 
and therefore, it cannot accomplish the desired aim, 2) 
vibration can occur on the guide casing due to ocean cur-
rent, 3) tools clogging risk increases, and 4) the packer 
can be damaged. Location of the tools can be accurately 
acquired based on visual observation through Remotely 
Operated Vehicle (hereinafter “ROV”) camera during 
descent of the tools. Tool entry into the well can be sup-
ported by ROV arms. For the reasons stated above, we 
determined that wireline tools can be thrown down in the 
open water without using guide casing.

2.  Analytical items for the geo-technical core samples
The main purposes of geo-technical core samples 
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acquisition are to design drilling plan for future offshore 
production test wells, to evaluate geo-mechanical proper-
ties of sediments from the seafloor to the top surface of 
MHCZ, and to confirm stability of wells. We decided 
that geo-technical core samples will be obtained if we 
find MHCZ by drilling on a prospect, where there are no 
previous wells, and we also considered items of analysis 
for the samples.

2‐① Coring intervals
We made the plan for coring intervals in the total length 
of 130m as: continuous 100m length samples below the 
seafloor and 30m length samples above the top of 
MHCZ. We will evaluate geo-mechanical properties and 
assess resistance of foundation strength to install such 
heavy equipment as wellhead on the seafloor during 
short-term flow tests in the future, based on the analysis 
of continuous 100m length samples below seafloor. 
Moreover, we will evaluate geo-mechanical properties of 
sealing layer of MH based on the analysis of the 30m 
length samples above the top of MHCZ.

2‐② Selection of tools
Hydraulic Piston Core Sampler (hereinafter “HPCS”), 
Extended Piston Core Sampler (hereinafter “EPCS”), and 
Extended Shoe Core Sampler (hereinafter “ESCS”) have 
been used for previous geo-technical rock core sampling. 
HPCS obtains core samples by pushing the pump-driven 
sampling tube in the rock layers without drill bit rotation. 
This tool is designed to get unconsolidated and soft sam-
ples. EPCS and ESCS obtains core samples with drill bit 
rotation. These tools are designed to get consolidated and 
harder samples than HPCS. Previous results can be sum-
marized as below.
・	Relatively good samples on which core liners and 

sediments were closely contacted have been 
obtained in target depth range of HPCS (0 to 100m 
below seafloor).
・	EPCS have been used just a few times and effectivity 

is unclear. In a certain case almost no samples were 
obtained, however, it should be noted that sampling 
capability could be very low in the site as it was 
located around shear zones of a submarine land slide 

area.
・	ESCS may deteriorate quality of core samples. Drill 

bit rotation would induce considerable hydrate dis-
sociation in the thin sand layer.

Based on these considerations, HPCS will be used for the 
continuous interval below 100m of the seafloor, and for 
the interval above 30m of the top of MHCZ if relatively 
high recovery rate is assumed. EPCS or ESCS will be 
selected if low recovery rate is assumed with HPCS 
above the MHCZ.

2‐③ Items of analysis for geo-technical core samples
Items of analysis and purposes for geo-technical core 
samples are shown in the Table 1. The purpose to obtain 
geo-technical core samples is to measure geo-mechanical 
properties, and the listed items from “Geo-Mechanical 
Tests” to “Vane Shear Test” will be implemented as 
geo-mechanical tests. Additional items in the Table 1 
following “Void Gas Analysis” will also be implemented 
to acquire valuable data for reservoir engineering, MH 
system evaluation, and geological evaluation.

Conclusions and Future Work

The results of previous LWD logging were reviewed and 
LWD tools to be used during the preliminary survey 
operations were selected. Purposes, coring intervals, 
coring tools, and items of analysis were considered for 
utilization of geo-technical rock core samples. These 
results will be used to select tools for data acquisition.
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Table 1: Items of analysis and purposes for geo-technical core samples

Items of Analysis Parameters to be analyze Purposes of Analysis

Geo-Mechanical Tests Undrained Shear Strength, Compaction, etc. Geo-Mechanical Properties

Anelastic Strain Recovery (ASR) 3 Dimensional In-situ Stresses
Geo-Mechanical Study, Reservoir Engi-
neering

Spinner Magnetometer Magnetic Inclination
Geo-Mechanical Study, Reservoir Engi-
neering

Penetration Test Penetration Strength
Geo-Mechanical Study, Reservoir Engi-
neering

Vane Shear Test Shear strength
Geo-Mechanical Study, Reservoir Engi-
neering

Void Gas Gas Chromatography
Operational Risk Assessment, Geological 
Evaluation, MH System

Head Space Gas Gas Chromatography Geological Evaluation, MH System

Pore Water Ion Chromatography, Salinity Reservoir Engineering, MH System

Xray-CT CT Images Image Analysis, Geological Evaluation

MSCL-W, MSCL-I,
MSCL-C

Gamma-Ray, Bulk Density, Magnetic Susceptibility, 
etc.

Reservoir Engineering, MH System

Visual Core Description (VCD) Description of Lithology, Geological Structure, etc. Reservoir Engineering, MH System

XRD X Ray Diffraction Reservoir Engineering, MH System

Particle Size Distribution (PSD) Measurement of Particle Diameters Reservoir Engineering

Bulk Density Bulk Density Reservoir Engineering

Grain Density Density of Grains Reservoir Engineering

Thermal Conductivity Thermal Conductivity Reservoir Engineering

Microfossil Geological Age Geological Evaluation, MH System



161

Part 3  Ⅲ. R&D of methane hydrate  5. Study on environmental impacts

(1)  Overview of the environmental seafloor survey around the 
Daini-Atsumi Knoll
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Introduction

The objective of this study is to obtain data on environ-
mental changes in a deep seafloor caused by drilling 
operations and to process the data for assessment and 
prediction of an environmental impact on future develop-
ment of methane hydrate.

For better understanding the actual impact on the seafloor 
environment caused by the drilling operations of the off-
shore production tests of methane hydrate, the environ-
mental surveys using remotely operated vehicles (ROVs) 
have been conducted in the area of offshore production 
tests (Daini-Atsumi Knoll) since the FY2013. According 
to the survey results until the FY2018, it was found that 
deposited cuttings and cement (hereinafter ’Cuttings’) 
had covered the seafloor around the wells after the drill-
ing and decommissioning operations. Also, a decrease in 
the population of benthic organisms was observed, indi-
cating that the influence of ’Cuttings’ remained for a cer-
tain period. On the other hand, in the areas impacted only 
by the first offshore production test, benthic populations 
showed an increasing trend, suggesting a recovery ten-
dency[1].

During the FY2020, a survey was conducted from Janu-
ary to March 2021 to confirm the “changes in covered 

area of ’Cuttings’” and the “recovery status of benthic 
organisms” approximately seven and three years after the 
first and second offshore production test, respectively. 
This report describes the results of the analysis focusing 
on the distribution of benthic organisms conducted 
during the FY2021.

Contents and Results

1.  Survey methods and equipment
In the FY2020 survey, the ROV “Hakuyo” (Fig. 1, left) 
was used to observe the seafloor and collect sediment 
samples within a radius of almost 500m from the produc-
tion wells.

Multiple seafloor observation lines with a length of 
500m were set at equal intervals (approximately 25m 
apart) around the production wells. During the observa-
tion, the ROV moved at the speed of almost 0.3m/s and 
the height of the ROV was kept at approximately 1.5m 
above the seafloor, referring to Nakajima et al., 2014[2]. 
The HD camera mounted on the ROV was used to cap-
ture images of the seafloor surface, and the ‘Cuttings’ 
covered area was visually confirmed. Mega-benthos 
(large benthic organisms >4mm[3]), which are difficult to 
collect by sediment sampling, were also identified and 
counted for each taxon based on the images. Note that 

Fig. 1:  ROV “Hakuyo” owned by Fukada Salvage & Marine works Co., Ltd (left), sediment sampling with 
push core (center) and Ekman-Birge sampler (right).
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the measured mega-benthos were visible in size, most of 
which were much larger than 4mm.

For the sediment sampling, the push core (EE-PC-1: core 
length 280mm, core diameter 55mm, core volume 
0.665L) and the Ekman-Birge sediment sampler (sample 
area 15 x 15cm) were used (Photo 1 center and right). 
Sediment sampling was conducted at multiple sites in the 
‘Cuttings’ covered and uncovered reference sites to com-
pare the effects of ‘Cuttings’ coverage. The sediment 
samples were analyzed for chemical compositions (such 
as metals, organic matter) and benthic organisms (bacte-
r ia ,  meio-benthos (32-300μm),  macro-benthos 
(>300μm)).

2.  Analysis results
(1)  Changes in ‘Cuttings’ covered area
According to the observations in the FY 2020, ‘Cuttings’ 
were distributed about 300m from the wells and mainly 
on the west to northwest side of the wells. Generally, the 
direction of the ‘Cuttings’ covered area was almost same 
as that of the FY2018 survey. However, the covered area 
in the FY2020 survey (yellow enclosure in the Fig. 2) 
was about 0.02km2, which was smaller than that in the 
FY2018 survey, about 0.04km2[1] (green polygon in the 
Fig. 2). One of the possible reasons for this is that 

‘Cuttings’ at the edge of the covered area, where the 
thickness was much thinner than that near the wells[4], 
may have resuspended and moved away during the 
approximately two and a half year period due to the sea-
water flow (up to about 50cm/s[5]). Note that previous 
findings have shown that the northwest zone in the Fig. 2 
was covered only by the ‘Cuttings’ of the first offshore 
production test operation.

(2)  Recovery of benthic organisms
To clarify the duration of the influence of ‘Cuttings’, the 
meio-benthos population at ‘Cuttings’ covered, and 
uncovered sites were compared. The results of the com-
parison at sites, RA3 and RA5, where influence of only 
the first offshore production test was observed, are 
shown in the Fig. 3.

In the FY2020 ROV survey, the number of individuals of 
nematoda in RA3, ‘Cuttings’ covered sites, was less than 
25% of that in RA5, uncovered reference site. On the 
other hand, the number of individuals of copepoda in 
RA3 was about 50% of that in RA5, although it had not 
fully recovered. These results indicate that the recovery 
of meio-benthos may depend on the depth of the 
meio-benthos habitat, and the population of organisms 
like nematoda which inhabit in the sediment tend to 
recover more slowly.

Conclusions and Future Work

From the results of the seafloor environment surveys, the 
‘Cuttings’ covered area around the wells decreased. The 
population of meio-benthos in the ‘Cuttings’ covered 
area showed a recovery tendency, although the popula-
tion had not reached the same level as that in the natural 
state. It was also suggested that the recovery process may 
differ depending on the depth of the meio-benthos habi-
tat.

Additional survey will be conducted at an appropriate 
time when sufficient recovery is expected to clarify the 
recovery process of benthic organisms and impact dura-
tion for the ‘Cuttings’.
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(2)  Simulation study on sediment resuspension for environmental 
impact assessment
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Objectives

The environmental impacts of drilling fluids and cuttings 
due to drilling operations have been evaluated in many 
conventional offshore oil and gas developments[1]. In 
addition, in methane hydrate development, it is important 
to predict and evaluate the impact of cuttings generated 
by drilling on the surrounding environment at the 
research stage and to understand the magnitude of the 
impact. For this reason, MH21 have built a particle 
tracking model and predicted the covered area and thick-
ness of the cuttings generated because of the drilling 
operations of offshore production tests of methane 
hydrate by the FY2018[2].

On the other hand, deposited cuttings are expected to be 
resuspended and diffused by seawater flow near the sea-
floor[3]. Therefore, it is also considered that the area and 
duration of influence on benthic organisms will change. 
However, the cuttings are regarded as not suspended 
once they settle on the seabed in the particle tracking 
model. Therefore, a study to simulate the resuspension 
process of the cuttings to clarify how much area and 
duration of impacts may change due to this process have 
been conducted since the FY2019.

From the FY2019 to FY2020, the configuration formulae 
and key physical parameters required for the simulation 
of the resuspension process were selected, and a calcula-
tion function was added to the particle tracking model. 
Subsequently, in the FY2021, changes in the cuttings 
covered area over a longer duration were estimated based 
on the test calculations of resuspension for five years. 
The effects of seafloor topography and vertical diffusion 
coefficient near the seafloor on the calculation results 
were also examined.

In this report, an outline of the examination from the 
FY2019 to FY2020 and the test calculations during the 
FY2021 are described.

Contents and Results

1. Study outline (FY2019 and FY2020)
(1) Calculation method and key physical parameters
An appropriate theory for the resuspension process of 
grains on the seafloor was investigated through a litera-
ture review. Consequently the theory of “littoral drift” 
that can express erosional process of sediments was 
applied to decide the condition whether resuspension of 
the cuttings[3][4] happens or not.

To calculate the amount of resuspended cuttings, an ero-
sion rate formula[5] focused on fine-grained particles (silt/
clay) was used. As for the erosion rate coefficient, a key 
parameter of the formula, the observed value in the spe-
cific field was not used, but an empirical formula derived 
from the relationship of the mud content was used.

To calculate the resuspension height of cuttings from the 
seafloor, a formula derived from the vertical diffusion 
coefficient near the seafloor and the particle settling 
velocity[3] was used.

(2) Test calculations in short-term conditions
A resuspension module that can calculate changes in the 
cuttings covered area over several years was imple-
mented in the particle-tracking model. Then, test calcula-
tions were executed to confirm the calculation functions 
for 1 day and 215 days (see the Table 1 for the calcula-
tion conditions).

The calculation function was confirmed to be adequate 
based on the calculation results that the cuttings were 
resuspended if the critical condition for resuspension 
(with the flow at a velocity of 17cm/s or greater) was 
met.

2.  Test calculations in long-term conditions and 
examination about seafloor topography and 
vertical diffusion coefficient (FY2021)

The test calculations of the resuspension were executed 
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to estimate the changes in the cuttings covered area over 
a longer duration, for five years. The effects of the sea-
floor topography and vertical diffusion coefficient near 
the seafloor on the calculation results were also exam-
ined. The calculation conditions (FY2019-FY2021) are 
presented in the Table 1.

According to the results of the test calculations, the cut-
tings were resuspended and moved mainly in northeast 
direction in all cases, in conformity with high-frequency 
flow directions. The amount of the resuspended cuttings 
was less than 0.1mm in thickness (upper right in the Fig. 
1). The amount of the resuspended cuttings increased in 
Case 2 (lower left in the Fig. 1) and decreased in Case 3 
(lower right in the Fig. 1) compared to Case 1, but the 
amount of increase/decrease was small; changes in the 
thickness of cuttings were within ± 1μm. In addition, no 
significant difference was found in the cuttings covered 
area when comparing the three cases. From these results, 
it is considered that the amount of the resuspended cut-
tings will be small, furthermore, the effect of seafloor 
topography and vertical diffusion coefficient of near the 
seafloor on the calculation results will be small; unless 
the flow conditions are significantly different in this area, 
where the offshore production tests of methane hydrate 
were performed.

Conclusion and Future work

In this study, formulae and key parameters were exam-
ined to reproduce the resuspension process of the cut-
tings, and a calculation function for the process was 
added to the existing particle tracking model to clarify 
changes in area and duration of impact on seafloor envi-
ronments by deposited cuttings generated by drilling 
operations. In addition, test calculations for the three 

conditions for a longer duration were performed using 
the updated model. Consequently, it is suggested that the 
amount of resuspended cuttings is small, and that the 
effect of seafloor topography and vertical diffusion coef-
ficient were also small, for the area where the offshore 
production tests of methane hydrate were performed. In 
the future, we plan to predict the covered area of cuttings 
generated by drilling operations in other areas and to 
examine how the covered area will change by the resus-
pension process by performing test calculations for the 
behavior of cuttings under different environmental con-
ditions.
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Fig. 1: Calculation results on thickness and covered area of cuttings after five years
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Outline of EOR technologies in FY 2021

JOGMEC has developed enhanced oil recovery (EOR) 
technologies, while supporting EOR projects of Japanese 
oil companies. Consequently, JOGMEC has established 
strong relationships with many oil-producing countries 
as well.
JOGMEC’s studies have primarily focused on CO2-EOR. 
Research on CO2-EOR technologies dates back to the 
1970s, and has included laboratory experiments, reser-
voir simulation studies, facility design, economic evalua-
tions, and field tests. Our expertise will be used in carbon 
capture and sequestration/storage projects as described in 
this report. In addition to CO2-EOR, low-salinity water 
flooding (LSWF) and research on EOR technologies 
using nanoparticles (NPs) have been investigated in the 
laboratory. 

Highlights of JOGMEC’s activities in FY2021 are sum-
marized as follows:
(1) LSWF
A joint study on carbonate reservoirs is being undertaken 
in collaboration with a Japanese company. Furthermore, 
JOGMEC continues joint research with the Waseda Uni-
versity to understand the recovery mechanisms based on 
laboratory experiments, such as measuring the ion con-
centrations of effluent and fluid/rock interactions during 
core flooding experiment, and developing an LSWF 

simulator. Through these studies, JOGMEC could opti-
mize laboratory evaluation methods, such as measuring 
the salinity, pH, ion concentrations, and contact angle/
interfacial tension under high pressure/high temperature 
conditions.

(2) Nanoparticles EOR
Fundamental research focusing on the EOR effect on 
NPs is progressing with the use of JOGMEC’s advanced 
laboratory in collaboration with the Waseda University. 
We have been working on measuring the basic physical 
properties of NPs, confirming the flow behavior of NPs 
using rock cores, and developing an EOR simulator that 
can evaluate the physical phenomena involving NPs. 
This year, we confirmed the EOR effect of NPs using the 
Spontaneous Imbibition (SI) and Forced Imbibition (FI) 
tests.

(3) CO2-foam EOR
CO2-EOR sometimes results in a poor sweep efficiency 
due to gravity override or early gas breakthrough on high 
permeability streaks. To overcome these issues, we 
started CO2-foam studies by conducting laboratory 
experiments, such as foam flood test using a visualization 
cell. 
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(1)  Improvement in laboratory techniques using low-salinity 
waterflooding studies
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Introduction

Since FY2013, JOGMEC has conducted several studies 
in which low-salinity waterflooding (LSWF) was per-
formed in sandstone and carbonate reservoirs. The 
amount of oil recovery varies depending on the combi-
nation of crude oil, brine, and rock; however, the interac-
tion of these components under LSWF is not yet fully 
understood. To infer the interaction from core flooding 
tests, we should pay attention to the ion concentration 
and pH of the effluent. We briefly report the improve-
ments in experimental/analytical techniques through 
LSWF studies.

Contents and Results

1. Introduction
JOGMEC conducted LSWF studies for sandstone reser-
voirs from FY2013 to FY2017 in collaboration with the 
Vietnam Petroleum Institute (VPI) and Waseda Univer-
sity. In the study with VPI, we performed laboratory 
tests, reservoir simulation, and facility study to evaluate 
the applicability of LSWF to a real oil field. Several 
coreflooding tests using sandstone cores were carried 
out, and the EOR effect of LSWF up to an incremental 
recovery factor of 17% was confirmed[1]. The joint study 
with Waseda University, which includes coreflooding 
tes ts  and s imulat ion s tudy,  suggested that  the 
“Multi-component Ion Exchange (MIE) Theory” would 
be a dominant mechanism of the EOR effect in LSWF 
for sandstones[2].
Since FY2018, JOGMEC has conducted LSWF studies 
for carbonate reservoirs, and several EOR mechanisms 
have been proposed:
・�Wettability change caused by adsorption/desorption of 

Ca2+, Mg2+, SO4
2- ions[3]

・Mineral dissolution[4]

・�Interfacial tension (IFT) reduction between water and 
oil[5]

To verify these theories, pH and ion concentrations of the 
effluent water of a coreflooding test must be accurately 

measured, and the wettability change on rock surface 
must be analyzed. In the next section, we introduce the 
experimental analysis techniques at JOGMEC-TRC, 
which have been improved through LSWF studies.

2. Improvement of laboratory techniques for LSWF
(1)   Efficient and accurate measurement of pH and 

salinity
pH and salinity of the water effluent from a coreflooding 
system can be affected by the dissolution of carbon diox-
ide and evaporation of water when the effluent comes 
into contact with the atmosphere. To minimize the inter-
action between the effluent water and atmosphere, we 
installed a small glove box with nitrogen atmosphere and 
constant humidity (Fig. 1), and all effluents were col-
lected in the glove box.

(2)  Optimization of ion concentration analysis method
Ca2+, Mg2+, and SO4

2- ion concentrations in the water 
effluent are critical parameters for analyzing the interac-
tion between water and rock. We adopted a procedure 
combining X-ray fluorescence and ion chromatography. 
This method enabled us to analyze ion concentrations 
within a day during a coreflooding test; consequently, the 
results can be utilized to determine the switching timing 
of the injected brine and verify the LSWF mechanisms.

(3)   Contact angle and IFT measurement under high 
pressure/temperature conditions

Temperature affects the adsorption/desorption rate of 
ions and chemical mechanisms of wettability alteration 
on rock surface[3]. Wettability is commonly characterized 
by contact angle. Therefore, a contact angle measurement 
system (KRÜSS DSA100HP), which can be used under 
high temperature/pressure conditions, was installed to 
estimate the wettability under reservoir temperature/pres-
sure. The analysis results can be utilized to optimize 
low-salinity water composition as wells as verify the 
EOR mechanisms.
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Conclusions and Future Work

We improved our laboratory techniques through LSWF 
studies. These improvements can be utilized in other 
EOR studies.
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(2)  Core analysis and digital rock physics approach for 
unconsolidated cores
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Introduction

Multiphase flow properties such as relative permeability 
and capillary pressure are crucial for evaluating oil/gas 
reservoirs and CO2 flow behaviors in Carbon dioxide 
Capture and Storage (CCS) projects. These properties are 
generally obtained using core analysis. However, in 
unconsolidated cores, it is more difficult to conduct core 
analysis because of the fragility of the cores[1]. We 
demonstrate our approach for evaluating unconsolidated 
cores using laboratory-based core analysis and Digital 
Rock Physics (DRP)[2][3].

Contents and Results

1.  Capillary pressure and relative permeability 
measurements with unconsolidated cores

We performed capillary pressure and relative permeabil-
ity measurements in oil-water system with unconsolidated 
cores and crude oil taken from an oil reservoir. Fig.1 
shows the experimental workflow of capillary pressure 
and relative permeability measurements in this study.

(1) Preparing core and fluid sample
First, frozen unconsolidated core plugs (core sample with 
3.81 cm in diameter and 5 cm in length) were cut using 
liquid nitrogen. Owing to their fragility, the cores were 

Fig. 1:  Experimental workflow for capillary pressure and relative permeability measurements. This study used the 
porous plate method for capillary pressure and unsteady state flooding for relative permeability measurements.

Fig. 2:  Schematic of protections for unconsolidated cores. Two stainless meshes were set 
at both end faces of the core, and the cores were wrapped with metal sleeves.
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frozen using liquid nitrogen before the cutting process. 
Two stainless meshes were set at both end faces of the 
core, and the cores were wrapped with metal sleeves to 
prevent damage (Fig. 2). The crude oil was taken in the 
field at an ambient condition. Synthetic brine was pre-
pared based on reservoir composition.

(2) Capillary pressure measurement
The centrifugal method is widely used for capillary pres-
sure measurements in the petroleum industry because it 
is relatively quick; however, it is not suitable for uncon-
solidated or friable samples due to the risk of core 
damage caused by centrifugal force[4]. In this study, we 
confirmed core deformation using centrifuge.
We measured capillary pressure with a porous plate[5]. 
The porous plate method is time-consuming, but it can 
measure accurately without the influence of capillary end 
effect[6]. In the results, we obtained drainage and imbibi-
tion capillary pressure curves, including irreducible 
water saturation (Swir) and residual oil saturation (Sor). 
The in-situ wettability was inferred from the obtained 
curves. Fig. 3 shows examples of capillary pressure in 
water-wet and mixed-wet state. In the water-wet state, 

the capillary pressure curve stays positive over most of 
the saturation range, while in the mixed-wet case it has 
both positive and negative portions[7].

(3) Relative permeability measurement
We measured relative permeability using the unsteady 
state method[8] using unconsolidated cores. The cores were 
aged with crude oil for 40 days before the flooding exper-
iment to restore reservoir wettability (Fig. 1). The relative 
permeability curves were obtained by the Johnson, Boss-
ler, and Naumann method[9] using flooding test data.
In this measurement, we established irreducible water 
saturation (Swir) and residual oil saturation (Sor) using 
porous plate to obtain relative permeability with the wide 
range of saturation. The Swir and Sor were consistent with 
those obtained in the capillary pressure measurement. 
Furthermore, the wettability inferred from the relative 
permeability curves was also consistent with that evalu-
ated from the capillary pressure curves. Fig. 4 shows 
examples of relative permeability in water-wet and 
mixed-wet state. Compared to the relative permeabilities 
in the water-wet state, the relative permeability of oil in 
the mixed-wet state is lesser at low water saturation, and 

Fig. 4:  Examples of relative permeability curves of oil (green lines) and water (blue lines) in water-wet 
(left) and mixed-wet state (right). Solid lines represent drainage curves and dashed lines indicate 
imbibition curves. Modified from the literature [7].

Fig. 3:  Examples of capillary pressure curves in water-wet (left) and mixed-wet state (right). Solid lines 
represent drainage curves. Dashed lines indicate imbibition curves. Modified from literature [7]. 
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the relative permeability of water is higher at high water 
saturation[7].

2.  Digital rock physics (DRP)  approach for 
unconsolidated cores

The in-situ wettability was obtained from the experimen-
tal results of capillary pressure and relative permeability. 
To evaluate the in-situ wettability, we conducted a DRP 
approach[10]. First, a sand pack sample using unconsoli-
dated reservoir sands was prepared for taking micro 
X-ray computed tomography (micro-CT) images. Then, 
we obtained 3D pore structures of the sand pack from the 
images and extracted a Pore Network Model (PNM)[11], 
which was used for two-phase flow simulations. 
In the PNM simulation, we assumed several wettability 
cases by changing contact angles (Fig. 5). We performed 
two-phase flow simulation in these cases and compared 
with experimentally measured curves. Finally, simulation 
results were used to verify the in-situ wettability inferred 
in the experiments.

Conclusions and Future Work

Two-phase flow properties such as relative permeability, 
capillary pressure, and residual gas saturation are import-
ant to evaluate CO2 sequestration and its flow behaviors 
in a reservoir. There are some field cases of CO2 seques-
tration with unconsolidated formation[12][13]. We per-
formed core analysis for unconsolidated cores and 
obtained relative permeability and capillary pressure 
curves, with the wettability estimated using the DRP 
approach. Thus, the proposed approach is expected to be 
used in the future CCS/CCUS study. 
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Fig. 5:  Schematic of contact angle and wettability. An oil 
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Introduction

Low-salinity waterflooding (LSWF) is an EOR technol-
ogy that involves injecting the reservoir with lower salin-
ity brine than formation water or seawater. LSWF is 
attracting attention as a low environmental impact tech-
nology. JOGMEC and Waseda University have con-
ducted joint research on sandstone since FY2013 and 
have been conducting core flooding tests and developing 
a simulator for carbonate rock since FY2018. We intro-
duce the results of the core flooding test conducted in 
FY2021.

Contents and Results

1. Experimental objectives
Various theories[1] have been proposed for the mechanism 
of incremental oil recovery using LSWF. In this study, 
based on the results of our previous investigations, we 
inferred that the most promising mechanisms are “wetta-
bility changes caused by adsorption/desorption of Ca2+, 
Mg2+, and SO4

2- ions” or “wettability change caused by 
electric double layer expansion.” Therefore, we con-
ducted an additional core flooding test, and verified these 
mechanisms by measuring ion concentration changes 
associated with the adsorption/desorption and pH as an 
indicator of the electric double layer expansion.

2. Experimental procedure
In the core flooding test, FW (Formation Water) and 
LSW (Low-Salinity Water) were injected in that order 
into a composite carbonate rock core aged using crude 
oil. Subsequently, ALSW (Adjusted LSW) was injected, 
in which the SO4

2- ion concentration was increased while 
the total ion concentration was kept at the same level as 
in LSW. During the core flooding test, to verify the EOR 
effect of ion adsorption/desorption reactions, the salinity 
and pH of the effluent fluid were measured.

3. Experimental results and discussion
Fig. 1 shows the differential pressure and oil recovery 
factor obtained from the core flooding test. An incremen-
tal recovery factor of 9% was observed during the LSW 
injection. On the contrary, no significant increase in the 
oil recovery and decrease in the differential pressure 
were observed during the ALSW injection. The pH of 
the effluent was almost equal to the injection water, 
ranging from 6 to 7.5. In addition, emulsion formation 
was observed in the effluent during LSW and ALSW 
injection.
To verify the adsorption/desorption reactions of Ca2+, 
Mg2+, and SO4

2- ions, a retardation factor was calculated 
using the results of salinity measurements after the 
switch from FW to LSW. In general, the retardation 
factor indicates the magnitude of the adsorption/desorp-
tion reaction, and if there is no adsorption/desorption 
reaction, the retardation factor becomes less than 1[2]. 
The retardation factor calculated from the total salinity 
measurements was 1.00, which indicates that little or no 
ion adsorption/desorption reaction occurred. Therefore, it 
is unlikely that ion adsorption/desorption reactions con-
tributed to oil recovery.

Fig. 1:  Differential pressure (red line) and oil recovery factor 
(blue line) in the core flooding test.
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The electric double layer expansion is generally expected 
at pH 8 or higher[3]; however, the pH values of the efflu-
ent fluid obtained in this test were continuously lower 
than 8. Therefore, it is also unlikely that wettability 
changes due to the electric double layer expansion 
occurred in this test.
In summary, the core flooding test could not definitively 
establish the influences of the two mechanisms that were 
initially considered promising. On the contrary, the 
emulsion formation confirmed during the test implies 
that part of surface-active components in the crude oil 
dissolved into the LSW or ALSW phase due to the salt-
ing-in effect[4]. Thus, it may have contributed to the oil 
recovery by altering the flow path in the pores.

Conclusions and Future Work

In FY2021, an additional core flooding test was con-
ducted to verify the EOR effect and mechanism of 
LSWF in carbonate reservoirs. The results could not 
infer the influence of the two mechanisms that were ini-
tially considered, namely, “adsorption/desorption reac-
tions of Ca2+, Mg2+, and SO4

2- ions,” and “the electric 
double layer expansion.” The formation of emulsion 
associated with the LSW injection may have affected the 
increment oil recovery in this core flooding test, but fur-
ther verifications are needed.
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Introduction

Nanoparticles (NPs) are very small materials with parti-
cle sizes at the nanometer level. Injecting NPs as colloi-
dal suspension into a reservoir is expected to accomplish 
EOR, because NPs being fine particles can affect the 
properties of rock and fluids and their interfacial charac-
teristics. JOGMEC has been collaborating with Waseda 
University since FY2018 to investigate the EOR effect of 
NPs and its mechanism. Specifically, we have been 
working on measuring the basic physical properties of 
NPs, confirming the flow behavior of NPs using rock 
cores, and developing an EOR simulator to study the 
physical impacts of NPs. We report the main results of 
the NP studies in FY2021.

Contents and Results

1. An example of EOR mechanisms by NPs
Various theories[1] have been proposed as EOR mecha-
nisms for NPs. In FY2021, we conducted basic experi-
ments focusing on “disjoining pressure.”
Fig. 1 illustrates the effect of disjoining pressure on the 
rock surface. When NPs contact the interface between 
the rock and oil, the disjoining pressure increases. As 
this disjoining pressure increases, wettability can be 
changed[2].

2. Experimental details and results using NPs
NPs may coagulate when they encounter brine or rocks. 
Pore space plugging by NP coagulation causes some 
problems, such as inhibiting oil recovery. In FY2020, we 
used a coagulation screening test in a brine-NPs system 
and identified the combinations of NP concentrations and 
salinities at which NP coagulation was not observed. In 
this year, to verify the EOR effect and mechanism of 
NPs, we have conducted Spontaneous Imbibition (SI), 
Forced Imbibition (FI), and NPs flooding tests using 
Berea sandstone. 

(1)  Spontaneous Imbibition (SI)  test
To confirm the effect of NPs concentration in oil recov-
ery, SI tests were conducted for five (5) NP concentrations 
(i.e., 0, 0.01, 0.05, 0.5, and 1.0 [wt%]) using the same 
Berea sandstone core and dead oil. The tests were con-
ducted under ambient conditions. The brine used to dilute 
the NPs has an NaCl concentration of 0.5 [wt%] that was 
previously confirmed to be free of NP coagulation. 
The results of the SI tests are shown in Fig. 2 Although 
no correlation was observed between NPs concentration 
and oil recovery, samples containing NPs showed higher 
oil recovery at the end of the tests compared to the 
sample that contained only brine (0 [wt%] NPs concen-
tration). This suggests that wettability alteration may 
have been caused by NPs. On the other hand, the samples 

Fig. 1:  Wettability alteration mechanism for disjoining 
pressure Fig. 2: Result of Spontaneous Imbibition (SI) test
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containing NPs showed slower oil discharge behavior 
over approximately 3-5 days compared to the brine 
sample. NP coagulation was observed on the rock surface 
after one day in each sample containing NPs, suggesting 
that NPs coagulation may have delayed oil recovery. We 
continue to investigate the wettability alteration caused 
by NPs.

(2)  Forced Imbibition (FI)  test
After production plateaued following the SI test, FI test 
was started. During the FI test, oil recovery by NPs 
injection was measured. Table 1 shows the oil recovery 
factors obtained in the SI and FI tests, and the ultimate 
oil recovery factors for the SI and FI tests combined. In 
all samples containing NPs, the oil recovery factors in 
the FI tests increased compared to the brine sample. The 
ultimate oil recovery was highest at the NPs concentra-
tion of 0.05 [wt%], which is about 25% units higher than 
the recovery factor of the brine sample.
Next, to examine the effect of NPs on increasing oil 
recovery, the results of the FI tests were compared with 
those of zeta potential measurements, which are related 
to disjoining pressure. Table 2 shows the results of zeta 
potential measurements at 0.5 [wt%] NaCl concentration. 
The zeta potential was highest at 0.01 [wt%] NPs 

concentration, which is in line with the highest oil recov-
ery observed during the FI test. The ultimate recovery 
factor also decreased as the zeta potential decreased. Dis-
joining pressure has been shown to increase as absolute 
zeta potential increases[3]; therefore, the results suggest 
that the disjoining pressure likely changed the wettability 
of the rock surface during the FI test.

3.  Reproduction of core flooding test by Nano-EOR 
simulator

To investigate the prediction of EOR behavior using 
NPs, we developed a quasi-multi-component system 
simulator for two-dimensional two-phase flow and 
matched it with the results of core flooding tests using 
NPs solutions reported earlier[4]. As a result, the simulator 
was able to express the behavior of oil recovery depend-
ing on the NPs concentration by considering the disjoin-
ing pressure and coagulation due to NPs.

Conclusions and Future Work

We confirmed the EOR effect of NPs through the SI and 
FI tests. In the FI test, it was suggested that the disjoining 
pressure may have changed the wettability of the rock 
surface. On the other hand, the SI test did not identify 
any factors that may have contributed to the EOR effect 
of NPs; therefore, we continue to investigate the mecha-
nism of EOR effect by NPs. 
While developing the Nano-EOR simulator, we devel-
oped a model that can account for disjoining pressure 
and NPs cohesion. Utilizing the experimental results in 
FY2021, we continue to develop and improve the Nano-
EOR simulator.
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foaming agents
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Objective

Gas injection for EOR, for example CO2-EOR, some-
times results in a poor sweep efficiency due to the gravity 
override or early gas breakthrough through high permea-
bility streaks[1]. This poor sweep efficiency is mainly due 
to the significant differences in viscosity and density 
between the injected gas and reservoir fluids (i.e., crude 
oil and brine). The CO2-foam technology is expected to 
improve the sweep efficiency by increasing the apparent 
viscosity of the gas phase[2][3]. This study aims to develop 
an innovative CO2-foam CCS/CCUS technology. We 
describe the research trends of CO2-foam and JOGMEC’s 
experimental effort.

Contents and Results

1. Research trend of CO2-foam
To clarify the issues in developing CO2-foam CCS/
CCUS technology, we collected information on real field 
cases and research trends on CO2-foam through literature 
review and discussion with a university. 
Many field-scale pilot tests have been reported to date. 
For instance, Patil et al. (2018)[1] reported a successful 
foam injection pilot in the field, where severe gas break-
through occurred due to geological heterogeneity and 
gravity segregation. The pilot successfully demonstrated 
the conformance control by foam injection, reducing the 
decline rate of oil production rate. 
Foam properties and screening methods of foaming 
agents have been intensively researched. For instance, 
the effects of surfactant concentration and injection rate 
on gas mobility reduction were investigated[4][5]. They 
also proposed evaluation methods of foam mobility using 
a CO2-foam core flooding test. A surfactant screening 
method using the foamability and stability evaluations by 
a simple system has also been proposed[6].
In addition to the literature survey, JOGMEC has partici-
pated in the consortium named “Gas EOR Research Proj-
ect,” which is organized by the University of Texas at 
Austin (UT Austin). A study in the project aims to 
improve foam stability by adding nanoparticles[7], and 

another study is trying to improve sweep efficiency of 
fracture core by utilizing the improved foam stability.
The survey revealed that surfactant composition, concen-
tration, and injection rate can affect the foam perfor-
mance (i.e., foamability and stability). On the contrary, 
although various foam performance evaluation methods 
have been already proposed, an integrated workflow 
including the consistency check between core flooding 
results and other fundamental measurements of foam 
properties have not been established yet. Therefore, we 
decided to develop such an integrated workflow in this 
study. As the first step, we have developed a workflow 
for foam performance evaluation based on the experi-
ments and measurement items reported in the existing 
studies[2][7][8].

2. Screening method for foaming agents
(1) Workflow for foaming agent selection
The workflow consists of the following three steps. 
Firstly, we conduct a shaking test. A sealed container 
containing the surfactant solution will be shaken verti-
cally to measure foam volumes and times required to 
drain one-half of the foam. Several foaming agents with 
sufficient foamability and stability will be selected for 
the next step. Secondly, we evaluate the apparent viscos-
ity of the gas phase and sweep efficiency by a foam 
flooding test using a visualization cell filled with glass 
beads. Compared to conventional core flooding tests, this 
method reduces the time required for core cleaning and 
allows us to conduct the foam flooding test under ideal 
conditions that exclude the effects of rock heterogeneity 
and adsorption. By reducing the work time, efficient 
screening of foaming agents can be achieved. Finally, we 
move on to core flooding tests using real rock cores and 
the selected foaming agents in the previous steps to con-
firm the foam effectiveness in a real system. In the next 
section, we describe the experimental procedure of the 
foam flooding test conducted this year.

(2)  Foam flooding test with a visualization cell
Simulated porous media were made by packing glass 
beads of 100μm diameter into an acrylic pipe as shown 
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in Fig. 1. The cell is 40 cm in length and 3.4 cm in inner 
diameter, placed horizontally. Surfactant solution (NaCl, 
CaCl2 10 wt%) and CO2 were mixed at the upstream line 
of the cell. Shear forces generate foam when the gas and 
surfactant solution flow through the porous media. Pres-
sure sensors are installed upstream and downstream of 
the cell to measure the differential pressure. Resistance 
Factor (RF), which is the mobility change that occurs 
when injection fluid is replaced from CO2 to CO2-foam, 
was calculated through the following equation:

RF = 

RF is used to characterize the strength of CO2-foam. A 
large resistance factor means higher apparent viscosity 
because of higher flow resistance due to fine bubble for-
mation.

Conclusions and Future Work

We have collected information on real field cases and 
research trends on CO2-foam. The survey revealed that 
an integrated workflow including the consistency check 
between core flooding results and fundamental measure-
ments of foam properties have not been established yet. 
Therefore, we developed our own workflow for foam 
performance evaluation. As part of this workflow, we 
have conducted foam flooding tests using a visualization 
cell filled with glass beads. We continue to work on 

improving the workflow and developing an innovative 
CO2-foam CCS/CCUS technology.
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Overview of the Geology & Geophysics Division

1. Introduction

The activities of the Geology & Geophysics Division are 
classified into two main areas. The first area provides 
technical support for Japanese E&P companies to solve 
technical difficulties and problems encountered in oil/gas 
exploration and production projects. The other area 
focuses on the research and development (R&D) of 
advanced geological and geophysical techniques to make 
them feasible and applicable in the field. For both areas, 
we conducted geological and geophysical studies and 
research in collaboration with Japanese E&P companies 
by utilizing our knowledge and experience as well as our 
laboratory and software.

2. Technical support to Japanese oil companies

The following trend survey was conducted in FY 2021.

Ø　�Provision of intelligence on trends in the “Exploration 
and Development of Biogenic Gas Field”

This trend survey on the “Exploration and Develop-
ment of Biogenic Gas Field” was carried out to deter-
mine the potential and challenges of the exploration 
and development of biogenic gas fields in the world 
and to apply the acquired knowledge to JOGMEC’s 
research and Japanese E&P companies’ activities 
(Refer to 4-1-1-① for more details).

3. Research & Development

We conducted fundamental R&D on advanced geological 
and geophysical techniques based on our accumulated 
knowledge and experience. Some R&D projects have 
been undertaken in cooperation with universities and 
research institutes. Examples of the R&D are described 
below.

Ø　�Application of FWI to VSP data acquired using DAS
We conducted a feasibility study on the application of 
acoustic full-waveform inversion (FWI) to vertical 
seismic profile (VSP) data acquired using distributed 
acoustic sensing (DAS) at a test site for long-term 
onshore methane hydrate production in Alaska in 
2019. In 2021, we conducted three feasibility studies 
of FWI to DAS-VSP data as follows:
1.  Application of acoustic FWI to synthetic data cre-

ated by acoustic wavefield simulation.
2. Application of acoustic FWI to field data.
3.  DAS data modeling with elastic wavefield simula-

tion. 
The first two studies showed that the application of 
acoustic FWI to DAS data is feasible, and the latter 
study showed potential for developing a new FWI 
code for DAS data (Refer to 4-1-2-①②③ for more 
details).

Ø　�Analysis of ACROSS-DAS-VSP data acquired at the 
Aquistore CO2 storage site

A demonstration test of a surface-fixed source 
(ACROSS) for monitoring is ongoing at the Aquistore 
CO2 storage site near Estevan in southern Saskatche-
wan. The VSP data acquired in January 2020 with 
DAS using a fiber optic cable installed behind the 
casing was processed and analyzed. We converted the 
strain rate data acquired with DAS into the particle 
velocity domain and performed unified VSP process-
ing for four data vintages this year to facilitate a com-
parison with the well synthetic and other seismic data 
in the same domain (Refer to 4-1-2-④ for more 
details).
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(1)  Provision of intelligence of trends on “Exploration and 
Development of Biogenic Gas Field”
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Objective

Large scaled biogenic gas fields have been discovered 
recently in some areas in the world such as Southeast 
Asia and East Mediterranean[1][2]. The biogenic gas 
reserves are gathering attention as a new exploration 
play. The process of microbial gas generation differs sig-
nificantly from that of conventional oil and gas, and the 
evaluation method for biogenic gas petroleum system has 
not been established yet; therefore, evaluating the explo-
ration potential of biogenic gas reservoirs is difficult. 
JOGMEC has been conducting research on evaluating 
the exploration potential of biogenic gas fields around 
Japan, including the Hidaka Trough, since 2020. This 
trend survey was carried out to evaluate the potentiality 
and issues of exploration and development for biogenic 
gas fields worldwide, and to apply the obtained knowl-
edge to the JOGMEC research. 

Contents and Results

This trend survey was commissioned to Beicip-Franlab 
with the following main themes:
(A) Mechanisms of biogenic gas generation
(B)  Discoveries and case studies of biogenic gas fields 

globally
(C)  Specificities of biogenic gas fields and exploration 

technologies
Information was collected and organized with more than 
200 published references in the survey, together with the 
findings of Beicip-Franlab.

(A)  Mechanisms of biogenic gas generation
Although research has been performed on methane gen-
eration processes by microorganisms, many of them are 
unclear. Methanogenesis is believed to be the result of 
complex biochemical reactions in various microbial con-
sortia under conditions of low temperature, shallow 

burial depth, and early stage of sedimentation. Only a 
fraction of the sedimentary organic matter could be 
finally converted into methane, and only a fraction of the 
generated methane could be preserved in the geological 
sediments. Only a fraction of the preserved methane can 
be accumulated in commercial gas fields. Therefore, bio-
genic gas accumulations “with a commercial scale” are 
hard to obtain, even if traces of biogenic gas are ubiqui-
tous. The origin of the gas is determined through carbon 
isotope analysis of methane and carbon dioxide, and 
hydrogen isotope analysis of methane. Biogenic gas can 
be classified as “primary biogenic gas” and “secondary 
biogenic gas,” and they can be distinguished using iso-
tope analysis. The “secondary biogenic gas” is generated 
by microbial degradation of oil, and “primary biogenic 
gas” was the target of this trend survey. 

(B)   Discoveries and case studies of biogenic gas fields 
globally

Recognition of biogenic gas fields began worldwide after 
the discoveries in the Gulf of Mexico in the early 1980s 
and in the Nile Delta in the early 2000s. These commer-
cial scale biogenic gas fields were discovered as a result 
of “happy accidents” while exploring thermogenic 
hydrocarbons. Although the potential for biogenic gas 
reservoirs at shallow burial depths had been known for a 
long time, it had not been targeted for drilling because it 
was not expected to become a commercial scale gas 
field. However, after the discovery in the Nile Delta, the 
discoveries of the Shwe field in the Bay of Bengal (4.5-7 
Tcf ) in 2004, and that of the Zohr field in the East Medi-
terranean (30 Tcf ) in 2015 have gradually changed this 
concept. More biogenic gas fields have been discovered 
in the 2010s. The characteristics of the following major 
gas fields were summarized in the trend survey.
- Seng-Segat field in Indonesia[3]

- Sanhu field in China[4][5][6]

- Peon field in Norway[7][8]
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- Shwe field in Myanmar[9][10][11]

- Leviathan field in Israel[12]

- Zohr field in Egypt[12][13][14]

- South Alberta gas field in Canada[15]

- Antrim field in the United States[16]

The characteristics for the petroleum system were as fol-
lows:
-  Reservoirs were deposited predominantly in Neogene. 

However, sediments in Cretaceous and Devonian (South 
Alberta gas field and Antrim field) were also recog-
nized.

-  The reservoirs were dominated by clastic sediments as 
in the conventional type, but examples of carbonate 
rocks (Zohr field, Terang-Sirasun field) and shales 
(Antrim field) were also observed.

-  The burial depths of the reservoirs are shallow com-
pared to conventional oil and gas fields in most cases, 
but can be deep, as in the Leviathan field in Israel, 
where the reservoirs develop at depths greater than 
3000 m. The reservoirs in the Leviathan field are also 
quite hot for currently known methane generation 
microbes (>80°C). 

-  Biogenic gases are usually not only methane-rich, but 
can also be mixed with thermogenic gases above C2 and 
oil.

The following are promising exploration targets in the 
future:
-  Thick and deep submarine fans with sufficient sand and 

organic matter inputs on the oceanic floor, such as the 
Oligo-Miocene fan discovered in the Levant Basin.

-  Continental platforms with thick Neogene sediments 
affected by Pleistocene glaciations (equivalent of Peon 
field).

-  Equivalents of the Sanhu gas fields (Pleistocene lakes, 
especially “stable” endorheic lakes).

(C)   Specificities of biogenic gas fields and exploration 
technologies

Concepts of petroleum systems for evaluating thermo-
genic hydrocarbon plays are applicable to biogenic gas 
evaluation. A source rock must exist, in addition to a res-
ervoir, seal, and trap. However, the source rock behavior 
is very different (very early generation of gas at very shal-
low depth), which has deep implications on the petroleum 
system dynamics. TOC of the source rock can be as low 
as less than 0.5%. There are many examples of type III 
kerogen origin, and the sedimentation rate of the source 
rock formation and overlying sediments is greater than 
100 m/Myr. Any basin with high Oligocene/Neogene/
Quaternary sedimentation rate (>100 m/Myr) is a potential 
candidate for exploring biogenic gas accumulations.

In addition, the following exploration methods are con-
sidered effective:
a) Direct gas detection at the surface
Detection proves the presence of gas, but not of commer-
cial scale gas accumulations.
b)  Detection of Direct Hydrocarbon Indicator (DHI) 

using 3D seismic survey
Seismic data of shallower deposits are generally of high 
resolution. Therefore, detection of DHI is relatively easy 
and effective.
c)  Modeling of petroleum systems specific to biogenic 

gases
Special modeling is required to consider the biochemical 
process for biogenic gas evaluation. 
Biogenic gas fields have the advantage of producing 
mostly methane, usually devoid of H2S and CO2. 
“Simple” composition means “simple” gas treatment; 
primary biogenic gas fields are usually easier to develop 
and produce compared to thermogenic gas fields. On the 
contrary, there are several issues associated with shallow 
gas reservoirs, such as formation stability and sand pro-
duction, but this is not a unique problem to biogenic gas, 
as the same concerns exist for conventional types of gas. 

Conclusions and Future Work

Any basin with high Oligocene/Neogene/Quaternary 
sedimentation rate (>100 m/Myr) is a potential candidate 
for exploring biogenic gas accumulations. This is true 
even if the maturity level is low, only organic-lean source 
rocks are known, or thermogenic hydrocarbon systems 
are completely unknown in the region. On the contrary, 
many prolific petroleum provinces are not good candi-
dates for primary biogenic gas exploration (relatively 
low sedimentation rates, thermally mature sediments, 
etc.). However, conventional petroleum exploration and 
evaluation methods for oil and gas can be applied, except 
that the criteria and methods of evaluation will change 
due to the significant differences in the characteristics of 
source rocks. There are many unresolved aspects of the 
methane generation process in the source rocks, which 
are expected to be elucidated through future research. 
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Introduction

JOGMEC has been preparing for the long-term onshore 
methane hydrate production test in Alaska, based on the 
Memorandum of Understanding (MOU) signed in 
November 2014 with the National Energy Technology 
Laboratory (NETL) under the U.S. Department of 
Energy (USDOE: United States Department of Energy). 
In December 2018, JOGMEC and NETL drilled a strati-
graphic test well (Hydrate-01) on the North Slope of 
Alaska within the Prudhoe Bay Unit, and two predomi-
nant methane hydrate saturated layers (B and D-hydrate 
reservoirs) were confirmed beneath the permafrost 
zone[1]. 
JOGMEC has been studying the application of acoustic 
full waveform inversion (FWI)[2] to vertical seismic pro-
file (VSP) data acquired using distributed acoustic sens-
ing (DAS) in the Hydrate-01[2]. The purpose of the study 
is to verify whether FWI can detect physical property 
changes of methane hydrate reservoirs induced by gas 

production. In FY2021, JOGMEC carried out three feasi-
bility studies of FWI to DAS-VSP data as follows:
1.  application of acoustic FWI to synthetic data generated 

by acoustic wavefield simulation.
2. application of acoustic FWI to field data[3].
3.  DAS data modeling with elastic wavefield simula-

tion[4].
Of these studies, this report outlines results of the appli-
cation of acoustic FWI to synthetic data.

Contents and Results

Although DAS-VSP data was acquired with a three-di-
mensional (3D) shooting layout on the surface, two-di-
mensional (2D) acoustic FWI was carried out to reduce 
the computational cost. In the FWI application, subsur-
face models are updated to match the predicted wave-
forms with the observed waveforms (Fig. 1). In this 
study, observed waveforms were synthesized by acoustic 
forward modeling, and used as input waveforms for the 

Fig. 1: Concept of full waveform inversion (FWI)
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acoustic FWI. The 2D line and the source and receiver 
positions were defined based on the field data. The 2D 
line was set along the deviation direction of the 
Hydrate-01. The source positions were defined by pro-
jecting 83 source points within an azimuthal range of ±5 
degrees from the center of the 2D line. Nine hundred and 
seventy-nine (979) receiver positions were set at a 
1-meter interval on the wellbore. The true velocity model 
used for creating the input waveforms was built by 
extending the P-wave velocity model created from the 
sonic log of Hydrate-01 laterally. The initial velocity 
model was built by smoothing the true velocity model. 
The source and receiver positions and the velocity 
models of this study are shown in Fig. 2. Fig. 3 shows 
the vertical velocity profiles of the models.
The domain of the field data is one-component (1C) 

particle velocity-equivalent (geophone-equivalent) along 
the cable direction, which was converted from the strain 
rate domain by the DAS-VSP acquisition contractor to 
compare with surface seismic data. In this study, “equiv-
alent” data means the data to which conversion process-
ing from the originally acquired or modeled domain (e.g., 
strain rate) to a different domain (e.g., particle velocity) 
was applied. Table 1 summarizes the characteristics of 
the receiver type that we compared. 
Input waveforms for the acoustic FWI were created 
through the flow shown in Fig. 4(a)-(d). The geophone 
waveforms for the X and Z components were initially 
synthesized by acoustic forward modeling using the true 
velocity model and a Ricker wavelet (Fig. 4(a) and 
4(b)). Then, the radial component of the geophone wave-
forms (radial data) was created by rotating the X and Z 

Fig. 3:  Vertical velocity profiles near the Hydrate-01 well (x = 50 m). Black line shows the true velocity model, 
green line shows the initial velocity model for FWI, and red line shows the velocity model after FWI.

Fig. 2:  P-wave velocity model. (a) True velocity model for creating input waveforms. (b) Initial velocity 
model for FWI. (c) Velocity model after FWI.
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geophone waveforms (Fig. 4(c)). The domain and com-
ponent of the radial data are same as the field data. On 
the contrary, the domain of the predicted waveforms of 
the acoustic FWI is pressure (hydrophone waveforms) 
(Fig. 4(e)). Therefore, the pressure-equivalent wave-
forms (hydrophone-equivalent waveforms) were created 
by reversing the polarity of the upgoing wavefield in 
the radial data to match the phase of both the input and 
predicted waveforms. These pressure-equivalent wave-
forms were used as the input waveforms for acoustic 
FWI (fig. 4(d)).
The acoustic FWI using the input waveforms (pres-
sure-equivalent waveforms), initial velocity model, and 
Ricker wavelet was conducted in the frequency range 

2.5-140 Hz. Although the phase of the input and pre-
dicted waveforms were matched as mentioned before, 
there were still differences in amplitude. Hence, individ-
ual source inversion was performed to mitigate the dif-
ferences in amplitude between input and predicted 
waveforms. Therefore, phase and amplitude could be 
used as evaluation functions of the acoustic FWI. 
Fig. 2(c) and Fig. 3 show the results of the acoustic FWI. 
The acoustic FWI detects the high-velocity trend of the 
hydrate reservoirs included in the true velocity model in 
the range of about 200 m laterally from the Hydrate-01 
in Fig. 2 and Fig. 3.

Fig. 4:  Shot gathers. (a)(b) Geophone waveform of X and Z components using acoustic forward modeling. (c) Geophone 
waveform of radial component by rotating (a) and (b) to the cable direction. (d) Hydrophone-equivalent waveform 
by reversing the polarity of the upgoing wavefield in (c). (e)Hydrophone waveform (for comparison, not used).

Hydrophone Geophone DAS

Measured physical quantity Pressure Particle velocity Strain rate

Directionality for angle of inci-
dence (θ) on seismic signal

1 cos (θ) cos2 (θ)

Polaroty of upgoing and doun-
going wabefield

Same Opposite Same

Schematib image of receiber 
response

Table 1: Characteristics of receivers
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Conclusions

The pressure-equivalent waveforms corresponding to the 
predicted waveforms of the acoustic FWI were created 
using conversion processing from the geophone wave-
forms synthesized by acoustic forward modeling. The 
acoustic FWI using amplitude and phase for DAS-VSP 
data was successfully performed by applying individual 
source inversion. As a result, the high-velocity trend of 
the methane hydrate reservoirs around Hydrate-01 was 
detected by the acoustic FWI. Therefore, we conclude 
that acoustic FWI is feasible for the DAS-VSP data.
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Introduction

As a part of the preparations for a long-term methane 
hydrate production test on the North Slope of Alaska, a 
stratigraphic test well (Hydrate-01) was drilled at the test 
site, and the occurrence of two highly saturated methane 
hydrate-bearing sand layers (B and D hydrate reservoirs) 
below the permafrost was confirmed in 2018. In 2019, 
three-dimensional (3D) vertical seismic profile (VSP) 
data were acquired with distributed acoustic sensing 
(DAS) using the fiber optic cable installed behind the 
casing of Hydrate-01[1]. Although a long-term production 
test is still under preparation, JOGMEC has been investi-
gating the feasibility of using acoustic full waveform 
inversion (FWI)[2] to analyze DAS-VSP data for monitor-
ing the gasification of methane hydrate during a produc-
tion test. This report mentions the applicability of 
acoustic FWI to the field DAS-VSP data.

Contents

1. Pre-processing
Although DAS-VSP data were acquired with a 3D shoot-
ing layout on the surface, two-dimensional (2D) acoustic 
FWI was carried out for this study, which has a relatively 
low computational cost and allows many parameter tests. 
The projection line for 2D FWI is defined to be almost 
consistent with a well path of Hydrate-01. Eighty-three 
sources which fall within ± 5-degree azimuthal ranges 
from the projection line were used.
As the original output of the DAS data was in the strain 
rate domain, the DAS-VSP acquisition contractor con-
verted the strain rate domain data into the particle veloc-
ity domain data (geophone-equivalent data) in the 
direction along with the optical fiber to compare with the 
surface seismic data. These geophone-equivalent data 
were used for this study. Acoustic FWI is suitable for a 
scalar wavefield of pressure data which contains only 
P-waves. Therefore, we pre-processed the geo-
phone-equivalent data to make it close to pressure data 

by removing S-waves and reversing the polarity of 
up-going waves. Although the pre-processed data were 
not perfectly equivalent to pressure data, we used this 
pre-processed data as input data for practical acoustic 
FWI application.

2. Application of acoustic FWI to field data
FWI is a method to update subsurface elastic models, 
thereby producing estimated waveforms that mimic 
observed waveforms. An initial velocity model for FWI 
was built by horizontally extending a one-dimensional 
P-wave velocity model mainly based on a sonic log of 
Hydrate-01.
Numerous FWI tests with various parameters were con-
ducted, and we finally selected the parameters that stabi-
lized the inversion. The key elements to improve the 
FWI results were adoption of logarithmic phase-only 
residual that does not use amplitude information for 
objective function, a gradual broadening of the frequency 
range to 100 Hz by iteration, limitation of the data traces, 
and limitation of the velocity update area using a mask. 
Especially, adopting the logarithmic phase-only residual 
for the objective function was the most important point 
to stabilize the analysis results.
The velocity structure pattern around the Hydrate-01 of 
the estimated P-wave velocity model is consistent with 
the sonic log (Fig. 1). However, the absolute value of the 
high-velocity layer is lower than the sonic log. Further-
more, the high-velocity layer of the B hydrate reservoir 
cannot be fully detected. These might be caused by the 
disuse of amplitude for the objective function.
Fig. 2 shows cross sections of the initial velocity model, 
FWI result, and difference between them. The difference 
section indicates that the width of the updated area 
around the well is approximately 400~600 meters later-
ally at the target level.



196

Part 4  Ⅰ. Geological and geophysical technology  2. geophysics

Conclusions and Future Work

We applied acoustic FWI to the pre-processed field data 
with the parameters that stabilize FWI and verified acous-
tic FWI performance for DAS-VSP data. Then, we con-
firmed that acoustic FWI would be effective for DAS-VSP 
data, although, the high-velocity layer of the B hydrate 
reservoir seen in the sonic log cannot be fully detected. 
These might be caused by the disuse of amplitude infor-
mation for the objective function. The fundamental factor 
is a physics mismatch in nature between DAS data as 
input and modeled data in acoustic FWI, which makes 
objective function limited. We are currently considering 
the code development of the FWI application to DAS 
data, and planning to utilize the results of this study.
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Introduction

Fujimoto et al. (2022)[1] and Kitawaki et al. (2022)[2] have 
studied the application of FWI (Full Waveform Inver-
sion) to DAS (Distributed Acoustic Sensing) -VSP (Ver-
tical Seismic Profile) data acquired in a long-term 
menthane hydrate production test site on the North Slope 
of Alaska. In the studies, DAS data were converted to 
pressure-equivalent data, following which an acoustic 
FWI was applied considering the future development of 
a new FWI code that can handle the observed DAS data. 
In this study, we aimed to study the expansion to the new 
FWI code development. Therefore, we attempted to 
reproduce the observed DAS data using synthetic wave-
forms computed using 2D elastic wavefield simulation.

Contents and Results

1. Data preparation
The 2D line for the elastic wavefield simulation was set 
along the deviation direction of the stratigraphic test well 

(Hydrate-01) drilled at the long-term menthane hydrate 
production test site. Fig. 1 shows the source and receiver 
positions. The receiver positions (black line in Fig. 1) 
were set at 1 m intervals in Hydrate-01 (979 receivers). 
The source position (black square in Fig. 1) was set 78 m 
away from the wellhead. The two-dimensional elastic 
property model was built in two steps. Firstly, 1D models 
of P-wave velocity, S-wave velocity, and density were 
made mainly from sonic and density log data acquired at 
Hydrate-01. Secondly, these 1D models were expanded 
laterally. As an example, the 2D P-wave velocity model 
is shown in Fig. 1. The source wavelet was extracted by 
stacking the observed waveforms around the first break.

2. Synthesis of DAS data
For DAS data (one component strain rate data along the 
optical fiber cable) synthesis (Fig. 2), a 2D elastic wave-
field was firstly computed on the 2D P-wave velocity 
model with the prepared source wavelet using a Mada-
gascar code[3] (fdmod.ewefd2), which employs a finite 
difference method. At the receiver positions, the 

Fig. 1:  Survey geometry and P-wave velocity model used for DAS data synthesis. The black line shows 
well trajectory (Hydrate-01) with DAS installed and the black square represents source location.
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wavefield becomes the particle velocity data of X and Z 
components. Because the DAS fiber cable measures the 
strain rate along the optical fiber cable, the particle 
velocity data along the cable was created using rotating 
particle velocity data of the X and Z components. Then, 
the rotated particle velocity data was differentiated by 
multiplying by ik in the FK (frequency-wavenumber) 
domain to obtain the strain rate data. To add the gauge 
length effect of DAS measurement, the strain rate data 
was multiplied by sinc (kL/2) (k: wavenumber, L: gauge 

length) in the FK domain, as reported by Sayed et al. 
(2020)[4], and finally, the DAS response was reproduced.

3. Comparison with field data
Fig. 3 represents the comparison between the DAS shot 
gather synthesized as above and the observed one. √t was 
multiplied with the observed data to compensate for the 
3D geometrical attenuation effect, as the DAS data syn-
thesis was computed in the 2D domain. The synthetic 
data seems to reproduce the first arrivals of P- and 

Fig. 2: Schematic for DAS data synthesis

Fig. 3: Comparison of (a) synthetic DAS data and (b) field DAS data
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S-waves and major reflected waves (red arrows in 
Fig. 3(a)), despite several discrepancies from the actual 
situation, e.g., the input model, source wavelet, and 
attenuation effect. The artifact prior to the first arrival 
presented in Fig. 3(a) came from the elastic wavefield 
simulation, and therefore, the simulation needs to be 
improved.

Conclusions and Future Work

Through the 2D elastic wavefield simulation and subse-
quent conversion processing, the resultant synthetic DAS 
data showed similar features with the DAS-VSP data 
acquired in the long-term menthane hydrate production 
test site. The positive results were obtained to develop 
the new FWI code which can handle the DAS data.
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Introduction

Since 2012, JOGMEC has been developing an Accu-
rately Controlled, Routinely Operated Signal System 
(“ACROSS”) for oil/gas reservoir monitoring. An 
ACROSS demonstration test has been ongoing at the 
Aquistore CO2 storage site near Estevan in southern Sas-
katchewan since 2014 (Fig. 1(a))[1][2]. Injection of CO2 
started in 2015, and the total injection volume was at 
~445 kilotonnes by July 2022, with sustained injection 
rates of 400 tonnes/day. The storage reservoirs are Dead-
wood formation and Black Island Member, Winnipeg 
formation. The porosity of the reservoir sandstones 
ranges from 4 to 17%. A fiber optic cable, approximately 
150 m from the injection well, was permanently installed 
behind the casing of the observation well and reached 
2,850 m MD. However, this cable does not extend down 
to the reservoir level (~3,300 m MD), which limits the 
imaging area (Fig. 1(b)). Although ACROSS was ini-
tially operated near the observation well, it was moved to 

a location approximately 750 m away from the observa-
tion well in 2016 to avoid the effects of surface wave 
noise. Subsequently, we acquired the vertical seismic 
profile (VSP) data with the fiber optic cable behind the 
casing in December 2016 (injection volume: 104 kilo-
tonnes, baseline survey), March 2018 (injection volume: 
141 kilotonnes, monitor No. 1 survey), April 2019 (injec-
tion volume: 197 kilotonnes, monitor No. 2 survey), and 
January 2020 (injection volume: 272 kilotonnes, monitor 
No. 3 survey.
DAS recording data with a fiber optic cable are output in 
the strain rate domain in the direction of the cable due to 
the measurement principle. Although previous VSP pro-
cessing was performed in strain rate domain, we con-
verted the strain rate data into particle velocity domain 
and performed unified VSP processing for four data vin-
tages in the fiscal year (FY) 2021 to compare with the 
well synthetic and other seismic data in the same domain.

Fig. 1:  (a) Locations of observation well, injection well, and ACROSS unit at the Aquistore CO2 storage site[2], 
(b) cross section of acquisition geometry and zone of specular illustration.
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Contents

1.  Processing of migrated VSP sections and 
comparison with the synthetic seismogram of the 
injection well

Following the established data processing workflow for 
strain rate domain data[2], ACROSS signal processing, 
data matching (to correct the amplitude level and global 
phase based on the baseline data), VSP data processing, 
and time-lapse noise suppression were applied. In the 
offset VSP processing, both post-stack time migration 
(post-STM) and pre-stack depth migration (RTM: reverse 
time migration) were performed. Fig. 2 shows the com-
parison between the migration cross sections of the base-
line survey acquired in 2016 and the synthetic 
seismogram of the injection well. Note that the RTM 
cross section was converted from depth to time domain 
with the same velocity model used for migration. Com-
paring the cross sections of Post-STM and RTM, RTM 
has a better signal to noise ratio, but post-STM is more 
consistent with the synthetic seismogram of the injection 
well. RTM, being a highly accurate migration algorithm, 
is significantly sensitive to velocity errors[3]. One of the 
reasons might be that both migrations use the same 
velocity model which is not optimized for RTM (for 
example, the study by Wu et al.[4]). The pre-stack migra-
tion process can be improved, and analysis is ongoing.

2.  Evaluation of seismic response changes through 
time lapse analysis

Based on the baseline survey acquired in 2016, a time-
lapse analysis was conducted to compare with monitor 
No. 1-3 surveys. In addition to the difference between 
migration cross sections, the repeatability indices of nor-
malized root mean square (NRMS) and predictability 
(PRED) were calculated to evaluate the seismic response 

changes between baseline and monitor No. 1-3 surveys 
data. NRMS below 20% and PRED above 90% are said 
to indicate high repeatability[5][6].
Fig. 3 shows the difference, NRMS, and PRED cross 
sections between baseline and monitoring No. 1-3 sur-
veys for post-STM. The noise level of monitor No. 1-2 
surveys is higher than that of the monitor No. 3 survey. 
This is because the ground condition of the source side 
had changed depending on the season. From December 
to February, the temperature in the site is near freezing 
even during the daytime, and the ground is frozen, while 
the temperature rises from March to April, and the 
ground is melting. Anomalies are identified near the 
upper Deadwood layer in the NRMS and PRED cross 
sections. The anomalies may be a sign of the seismic 
response changes associated with CO2 injection, which is 
consistent with the analysis results of 3D seismic data 
acquired at the site[7]. A strong edge anomaly can be 
observed at the end of the NRMS section for monitor 
No. 3 survey on the injection well side. This is because 
the decrease of valid receivers in a survey by survey, 
which is possibly affected by the deterioration of the 
fiber, narrowing the specular illustration.
Fig. 4 shows difference, NRMS, and PRED cross sec-
tions between baseline and monitor No. 1-3 surveys for 
reverse time migration. There are almost no differences 
between monitor No. 1 to 3 surveys, and the noise level 
is uniformly low. Anomalies can be seen at the same 
location on NRMS and PRED cross sections, but they 
are also far from the injection well and the possibility of 
noise influence must be considered. As was mentioned in 
the comparison with the synthetic seismogram of the 
injection well, there is room for improvement in the pre-
stack migration process, and we still have been trying to 
consider other pre-stack migrations and evaluating the 
validity of the seismic response changes.

Fig. 2:  Migration cross sections: (a) post-stack time migration and (b) reverse time migration in comparison with a 
synthetic seismogram of the injection well.
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Fig. 3:  Time lapse analysis results between baseline and monitor No. 1-3 surveys for post-stack time migration: 
(a)(b)(c) difference, (d)(e)(f) normalized rood mean square, (g)(h)(i) predictability.

Fig. 4: Time lapse analysis results between baseline and monitor No. 1-3 surveys for reverse time migration: 
(a)(b)(c) difference, (d)(e)(f) normalized rood mean square, (g)(h)(i) predictability.
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Conclusions and Future Work

We processed four vintages of baseline and monitor No. 1-3 
surveys in the particle velocity domain according to the 
established data processing workflow. The repeatability 
indices were calculated to evaluate the seismic response 
changes compared to baseline survey data. Anomalies 
are identified near the upper Deadwood layer in NRMS 
and PRED cross sections. The anomalies may be a sign 
of seismic response changes associated with CO2 injec-
tion. We are continuing attempts to improve the process-
ing sequence, including the application of pre-stack 
migration, and to evaluate the validity of the seismic 
response changes.
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Development and Production Technology

We provide technical support to Japanese upstream com-
panies, focusing on addressing various technical issues 
such as “Drilling and Completion,” “Geomechanics,” 
“Production and Reservoir Engineering,” and “Offshore 
Development.” Most of the services are related to the 
technical issues faced in the field operation; simultane-
ously, we are tackling the conventional technical issues 
in the development technology field.

In recent years, we have been focusing on the areas of 
“Improvement of drilling and production trouble” and 
“Well and facility integrity management in production 
operations.” In addition, we have continued working on 
“Automation of drilling technology” and “Optimization 
of production operations” by applying digital technology 
in the field.

As in other fields, our activities in FY2021 were affected  
by the Covid-19 pandemic, and were subject to various 
restrictions. However, the plan was reviewed and modi-
fied as necessary for achieving the objectives.

〈Drilling and Completion〉
As an initiative for safe and stable operation, we contin-
ued to implement well integrity management. Based on 
the well management manual formulated in FY2019 for 
the safe management of the two research wells in the 
Kashiwazaki test field, the necessary work was conducted 
as “Integrity management for research wells in JOGMEC 
Kashiwazaki test field” (see Details II-1-② ). In addition, 
we are also collaborating with a Japanese upstream com-
pany who is aware of the importance of Well Integrity 
Management. With the aim of utilizing the software 
developed in FY2020 in the actual operation sites, neces-
sary improvement was carried out as “Enhancement on 
user interface of well integrity management system soft-
ware “Well Alert J” in FY2021 in cooperation with JX 
Nippon Oil & Gas Exploration Co. Ltd” (see Details II-1-
⑤ ).

To improve the efficiency of drilling operation, we con-
tinue to participate in the “RAPID (Rig Automation and 
Performance Improvement in Drilling) Consortium” 
managed by the University of Texas (UT). From the vari-
ous research activities of UT, we are collecting informa-
tion on the operational issues presented by the 
participating companies; we are also working on the two 

themes related to the failure in prediction of drilling 
equipment using machine learning (see Details II-1-③ ).

Utilizing the “Open lab” system, which is a scheme for 
contributing to solve the problems by utilizing the exper-
imental equipment owned by JOGMEC, a full-scale 
experiment was carried out in the Kashiwazaki test field 
as “Research on hole cleaning ability using biodegrad-
able fibers.” An experiment was conducted in collabora-
tion with the Kaneka Corporation and Akita University 
to verify the efficiency of the polymer fibers as drilling 
mud additives to enhance the hole cleaning efficiency 
during drilling (see Details II-1-④ ).

In addition to these, as an effort to reduce drilling costs, 
we have started “A study on collapse strength of worn 
casings,” which is interested in considering the strength 
reduction of the casing used during drilling. In FY2021, 
we conducted a preliminary study to observe the trend of 
strength reduction by numerical calculation, while also 
designing the experimental plan on the collapse strength 
measurement using experimental machine scheduled in 
FY2022 (Details II-1-① )

〈Geomechanics〉
As technical support for safe operation of Japanese 
upstream companies, from the viewpoint of geomechan-
ics, we continued to work on dealing with drilling and 
production issues.

As a measure to control ground subsidence in the domes-
tic production field of water-dissolved natural gas, “Study 
on enhanced gas production with mitigating land subsid-
ence in water-dissolved natural gas field” was conducted 
with the Environmental Technology Research Associa-
tion for Natural Gas Dissolved in Water in a five-year 
plan from FY2018. In FY2021, which was the 4th year, 
we continued to acquire some parameters related to for-
mation deformation in the field test by injecting produced 
water to the shallow layer, which was started in the 
FY2020. In addition, we also carried out simulation work 
to assess the environmental impacts and prediction of 
deformation behavior (see Details II-2-② ).

In addition, we continued to jointly conduct the “Study 
on sand production prediction in the domestic mature oil 
field” with Japan Petroleum Exploration Co., Ltd. 
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(JAPEX) (see Details II-2-④ ). In FY2020, we have 
focused to seek a relevant workflow for evaluating sand 
production under limited data condition. In FY2021, we 
conducted rock mechanical testing using samples 
obtained in the offset fields, then applied the testing 
results for improving sand production evaluation. More-
over, we continued the trial of applying AI technology 
(machine learning) for sand production evaluation.

In FY2021, we have also started two new projects. The 
first is a study on “Rock mechanical anisotropy of over-
burden shale rock in Ichthys field,” which was conducted 
with INPEX CORPORATION. for mitigating the drilling 
trouble in shale formation above the reservoir (see Details 
II-2-③ ). Samples suitable for mechanical testing were 
prepared from a fragile shale sample, following which 
parameters for mechanical anisotropy were acquired. The 
existing geomechanical model is being updated by utiliz-
ing the acquired testing data for the future drilling pro-
gram.

The second is an activity on “Characterization of 
mechanical properties using drilling cuttings for caprock 
integrity evaluation in a CCUS project” for establishing a 
mechanical evaluation method in the field which had no 
available core sample (Details II-2-① ). In FY2021, we 
started this study with JAPEX as “Open lab” project, tar-
geting the improvement of estimating parameters related 
to the formation elastic properties using drilling cuttings.

〈Production and Reservoir Engineering〉
In addition to dealing with production issues, we have 
continued the basic research for improving the accuracy 
of reservoir evaluation. Furthermore, we are continuing 
to work on solving problems at the oil stockpiling base.

In “Study on utilizing pore-scale visualized data to pre-
dict asphaltene formation damage,” we conducted a 
study based on the information on visualization of 
asphaltene deposition status acquired by experiments 
during FY2020 (Details II-3-① ). To estimate the effect 
of asphaltene deposition on the reservoir properties, we 
examined the work flow to be reflected in the input 
parameters to the reservoir simulation.

Along with asphaltene, we are continuing to study on 
emulsions that can cause production failures. We con-
ducted “Experimental study to prevent emulsion formation 
in crude oil production and stockpiles” to clarify the emul-
sion stability mechanism. (Refer to each theory II-3-③ ). 
By FY2020, the parameters that contribute to the stability 
of the emulsion were extracted. In FY2021, the stability of 
the emulsion was tested based on experimental results 
using the crude oil in cooperated with the stockpiling 
department.

Moreover, in collaboration with the CSIRO, an Austra-
lian federal research institute, we are continuing to work 
on digital core analysis technology. In the joint study 
started in the FY2020, “Upscaling permeability model 
from digital rock images” was carried out (see Details 
II-3-② ). To apply the permeability information of the 
pore scale to a larger scale, we are employing a method 
applying AI technology (deep learning).

〈Offshore Development〉
In the field of offshore development, we continued to 
work on the challenge for integrity management of pro-
duction facilities at operational sites. In addition, we are 
conducting an ice study to apply to field development in 
ice-covered sea.

We are continuing the challenge on integrity management 
for offshore production and oil export facilities as “Col-
laborative study of the asset integrity management 
system for an offshore oil and gas development in Abu 
Dhabi, United Arab Emirates” with Abu Dhabi Oil Co., 
Ltd. (Details II-4-① ). We have been studying integrity 
evaluation methods and monitoring techniques for oil 
export facilities. In addition to these, in FY2021 we built 
a management system for the necessary maintenance 
work for integrity management of production facilities.

Following the ice study conducted in FY2019, the “Ice 
study for oil and gas development in the Arctic region” 
was conducted in FY2021 (see Details II-4-② ). We had 
focused on the ice concentration (ice-covered area) in the 
FY2019 study. In FY2021, we added the ice thickness to 
the study contents and analyzed recent ice trends.
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(1) A study on the collapse strength of worn casings
OIKAWA Atsushi, SATO Ryosuke, and KITAMURA Ryuta

Term: FY 2021

Introduction

A trend survey on “Engineering Study on Casing Wear 
Considerations for Optimal Well Design” was conducted 
in the fiscal year 2018 to investigate past studies on 
casing wear, evaluation methods of casing wear, the 
effect on the collapse strength of worn casings, and so 
on[1]. The trend survey revealed that the collapse pressure 
of casings with an internal crescent worn shape might be 
a conservative value using the American Petroleum Insti-
tute (API) formulas, which were established based on 
various experimental data[2].

Therefore, JOGMEC has been planning “A study on the 
collapse strength for worn casing” (hereinafter referred 
to as “the Study”) to evaluate the effect on the collapse 
strength of a worn casing with crescent-shaped wear, 
which is a comparative study with the results of full-
scale casing collapse tests and finite element method 
(hereinafter referred to as FEM) analysis. In FY2021, 
part of the FEM analysis was conducted in advance.

Contents and Results

The collapse pressure for a worn casing with uniform 
wear was calculated using the API formula, classified by 
the ratio of the outer diameter (D) of the casing to the 
wall thickness (t) of the casing (D/t) and the casing 
grade. However, the collapse pressure for the worn 
casing with crescent-shaped wear is calculated based on 
the assumption that the casing wall thickness has 
decreased uniformly over the entire surface, thus the col-
lapse pressure calculated using the API formula might be 
conservative (Fig. 1).

If the expected collapse pressure based on the API for-
mula is found to be lower than the required casing per-
formance, the casing cost would increase because thicker 
and heavier casing would be required. In some cases, it 
may be possible to mobilize a larger drilling rig that can 
handle heavy casing strings, which may have a signifi-
cant impact on the drilling cost.

The specification outline of this study is as follows:
⃝�The collapse pressure of a worn casing with cres-

cent-shaped wear is measured using a full-scale casing 
collapse test.

⃝�FEM analysis is performed, and the validity of its 
results is measured by comparing them with those of 
both the casing collapse test and FEM analysis.

⃝�An additional FEM analysis for uniform wear cases, 
which is the concept of API, is conducted and com-
pared with the FEM results and API calculations.

The preliminary FEM analysis of FY2021 indicated that 
the analytical value of the casing collapse pressure with 
crescent-shaped wear was possibly higher than the value 
calculated using the API formula.

1.  Specifications of collapse pressure measurement for 
worn casing by casing collapse test

The casing collapse test procedure is as follows (Fig. 2):
⃝�Fabricate test specimens from casings.
⃝�Create a worn profile (crescent-shaped wear) on the 

inner surface of the test specimens.
⃝�The casing collapse pressure is measured with the test 

specimens by a casing collapse test by applying 
hydraulic pressure from the outside of the test speci-
mens to collapse them.

The casing specifications used in the casing collapse test 
are listed in Table 1.

Assuming that the worn profile on the inner surface of 
the casing is created owing to the continuous contact 
between the 7” OD tool joint of the drill pipes and the 
casing (Fig. 3) and has 4 types of wear ratio (Table 2), 

Fig. 1: Cross-sectional view of the worn casings
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casing collapse tests are planned to be conducted on a 
total of eight (8) cases with 2 different sizes of casings 
and 4 worn profiles.

2. Specifications of FEM analysis
The FEM analysis procedure is as follows:
⃝�Construct three-dimensional analytical models for 

casing collapse test cases (eight cases) using actual 
dimensional measurement data. 

⃝�Conduct FEM analysis until the casing collapses.
⃝�The results of the FEM analysis are validated by com-

paring them with the results of the casing collapse test.
⃝�Additional FEM analysis for uniform wear cases to be 

conducted (Table 3), which is the concept of API, is 
compared with the FEM result and API calculation.

Conclusions and Future Work

The specifications of this study are introduced in this 
article. The effect of the casing wear profile on the col-
lapse strength is evaluated using the results of both full-
scale  casing col lapse tes ts  and FEM analysis .
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Fig. 2: Casing collapse test process with worn casing.

Fig. 3: Wear shape diagram

  

 

Table 1: Specifications of casing used in the study

OD (inch) Weight (lbs/ft) Grade Length

9-5/8 43.5～58.4 L80 or N80 Range 3

13-3/8 54.5～68.0 J55 or K55 Range 3

Table 2: Casing wear geometry for the casing collapse test

OD (inch) Worn profile
Wear ratio:

Wear depth/Wall thickness

9-5/8 Crescent shape 0% (no wear) 10% 20% 30%

13-3/8 Crescent shape 0% (no wear) 10% 20% 30%

Table 3: Casing wear geometry for FEM analysis

OD (inch) Worn Shape
Wear ratio: 

Wear depth/Wall thickness

9-5/8
Crescent shape 0% (no wear) 10% 20% 30%

Uniform wear 10% 20% 30%

13-3/8
Crescent shape 0% (no wear) 10% 20% 30%

Uniform wear 10% 20% 30%
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(2)  Integrity management for research wells in  
JOGMEC Kashiwazaki test field

NOGUCHI Masaki, SUZUKI Manabu, SATO Ryosuke, and KITAMURA Ryuta

Term: FY 2018-2021

Introduction

Five research wells have been drilled in JOGMEC’s Kashi-
wazaki test field (KTF); three of them have already been 
abandoned, and two (RW-2 & RW-4) remained inactive.

JOGMEC has prepared a manual for WIMS (Well Integ-
rity Management System) and has been managing those 
two wells as per the manual.

From FY 2019 to FY 2020, the WIMS software (Well 
Alert J) was developed specifically for those two wells in 
KTF. In FY2021, pressure sensors were installed on each 
well and connected to Well Alert J, and a continuous 
monitoring system was established and put into operation.

Contents and Results

1. Set up for Well Alert J
In FY2021, digital pressure sensors and wireless commu-
nication modules were installed on RW-2 & RW-4 and 
connected to Well Alert J to establish a continuous moni-
toring system for each well.

Fig. 1 shows pressure sensors installed on RW-2. The 
pressure sensors continuously measure the casing-internal 
pressure and casing-annulus pressure of each well, and 
wirelessly transmit the data to the Well Alert J server 
located in the KTF office. This server is configured as an 

Internet Information Service; therefore, the data can be 
accessed via Well Alert J from any device connected to 
the JOGMEC network.

This system enables us to continuously observe and 
record well pressure data, regardless of weather condi-
tions. This system is very effective in areas such as KTF, 
where access to the wells is difficult due to heavy snow 
and/or hard weather in winter.

Fig. 2 shows the monitoring screen of Well Alert J. The 
screen is designed to display the current well status and 

Fig. 1: Pressure sensors on RW-2.

Fig. 2: Well Alert J monitoring screen.
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recent pressure behavior. Well Alert J also has a threshold 
function that alerts the operator to any abnormalities in 
the monitored values with on-screen colors and alarms.

In addition, Well Alert J has another function to upload/
store drilling plans, drilling reports, and other related 
information of each well into the database, and record 
routine works such as inspection, maintenance, and 
repair. This allows the operator to immediately access the 
necessary information when an unscheduled event 
occurs, providing powerful assistance in understanding 
the situation and considering countermeasures.

2. Other Maintenance Work
The WIMS manual was formulated and put into opera-
tion in FY2020. In FY2021, maintenance work, such as 
pressure test and greasing of the wellhead valves, were 
conducted in accordance with the manual.

Well Alert J can set up work schedules for such mainte-
nance work, and automatically alert the operator when 
the due date approaches, thereby effectively preventing 
human errors, for example, forgetting to perform inspec-
tions. By accumulating such maintenance records in Well 
Alert J, the history of each well from the time of well 
construction to the present can be easily reviewed, con-
tributing not only to early detection of abnormalities, but 
also proactive measures to prevent them.

Conclusions and Future Work

In FY2021, pressure sensors were installed on two research 
wells in KTF, and a continuous monitoring system using 
Well Alert J was established.

We would like to improve the functions of Well Alert J 
and become proficient in its operation and practical man-
agement.
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(3) JOGMEC’s research projects in RAPID consortium
SATO Ryosuke, OIKAWA Atsushi, TAKEDA Tetsuaki, ABE Shungo, and KITAMURA Ryuta

Term: FY 2021-2022
Collaborative Researcher: University of Texas at Austin

Introduction

Recently, research activities for employing technologies 
such as AI (Artificial Intelligence) or IoT (Internet of 
Things) in the oil and gas E&P industries have been 
actively carried on worldwide. Since 2019, JOGMEC has 
participated as a sponsor in the RAPID (Rig Performance 
Improvement in Drilling) consortium, which is for drill-
ing technology automation led by the University of Texas 
at Austin (UT), to know the research activities of the 
other sponsors in the consortium (Fig. 1). In addition, 
JOGMEC has 2 research projects (predicting failures of 
mud pumps or mud motors using machine learnings) in 
RAPID to improve the efficiency of drilling operations 
using digital technologies. Below are the examples of 
research projects in RAPID which are led by sponsors 
other than JOGMEC:
　・Advances in Drillstring Dynamics Modeling
　・Real-Time Bit Pull Criterion
　・Advanced Downhole Temperature Modeling
　・Downhole Heat Management using Machine Learning
　・Automated Mud Monitoring and Mixing
　・Advances in Bit Image Processing

Contents and Results

Currently, JOGMEC has 2 research projects in RAPID. 
The objectives of these projects are to predict failure or 
malfunction of drilling equipment by analyzing the data 
obtained from sensors and to calculate the expected 
cumulative damage using machine learning. One is for 
mud pumps as surface equipment, while the other is for 
mud motor as a downhole tool. Details of these projects 
are given below.

1.  Condition Based Maintenance (CBM)  of Mud 
Pumps

In general, the essential components of mud pumps such 
as liners, pitons, valves, and seats, are serviced regularly 
based on the concept of Time Based Maintenance (TBM). 
However, TBM does not consider the actual life of 
equipment. Therefore, the equipment may fail prema-
turely before scheduled servicing time or servicing could 
be performed prematurely despite adequate residual life 
of the equipment.

The objective of this project is to optimize the servicing 
time of mud pumps by applying the concept of CBM, 
which is to accurately predict the remaining life of an 

Fig. 1: RAPID sponsors in 2022
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equipment using digital technologies such as IoT or AI. 
Particularly in this project, the goal is to develop the 
system which can suggest the optimum timing of service 
by calculating and predicting the cumulative damage on 
valves or pistons using machine learning. The system 
analyzes the acoustic and vibration data, which are con-
tinuously obtained from the acoustic emission sensors 
and accelerometers put on the mud pumps, respectively. 
The system has been developed by UT and could accu-
rately predicting damage on valves and pistons from lab-
oratory test using miniature pumps (Fig. 2). As a next 
step, data collection at actual drilling site in the US is 
planned to evaluate the accuracy of the system using 
actual data from mud pumps during the drilling opera-
tions. In parallel, JOGMEC is also planning data acquisi-
tion at domestic drilling site in Japan to evaluate the 
effectiveness of the system with UT.

2. CBM of Mud Motor
The objective of this project is to predict the failure of 
mud motor using the concept of CBM. The reason for 
this project was that in the field development project 
where the Japanese company operates, mud motors failed 
frequently while drilling wells. As a first step, the drilling 
data (weight on bit, differential pressure on mud motor, 
drilled footages) of wells in which mud motor failure 
happened was analyzed, and some events (number of 
motor stalls, number of rotary and sliding transitions, 
duration of back reaming.) are identified, which were 

assumed to be highly related with mud motor failures. 
Then, contribution factors for mud motor failure are cal-
culated by statistical processes and are further used for 
calculating the estimated cumulative damage on mud 
motors by machine learning. The algorithm is currently 
under development. Upon developing the algorithm, ver-
ification will be carried out by using provided data from 
the Japanese company. The field trial at the actual drilling 
site will be considered if the algorithm shows enough 
accuracy for predicting damage on mud motor.

Conclusions and Future Work

Currently, JOGMEC has 2 in-progress research activities 
in RAPID. As was mentioned, the system verification 
test of mud pump failure prediction is planned using data 
which will be recorded at the actual drilling site. On the 
other hand, the algorithm of the mud motor failure pre-
diction system is currently under development, and the 
field trial at the actual drilling site will be considered if it 
shows enough accuracy in failure prediction using the 
drilling data provided by the Japanese company.

JOGMEC will continue working on the research activi-
ties in RAPID to improve the drilling efficiency by 
incorporating digital technologies. In addition, JOGMEC 
will continue observing the research activities or trends 
of the other sponsors in RAPID.
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(4) Research on hole cleaning ability using biodegradable fibers
IKEDA Kenji, SUZUKI Manabu, SATO Ryosuke, and KITAMURA Ryuta 

Term: FY 2020-2021
Collaborative Research: KANEKA Co., Ltd and Akita University

Introduction

In the riser-less section of deep-water drilling, seawater 
is commonly used as drilling fluid; however, seawater 
does not have sufficient capability in cutting transport 
due to its low density and viscosity. Under such condi-
tions, the hole cleaning capacity is significantly reduced 
and the risk of drilling problems, for example stuck 
pipes, is increased. High viscous pills are pumped to 
improve the efficiency of hole cleaning; however, the 
pills are discharged into sea after pumping them out from 
the well and they harmful to the environment. Therefore, 
polyolefin fibers have been considered, which are com-
mercially available, and can be used as an additive for 
increasing the cuttings carrying capacity while maintain-
ing the mud density and viscosity. However, the use of 
fiber is not recommended in the riser-less section 
because it is non-biodegradable and must be collected 
and disposed. To overcome this problem, the biodegrad-
able material produced by the Kaneka Corporation 
(Kaneka) is currently under consideration, because it can 
be easily degraded in seawater. This can be advantageous 
from an environmental point of view. Therefore, this 
study was begun to confirm the effectiveness of the bio-
degradable fiber as an additive to drilling fluid.

CTFLS (Cuttings Transport Flow Loop System), which 
is owned by JOGMEC, was used to evaluate the behavior 
of drilling fluid and cuttings in the wellbore and the 
capability of cuttings transport with the fiber-added fluid. 
CTFLS is an experimental facility that simulates a well-
bore for observing the behavior of drilling fluid and cut-
tings during well drilling, and it is suitable for verifying 
the transport capability of the fiber-added drilling fluid. 
In FY2019, JOGMEC, Kaneka, and Akita University 
conducted a fluid circulation test using the CTFLS to 
evaluate the applicability of the biodegradable fiber-
added drilling fluid in the joint research project. The 
fiber was confirmed to cause mechanical friction to 
improve the cuttings transport capability.

In FY2021, Kaneka and Akita University compared the 
cuttings transport capability of drilling fluid using com-
mercialized conventional fiber, which is not biodegradable, 
with that of the biodegradable fiber-added drilling fluid.

Contents and Results

The cuttings transport capability was evaluated through a 
fluid circulation test using CTFLS, analyzing the cuttings 
behavior and transport velocity in the annulus.

Fig. 1: Schematic of CTFLS (Cuttings Transport Flow Loop System).
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The annular test section of CTFLS shown in Fig. 1 simu-
lates a wellbore. The total length of the test section is 9 
m, and the 1 m section at the center is used as the mea-
surement section. Drilling fluid is mixed in mud tank and 
return tank while heating in the return tank. Thereafter, 
the cuttings transport behavior can be observed at the 
measurement section while circulating the drilling fluid 
with fiber through the test section and adding solids, 
which simulates cuttings from the bottom of annular test 
section. These procedures are conducted for each fluid 
condition respectively to evaluate how the cuttings trans-
port capability changes depending on the differences in 
viscosity and fiber content. The experimental conditions 
are shown in Table 1. As for the conditions of the evalu-
ation test in FY2021, only the type of fiber is changed 
from the experiments in FY2019 when using biodegrad-
able fiber.

To carry out a quantitative evaluation, cuttings transport 
behavior was recorded using a camera at the section 
where the flow state was stable, and video data analysis 
(PIV: Particle Image Velocimetry) was performed at 
Akita University. The transport behavior and velocity of 
the cuttings in each fluid could be quantitatively evalu-
ated from the experimental results in FY2019. Therefore, 
similar results were expected to be obtained from the 
experimental results in FY2021.

Conclusions and Future Work

Regarding the biodegradable fiber, the cuttings transport 
capability can be improved if it is added in the drilling 
fluid; if the efficiency in cutting transport is the same as 
or higher than that of the conventional fiber, the biode-
gradable fiber has an advantage from the environmental 
point of view.

In addition, as a result of hearing survey to E&P compa-
nies regarding the usage of the biodegradable fiber, 
application as LCM (Lost Circulation Material) was also 
suggested. JOGMEC expects to improve the drilling effi-
ciency by providing the developed technologies to Japa-
nese E&P companies. 
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Table 1: Conditions of annular test section

Inner diameter in 5

Drill pipe diameter in 2

Eccentricity None

Drill pipe rotation speed r.p.m. 0 or 60

Test section angle degree 0 or 30

Table 2: Experimental Conditions

Cuttings
Color: Red or White, 

Diameter: about 4 mm

R.O.P. m/h 10

Flow rate m3/h 50, 40, 30, 25, 20

Fiber length mm 14

Fiber concentration wt% 0.0, 0.1

Thickener concentration wt% 0.0, 0.1

Fluid temperature ℃ 30
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(5)  Enhancement of user interface of well integrity management 
system software “Well Alert J”

TAKEDA Tetsuaki, SUZUKI Manabu, and KITAMURA Ryuta

Term: FY 2021-2022
Collaborative Implementer: JX Nippon Oil & Gas Exploration Corporation (JX)

Introduction

Well integrity management software is used for recording 
and monitoring well data to understand and manage the 
well integrity status.

From FY2019 to FY2020, JOGMEC developed its own 
well integrity management software “Well Alert J” to 
manage the well integrity of two research wells at JOG-
MEC’s Kashiwazaki test field (KTF).

In FY2021, JOGMEC enhanced user interface of “Well 
Alert J” in collaboration with JX to be used at the actual 
operation sites of Japanese E&P companies.

Contents and Results

1. Features of “Well Alert J”
To simplify operation and data input, “Well Alert J” 
manages a few types of data which are pressure data, 
maintenance records such as periodic inspections, 

well-related event records, and well-related documents. 
These data can be shared within the server installed at 
the office where the software is operated.

2. Improvements in FY2021
To potentially apply the software at the operation sites of 
Japanese E&P companies, JOGMEC enhanced user 
interface in collaboration with JX. The main improve-
ments are as follows:

(1) Data input functions
In the FY2020 version, data in alphanumeric character 
should be used as input data. In addition, pressure data, 
maintenance records, and event records needed to be 
input in a CSV format well-by-well.

After improvements in FY2021, Japanese characters can 
also be used in input data because we expect that “Well 
Alert J” will be used at the domestic offices of Japanese 
E&P companies (Fig. 1). To simplify the data inputting 
process for Japanese E&P companies that manage 

Fig. 1: Japanese language support and data edit functions
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numerous wells, data of multiple wells in each country 
can be input simultaneously. In addition, data can be 
edited directly on the software to facilitate correction of 
errors or anomalies found in the data (Fig. 1).

(2) Pressure graph display function
In the FY2020 version, only a single series of pressure 
plot could be shown on the pressure graph, and only the 
pressure value was displayed when the mouse pointer 
moved close to the data point on the graph.

After improvements in FY2021, the pressure graph can 
display multiple series of pressure plots on the same 
graph, enabling the comparison of pressure plots per well 
(Fig. 2).

(3) Maintenance data display function
In the “Well Alert J,” the integrity status of wellhead 

equipment and valves is determined by the results of 
periodic inspections and the date of the last inspections.

In the FY2021 version, the results of periodic inspections 
are highlighted in red if they failed. The last date of the 
periodic inspections is also highlighted in red if they are 
not conducted by the due date (Fig. 3). These improve-
ments help identify the cause of the loss in integrity.

(4)  Data sharing methods
In the FY2020 version, the data of each well had to be 
exported when the data was shared between offices, 
where the software was used independently.

In FY2021, data backup and restore functions were 
added to facilitate sharing the entire country-wise data 
between offices that manage numerous wells.

Fig. 3: Improvements in maintenance data display function

 

  

 

 

Fig. 2: Improvements in pressure graph display function
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Conclusions and Future Work

In FY2021, the required functions of “Well Alert J” were 
implemented to apply to the sites of Japanese E&P com-
panies. Moreover, the system usability was enhanced.

JOGMEC will continue to monitor the two research wells 
at the KTF using this enhanced “Well Alert J.” In addition, 
JX plans trail application at their operation sites.
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(1)  Characterization of mechanical properties using drilling 
cuttings for caprock integrity evaluation in a CCUS project

NAGANO Yu, SEKINE Kotaro, and KITAMURA Ryuta

Term: FY 2021
Collaborative Researcher: Japan Petroleum Exploration Co., Ltd.

Introduction

In geomechanical studies, such as wellbore stability anal-
ysis and caprock integrity evaluation, rock mechanical 
properties are essential and are commonly determined by 
mechanical tests using cylindrical specimens if the sam-
ples are available. In some cases, however, standard 
mechanical tests cannot be conducted because of the lack 
of core samples and/or the difficulty in preparing cylin-
drical specimens owing to their fragile nature. In a CCUS 
project where caprock integrity was investigated, a com-
pany faced the situation described above, and drilling 
cuttings were only available for the mechanical testing of 
rock materials. To address this issue, in this study, an 
indentation test was performed to characterize the rock’s 
mechanical properties using drilling cuttings.

Contents and Results

1.  Workflow for mechanical property evaluation for 
shale and mudstone cuttings

Through instrumented indentation testing, continuous 
recording of the force and depth of indentation enables 
the determination of hardness and material elastic 

properties (e.g., indentation modulus) on the scale of 
nanometers to millimeters (Fig. 1). Our experimental 
protocol aims to characterize the mechanical properties 
of aggregates of fine-grained rocks, such as shales and 
mudstones, by applying indentation tests to drilling cut-
tings. For handpicked cuttings, the procedure begins with 
a CT scan to observe the inner structure. The indentation 
test surface was then prepared via machine grinding and 
polishing. After obtaining the mechanical properties of 
multiple points by a series of indentation tests, two-di-
mensional mineral mapping data of the tested surface 
were obtained for interpretation of the results.

2. Application to the overseas CCUS project
A caprock integrity evaluation to clarify the CO2 storage 
capacity and integrity is one of the main study items in 
the feasibility study of the CCUS project implemented 
by JAPEX. The evaluation workflow mentioned above 
was applied to mudstone cuttings from caprock intervals 
where core samples were not collected and the mechani-
cal properties were unknown. Approximately 900 inden-
tation tests on 24 cuttings from 11 depths in two wells 
revealed that the distribution of the indentation modulus 
had one peak, with a mode value of approximately 10 

Fig. 1: Illustration of indentation test
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GPa. Based on quantitative mineralogical analysis, 
quartz, calcite, dolomite, illite, kaolinite, and pyrite were 
the main minerals in the mudstone cuttings used in these 
experiments.

A comparison of the indentation test results and miner-
alogical characteristics showed that there was a relation-
ship between the indentation modulus and the abundance 
of clay minerals in the area centered on each indent. A 
negative correlation between indentation modulus and 
the amount of clay mineral components was found where 
the fraction of the clay minerals is less than 0.4, whereas 
the indentation modulus exhibits a constant value of 10 
GPa if the fraction is greater than 0.4 (Fig. 2). Assuming 
that the formation is composed of clay minerals with its 
fraction represented by the fraction of claystone in the 
mud log and the elastic modulus is approximated by the 
results of the indentation test for the cuttings, the depth 
profile of the indentation modulus was estimated (Fig. 3).

Conclusions and Future Work

Characterization of the mechanical properties using drill-
ing cuttings was conducted to evaluate caprock integrity 
in a CCUS project. The relationship between the indenta-
tion modulus and mineralogical characteristics was eval-
uated, and the depth profile of the indentation modulus 
was estimated for the target interval of the caprock. In 
this study, we assumed that the micrometer-scale elastic 
moduli evaluated in indentation tests hold for the estima-
tion at the core scale and even in the lithofacies scale 
interpreted in well logging. Further validation is neces-
sary with several approaches, such as the upscaling 
method based on rock physics and experimental methods, 
by comparison with rock mechanical test results.
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(2)  Study on enhanced gas production with mitigating land 
subsidence in water-dissolved natural gas field

MATSUYAMA Ryusuke, YAMAMOTO Kazune, SEKINE Kotaro, and KITAMURA Ryuta

Term: FY 2018-2022
Collaborative Research:  Environmental Technology Research Association for Natural Gas Dissolved in 

Water

Introduction

Natural gas dissolved in water is a precious resource in 
Japan, and is produced from the southern Kanto gas field 
(Fig. 1), which holds large reserves. Formation water 
(brine) is produced to extract gas from this field; how-
ever, the production of formation water is considered to 
be one of the factors that causes land subsidence. The 
eight development companies in this gas field have been 
trying to control land subsidence in accordance with the 
subsidence prevention agreement established with the 
local government in 1973.

However, a more effective subsidence control method is 
required to enhance the gas production rate while 
accounting for its environmental influence. To mitigate 
land subsidence, injecting the produced formation water 
into an undeveloped or depleted shallow formation 
(hereafter, this method is referred to as “WISF (water 

injection into shallow formation)”) has been considered 
promising by the eight companies. To apply this method 
in future operations, the following technical tasks must 
be validated on-field:
a)  Investigation of the constitutive equation that dictates 

deformation behavior to quantitatively evaluate the 
effect of WISF

b) Environmental impact assessment

The eight companies established the Environmental 
Technology Research Association for Natural Gas Dis-
solved in Water, with whom JOGMEC initiated a joint 
study in FY 2018.

This joint study was planned as a 5-year program. From 
FY2018 to FY2019, wells and facilities for the pilot test 
were constructed, and geophysical properties of the target 
formation were acquired by logging and core tests. Since 
FY2020, a pilot test was conducted. In this paper, activities 
and results of the fourth year (FY2021) are reported. 

Contents and Results

1. Pilot field test
The objective of the pilot field test is to collect data 
about deformation behavior due to WISF.

The installation of the test wells and facilities, as shown 
in Fig. 2, was completed by FY2019, and the pilot test 
has been conducted since FY2020. Previously unantici-
pated problems arose during the testing, such as the sand 
layer thickness being thinner than expected and the 
occurrence of injectivity reduction due to formation 
plugging. Therefore, the testing protocol was modified to 
combine fluid production and shut-in, while the test was 
initially planned to be conducted with fluid production 
and injection. The pilot test will be conducted until 
FY2022, and the data about deformation behavior due to 
pressure decrease by production and recovery by shut-in 
will be collected.

Fig. 1: The Southern Kanto Gas Field (modified Japan Natu-
ral Gas Association[1])
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2.  Core mechanical testing to investigate constitutive law
To quantitatively demonstrate the effectiveness of WISF, 
a constitutive law to describe the rock deformation due to 
the pressure change is required. Rock mechanical testing 
was carried out to investigate the constitutive law, while 
it will be further investigated with the results of monitor-
ing for the deformation observed in the pilot test. Based 
on the results of previous rock mechanical studies, the 
rock is anticipated to exhibit a hyperbolic stress-strain 
relationship. Thus, the test was carried out to collect 
parameters to define the Duncan-Chang model, in which 
the plugs were examined under the triaxial loading condi-
tion with several cyclic loading sequences in the middle 
of the test to investigate the deformation caused by fluid 
injection, as shown in Fig. 3.

This year, this mechanical testing was conducted for 

mudstone core to obtain data on rock deformation behav-
ior during loading and unloading under several confining 
pressure conditions.

3. Construction of geological model
In the final year of this study (FY2022), the economic 
feasibility of applying WISF will be evaluated using the 
following steps:
(1) Calculate the amount of uplift of the ground surface 

due to WISF by numerical simulation.
(2) Estimate the increased amount of gas and iodine pro-

duction, assuming that the production of gas is 
increased by the amount of uplift.

(3) Estimate the cost required for WISF.
(4) Evaluate economic feasibility of WISF.

This year, the geological modeling required for con-
structing the simulation model was conducted.

The geological model was constructed to cover the area 
where gas is produced. Formation boundaries, lithologi-
cal distribution, and porosity/permeability distribution 
were set with reference to logging data and core test data 
owned by the joint research partners. In addition, the 
three-dimensional distribution of the target formations 
for WISF was also defined in the model, based on the 
results of the target formation distribution survey con-
ducted in FY2020.

Fig. 2: Conceptual diagram of pilot field test

 

Fig. 3: Stress-strain path of the core mechanical testing
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Conclusions and Future Work

In FY2021, we continued the field pilot test and collected 
data about formation deformation behavior associated 
with pressure changes due to WISF. In addition, rock 
mechanical testing was conducted to obtain data to 
investigate the constitutive law, and the geological model 
was constructed for use in the economic evaluation pro-
cess. 

Since FY2022 is the final year of this study, the effec-
tiveness, economic feasibility, and environmental impact 
of WISF will be evaluated based on the collected data.
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(3)  Rock mechanical anisotropy of overburden shale rock in 
Ichthys field

SEKINE Kotaro, YAMAMOTO Kazune, and KITAMURA Ryuta

Term: FY 2018-2022
Collaboration Research: INPEX CORPORATION 

Background

While drilling highly inclined production wells in the 
development of the Ichthys field located in the Northwest 
shelf of Australia, the operator INPEX Corporation expe-
rienced wellbore collapse on the overburden shale forma-
tion. Wellbore instability was inferred to be due to the 
rupturing of the overburden shale rock formation with 
mechanically weak bedding nature. To optimize the drill-
ing operation, INPEX Corporation has continued 
attempts to identify the root cause of the drilling trouble, 
which includes the wellbore collapse triggered by weak 
bedding plane, and to develop better drilling practices. 
While rock mechanical nature on the overburden shale 
has been investigated through laboratory testing, no reli-
able testing results have been obtained. Therefore, inves-
tigation on the wellbore instability considering the weak 
bedding plane has been only constrained from the obser-
vational information during drilling. In this study, the 
root cause of the wellbore collapse was investigated 
through examination into the rock mechanical anisotropic 
nature through laboratory testing with optimized experi-
mental protocol. 

Contents and results

While whole core samples have been preserved by wax 
coating, these were extracted more than a decade ago and 
contained factures with varying width and length along 
the bedding (Fig. 1). A core analysis service provider has 
conducted rock mechanical testing on the overburden 

shale and reported that plugging with core bits that were 
commonly used could not extract plugs with the proper 
geometry for mechanical testing. In this study, we adopt 
the plugging procedure avoiding mechanical vibration 
introduced while plugging. Whole core samples were ini-
tially roughly cut by band saw, the cylindrical face was 
fabricated by tool-post grinder with lathe. Lubrication 
was done with either air or mineral oil to inhibit swelling 
of the chemically active clay minerals (Fig. 2). Four types 
of plugs, which have different angles of 0, 30, 60, and 90 
degrees with respect to the bedding plane, were prepared 

Fig. 1: CT images of whole core sample with diameter of 
Φ5.3’’

  

Fig. 2: Plugging procedure
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by the afore-mentioned procedure and subjected to rock 
mechanical testing to examine its anisotropic nature.

While static elastic moduli and strength were evaluated 
using the single-stage triaxial compressive loading test, 
dynamic moduli were obtained by ultrasonic velocity 
measurement for the sample under stressed condition. 
Such mechanical parameters were attained by assuming 
that the overburden shale possesses isotropic nature 
along the bedding, but varying character across the bed-
ding, namely vertical transverse isotropy.

Comparing the axial deformation of vertical and horizon-
tal plugs, the one from the vertical plugs were 1.7 times 
larger than one from the horizontal plugs. In the past 
study by INPEX Corporation, the variation in subsurface 
stresses was estimated assuming isotropic elastic nature 
in the overburden shale interval. Owing to this rock 
mechanical testing results, we can address the possibility 
of subsurface stress formation manifested by rock 
mechanical anisotropy.

 Rock strength is higher for the vertical and horizontal 
plugs, while it is lower for the oblique plugs. The over-
burden shale does have different thus anisotropic 
strength, but the degree is not significant, as was 
expected from the drilling events and other field observa-
tions (Fig. 3). Adopting the single plane of weakness 
model by Jaeger, which assumes that rocks have plane of 

weakness along the bedding, the strength anisotropy was 
estimated to be weak, and the bedding plane was consid-
ered unlikely to be main cause for the wellbore collapse 
experienced during drilling.

Because the strength along the bedding plane was not 
notably weak, the rock strength was accessed with a dif-
ferent aspect. As was observed in Fig. 1, whole cores in 
the interval were severely fractured. Thus, we assumed 
the situation in which the near wellbore formation was 
fractured by mechanical vibration and chemical interac-
tion between drilling mud during drilling operation; sub-
sequently, such pre-existing fractures provide weak 
mechanical nature to the shale, resulting in wellbore col-
lapse. Based on the frictional strength along the pre-ex-
isting fractures from the rock mechanical testing results, 
rock mechanical strength was found to be reduced by 
87% compared to the intrinsic rock strength.

Wellbore instability was modeled with such mechanical 
anisotropy in strength as an input for the depth at which 
drilling strings were stuck in the past drilling operation. 
Looking at the region of rock failure, the rock rupturing 
was found to be triggered by weakness of the pre-existing 
fracture along the bedding, indicating that the failure was 
severe enough to lead to wellbore collapse (Fig. 4). 
Though further investigation was required, rock anisotro-
pic nature due to pre-existing fractures can be one of the 
main root causes for wellbore collapse.

Fig. 3: Anisotropy in rock strength. Measurement and approximation from the single plane of weakness model 
by Jaeger were denoted by dots and solid lines.
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Conclusions

The optimized plug preparation procedure was deployed 
for the overburden shale samples. These samples could 
not be easily tested using rock mechanical testing 
because of their fragile nature. Through the laboratory 
rock mechanical characterization, we demonstrated the 
shale formation containing pre-existing fractures and/or 
the formation having strength comparable to formation 
with the pre-existing fractures will be main root cause for 
severe wellbore collapse. Reliable rock mechanical test-
ing results were obtained in this study, and these served 
to improve the reliability of the wellbore instability 
model for the overburden shale formation.
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Fig. 4: Failure region near wellbore modeled by the 
wellbore failure analysis with weak pre-exiting 
fracture along the bedding. Black solid lines 
indicate bedding plane direction and area filled 
with red denotes failure region.
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(4)  Study on sand production prediction in the domestic mature 
oil field

YAMAMOTO Kazune, ABE Shungo, SEKINE Kotaro, and KITAMURA Ryuta

Term: FY 2020-2021
Collaborative Researcher: Japan Petroleum Exploration Co. Ltd. (JAPEX)

Objective

In the oil and gas fields where the reservoir consists of 
mechanically weak rocks, increasing the drawdown of a 
production well may cause the risk of sand production. 
Large amounts of sand production could cause produc-
tion shutdown due to wellbore collapse. As a counter-
measure, geomechanical knowledge might be used to 
predict the risk of sand production and provide the maxi-
mum drawdown that will not cause sand production 
(optimal drawdown). However, in some fields, the neces-
sary data for utilizing geomechanics (mechanical testing 
data, logging data, etc.) are insufficient, which might 
make it difficult to evaluate the optimal drawdown (here-
inafter “sand production evaluation”).

Since FY2020, JOGMEC, in cooperation with JAPEX, 
has begun investigating a methodology for sand produc-
tion evaluation for domestic mature fields wherein the 
geomechanical field and laboratory data were insuffi-
cient. This report describes the content of the “sand pro-
duction evaluation using the results of mechanical tests 
of cores from offset fields” conducted in FY2021. In 
addition, the study “Sand production detection based on 
the production history using AI” is also introduced.

Contents and Results

1.  Sand production evaluation using mechanical 
testing results of cores from offset field

In sand production evaluation with geomechanical consid-
erations, the optimal drawdown is commonly estimated 
by analyzing the mechanical stability of a perforated sec-
tion using the rock mechanical properties and in-situ 
stress state in the completion interval as inputs.

However, there was no mechanical testing data in the 
target oil field and it was also difficult to conduct a new 
mechanical test due to a lack of downhole cores that 
have already been acquired. Therefore, mechanical tests 
were conducted using downhole cores obtained in the 

same reservoir level of an offset field, and sand produc-
tion evaluation was conducted based on the test results.

(1) Overview of the mechanical test
The reservoirs in the target oil field (and offset fields) are 
composed of interbedded sandstone and mudstone, and 
are characterized by large variations in lithology along 
depth. To determine the part of the reservoir section that 
is most susceptible to failure, thereby resulting in sand 
production, five different lithofacies were selected from 
the downhole cores of offset fields for the mechanical 
test (Table 1). Two types of mechanical tests were con-
ducted; one was a triaxial compression test and another 
was a thick wall cylinder (TWC) test. The triaxial com-
pression test is a mechanical test in which a cylindrical 
specimen is axially loaded under conditions of confining 
pressure applied to the cylindrical surface of the sample 
(Fig. 1a). This test can evaluate the strength and defor-
mation properties of rock materials under an in-situ 
stress condition. The TWC test is one method to evaluate 
borehole strength by applying pressure to the cylindrical 
face of a thick-walled cylindrical specimen that simulates 
a perforation. In addition, this test allows us to evaluate 
the rock strength under the different stress conditions 
compared with the triaxial compression test (Fig. 1b).

(2) Result of mechanical tests
When the results of the mechanical tests were sorted 
according to lithology, both the triaxial compression and 
TWC tests showed that sandy samples tended to have 
lower strength (Fig. 2). Based on the results of the two 

Table 1: Rock samples for mechanical tests
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mechanical tests, a failure criterion (a mathematical 
model that describes the mechanical state of a rock when 
it fails) was also examined. The Mohr-Coulomb (MC) 
failure criterion, which does not consider the effect of 
intermediate principal stresses in rock failure, in addition 
to the Drucker-Prager (DP) and Modified Lade failure 
criteria, which consider the effect of intermediate princi-
pal stresses, were selected as candidates. Among these, 
the DP failure criterion was found as the one to be consis-
tent with both triaxial compression tests and TWC tests.

(3) Sand production evaluation using test result
Based on the relationship between lithology and strength 
observed in mechanical tests, a strength model was 
developed for the reservoir section of the target well. 
Since we utilized mechanical testing results from the 
offset well, the strength model had to be calibrated using 
records of the sand production in the target well. The 
optimal drawdown of target well was evaluated based on 
the mechanical stability calculations of the wellbore. The 
calculation was performed for two cases: one using the 

MC failure criteria and the other using the DP failure cri-
teria. The possible optimal drawdown estimated with DP 
failure criteria, which was consistent with the results of 
both triaxial compression tests and TWC tests, was found 
to be twice as high as that with MC failure criteria.

2.  Sand production detection based on production 
history using artificial intelligence (AI)

When sand production occurs in a producing well, the 
produced sand is expected to influence to the production 
behavior. In FY2021, an inhouse study was conducted to 
investigate if approach with AI could detect the indica-
tion of sand production in production data from a domes-
tic oil field.

Two AI algorithms were selected: One Class Support 
Vector Machine (SVM) as an unsupervised learning 
method, and Random Forest as a supervised learning 
method. In the One Class SVM training model, the out-
puts suggested a gradual change in subsurface conditions 
with production. However, it was difficult to correlate the 

maximum 
principal 
stress

a)

axial stress
（maximum principal stress）

b)

confining stress
（minimum principal stress）

Confining stress

minimum 
principal stress
(= 0)

intermediate 
principal stress

a) b)

Tr
ia

xia
l c

om
pr

es
siv

e 
st

re
ng

th
 [M

Pa
]

St
re

ng
th

 m
ea

su
re

d 
by

 T
W

C 
te

st
s[

M
Pa

]

Fig. 1: Stress conditions in a) triaxial compression tests and b) thick wall cylinder tests

Fig. 2: Plot of gamma ray index versus strength measured by a) triaxial compression tests and b) thick wall cylinder tests
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outputs with the observed sand production, and it was dif-
ficult to explain the change in the output. For the Random 
Forest training model, cross-validation was conducted, 
which indicated that the accuracy of the model to detect 
sand production was low. To improve accuracy, more 
detailed information such as production history and sand 
production history would be necessary as the input data.

Conclusions

We reported on the mechanical test using rock samples 
from the offset field, the sand production evaluation 
based on the results of the mechanical test, and an 

attempt to detect sand production in production data 
using AI algorithms, as part of an effort to mitigate risks 
for sand production at a domestic oil and gas field oper-
ated by JAPEX. The target wells are currently in stable 
production, and the company is currently discussing its 
future production plan based on the results of the study 
described in section 1., which suggested the possibility 
of increasing the drawdown.
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(1)  Study on utilizing pore-scale visualized data to predict 
asphaltene formation damage

ONAKA Yutaka

Term: FY 2021-2022

Introduction

 The precipitation of asphaltene from crude oil in reser-
voirs and the deposition of the asphaltene on rock sur-
faces could reduce the permeability of the reservoir or 
alter the wettability of rock surfaces. These alterations 
contribute to formation damage that reduces oil produc-
tion. Wettability refers to the hydrophilicity or lipophilic-
ity of a rock surface. Water-wet and oil-wet indicate a 
hydrophilic and lipophilic surface, respectively. 

 In conventional Darcy’s law-based reservoir simulators, 
the amount of deposited asphaltene is evaluated by the 
sum of the rate of surface deposition, plugging of pores, 
and entrainment of asphaltene. Permeability reduction is 
calculated by subtracting the deposited asphaltene 
volume from the porosity[1]. Since there are several 
adjustable parameters in the simulator, and there is no 
established protocol to evaluate wettability, evaluation of 
the alteration of permeability and wettability can be more 
precisely carried out. A more accurate prediction of for-
mation damage could be expected if the input parameters 
for the reservoir simulation are determined based on the 
detailed information on pore-scale asphaltene deposition 
behavior. However, the pore-scale visualization of 
deposited asphaltene in rock core during fluid flow has 

not been performed yet. Furthermore, the protocol to uti-
lize the visualized data for reservoir simulation has not 
yet been established.

In this study, JOGMEC aims to improve the accuracy of 
the input parameters for the reservoir simulator by utiliz-
ing the asphaltene visualized data obtained through pore-
scale experiments. The study was begun in FY2019. In 
FY2019 and 2020, the visualization of the deposited 
asphaltene in rock cores and the quantitative evaluation 
of the alteration of rock properties were conducted as a 
feasibility study. In FY2019, single-phase core-flooding 
experiments were conducted. Crude oil was mixed with 
asphaltene precipitant (n-heptane) and injected into a 
rock core (6 mm in diameter and 1.4-2 cm in length). 
During flooding tests, three-dimensional images of the 
deposited asphaltene in the rock core were obtained by 
micro-focus X-ray CT (micro-CT)[2][3]. The images were 
used as the input geometry model for a computational 
simulation. As a result, the reduction of flux rate due to 
asphaltene deposition was confirmed (Fig. 1). The per-
meability calculated from the flux rate and differential 
pressure of the model showed a good agreement with the 
experimental results[2][3].

In FY2020, the study on single-phase flow was extended 

Fig. 1:  Calculated results of fluid flow in the pore space (a) before and (b) after 
asphaltene deposition. Fluid flow rate decreased due to asphaltene deposition[2].
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to two-phase flow, and the wettability alteration was 
evaluated. The curvature of the brine/oil interface and the 
contact angle between the fluids and a rock surface were 
evaluated from the three-dimensional images[4][5]. In 
addition, the dynamic process of asphaltene deposition in 
a micromodel was observed using an optical microscope. 
The images showed that asphaltene, deposited by stagna-
tion or plugging, grew into a larger cluster. The feasibility 
of the visualization of asphaltene in pore-scale was con-
firmed by studies in FY 2019 and 2020. In FY2021, the 
literature survey was conducted to examine the process 
of utilizing the asphaltene visualized data for the reser-
voir simulation.

Contents and Results

The concept of the workflow for utilizing the visualized 
data is: (i) image acquisition, (ii) analysis of the relation-
ship between deposition behavior and the influencing 
factors, (iii) construction of the geometry model, (iv) cal-
culation of relative or absolute permeability by pore-
scale computational simulation, and (v) adaption of the 
results to reservoir simulator. To work out concrete 
details for the concept, the following literature survey 
was conducted:
1) Survey of the cases that utilized pore-scale simula-

tion results to reservoir simulation.
2) Survey of the factors which affect the asphaltene 

deposition behavior. 

In the literature survey of 1), two studies evaluated the 
alteration of relative permeability due to asphaltene depo-
sition by pore-scale simulation using pore network mod-
eling, which treats the pore space of porous media as the 
connection of pores and throats to simplify the pore space 
geometry[6][7]. Nasri and Dabir (2014) constructed a 
pore-network model assuming that a throat of a certain 
diameter or less is blocked by asphaltene, and the relative 
permeability curve was calculated. The relative permea-
bility of brine phase increased due to asphaltene deposi-
tion. In this study, the reservoir simulation was not 
conducted. Al-Qattan et al. (2012) assumed that the wet-
tability of the pore-network model changes from water-
wet to oil-wet due to asphaltene deposition. The results 
suggested that the wettability alteration does not cause a 
significant impact on the oil recovery rate. The workflow 
to utilize pore-scale data for reservoir simulation (Fig. 2) 
was derived from the survey. In the computational simu-
lation, the asphaltene deposition morphology or wettabil-
ity alteration can be defined based on the experimental 
results in our study. This fact suggests that a more accu-
rate computational simulation could be conducted com-
pared to the literatures which defined the alteration of the 
pore-network model due to asphaltene deposition not 
based on the experimental results, but on assumptions.

The literature review of 2) showed that rock types, inter-
stitial velocity, and size distribution of pores and asphal-
tene particles might affect the deposition behavior 
(Table 1). Regarding the rock types, core-flooding tests 

Fig. 2: Illustration of workflow.

 

 

Table 1: Deposition behavior and influencing factors

Deposition behavior Influencing factors and comments

Adsorption Difference in surface chemical properties of rock types. Adsorption tends 
to occur in the order of mineral particles > carbonate rocks > sandstones.

Stagnation Stagnation occurs where streamlines are not observed. 

Plugging Size distribution of pore and asphaltene particles affect plugging rate.

Entrainment Larger interstitial velocity induces a larger entrainment.
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confirmed that the existence of cray minerals results in 
significant permeability reduction. This large reduction of 
permeability was explained by the increase of adsorption 
amount of asphaltene due to the polar interaction or elec-
trostatic attraction between asphaltene and the cray min-
erals[8]. The adsorption amount increases in the order of 
clay minerals > carbonate rocks > sandstones[9]. The 
impact of interstitial velocity was investigated by analyz-
ing asphaltene deposition behavior inside the micromodel 
and fluid flow simulation. The results showed that 
asphaltene was deposited upstream of a cylindrical obsta-
cle, where fluid flow was stagnant[10]. The obstacles were 
equipped inside the micromodel as the grains of porous 
media. Furthermore, the increase in the entrainment of 
asphaltene with the increase in interstitial velocity was 
confirmed by other experiments. The experiment reported 
that the amount of asphaltene deposited in circular tubes 
or rock cores increased with the increase in fluid injection 
rate[11][12]. With respect to the pore and asphaltene size, 
core experiments showed that a larger permeability 
reduction was observed in the core when asphaltene par-
ticles were smaller than the pore diameter[13]. The param-
eters affecting asphaltene deposition are summarized in 
Table 1. The survey suggested that interstitial velocity 
and the pore diameters could be the candidate parameters 
to focus on when analyzing the deposition behavior of 
asphaltene.

Conclusion and Future Work

The survey to utilize the data of visualized asphaltene in 
pore-scale obtained in FY2019-2020 for the prediction of 
asphaltene formation damage, was summarized. In the 
future, a detailed investigation of the relationship 
between the asphaltene deposition behavior and influenc-
ing factors of the deposition will be conducted.
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(2) Upscaling permeability model from digital rock images
KATO Yoshitake, SHIMOKAWARA Mai, and KITAMURA Ryuta

Term: FY 2020-
Collaborative Research:  Commonwealth Scientific and Industrial Research Organisation (CSIRO), 

Kyushu University, Yamaguchi University

Introduction

Numerical models often cannot predict fluid behavior in 
reservoirs containing crude oil, gas, and water, and the 
heterogeneity of rock properties is not often represented 
adequately. This can cause differences between the pro-
duction performance predicted by the simulation and 
actual data in the field. Therefore, to develop a new 
workflow to characterize the reservoir model (field scale) 
by evaluating rocks from finer scales (Fig. 1), a collabo-
rative research project with the Australian Common-
wealth Scientific and Industrial Research Organisation 
(CSIRO) was commenced in October 2020.

In this study, rock samples of millimeter-, centimeter-, 
and meter-scale lengths were prepared, and a rock prop-
erty was evaluated through observations at fine length 
scales sufficient to resolve pore structures of the rock 
samples. Moreover, we attempted to distribute and 
upscale such a rock property to larger length scales. To 
develop the workflow, the conditions were set to be rela-
tively simple. For example, a rock sample with large 

grain sizes and pore structures were chosen so they can 
be resolved with Micro X-ray CT, and a single phase of 
water was chosen as the fluid system. Then, as the first 
step, absolute permeability distribution was estimated 
and upscaled.

During FY2020, we conducted experiments on the 
meter-scale core of Boise Sandstone from the U.S., 
which was chosen as the rock sample for this study, and 
the centimeter-scale cores and millimeter-scale cores 
were extracted from the chosen regions in the meter-
scale core. Literature review about the existing research 
of the relevant theme was also carried out.

In FY2021, various experiments with the millimeter- and 
centimeter-scale core samples were conducted, and we 
attempted creating upscaled permeability models using 
deep learning algorithms. We also tried to estimate the 
3D mineral distribution using machine learning based on 
3D Micro X-ray CT images and 2D mineral distribution 
based on information from Scanning Electron Micro-
scope (SEM).

Fig. 1: Schematic of the research. Upscaling method to generate a wider range of permeability distribution using pore-
scale information obtained from high-resolution Micro X-ray CT images.
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Contents and Results

1. Laboratory work
The research in FY2021 was conducted on centime-
ter-scale cores (1.5 inch diameter x 8 cm length) and mil-
limeter-scale cores (7 mm diameter x 10 mm length), 
which were extracted from selected regions on the meter-
scale core in the previous year. The completed experi-
ments were as follows. 
♦ Porosity measurements
♦ Air permeability measurements
♦ Absolute permeability measurements by water 

flooding
♦ Micro X-ray CT imaging
♦ 2D mineral distribution identification based on 

information from SEM
♦ Pore size distribution analysis by mercury injec-

tion method
♦ Local permeability measurements based on pres-

sure decay after nitrogen gas injection through a 
narrow probe to the core surfaces. 

Of the above, Micro X-ray CT imaging was used as the 
main data in “2. Upscaling permeability using deep 
learning algorithms,” and 2D mineral distribution estima-
tion based on information from SEM observations was 
used as the main data in “3. Predicting 3D mineral distri-
bution.” The remaining experimental data were used as 
reference data to confirm the validity of the results.

2.  Upscaling permeability using deep learning 
algorithms

First, to extract the pore geometry for millimeter-scale 
cores, Micro X-ray CT images taken at higher resolution 
(2 µm/voxel) were numerically modeled by image analy-
sis, and for a number of small computational domains 
(sub-volumes), absolute permeability was calculated 
using Lattice Boltzmann Method (LBM) flow simula-
tions[1][2][3][4][5]. For some areas, absolute permeability was 
also calculated with Pore Network Model[6] to compare 
the results. The PerGeos software from Thermo Fisher 
Scientific was used for CT image analysis and pore net-
work extraction.

The same sub-volume of the Micro X-ray CT image of 
the millimeter-scale core was extracted from a Micro 
X-ray CT image taken at lower resolution (8 μm/voxel) 
scan. Such lower resolution scanning was intended to 
cover the entire millimeter-scale core sample. Thereafter, 
many data sets of the CT image (lower resolution) and 
permeability value on extracted sub-volumes were used 
to train the deep learning algorithms so that the permea-
bility of the Micro X-ray CT images at the untrained 
sub-volumes could be predicted (Fig. 2) to estimate the 
permeability distribution in the core. It can be said this is 
an upscaled permeability distribution. Multiple deep 
learning algorithms were adopted for comparison of the 
prediction reliability, and Resnet34 was found to be the 
most accurate predictor[7]. Resnet34 is a type of convolu-
tional neural network[8] with a 34-layer network with lay-
er-hopping connections. 

Fig. 2: Overview of deep learning for creating a lower-resolution permeability model (upscaled permeability dis-
tribution) in a millimeter-scale core.
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Next, Micro X-ray CT images were similarly taken for 
the centimeter-scale core at two different resolutions (3 
μm/voxel and 20 μm/voxel), and deep learning algo-
rithms were used to create a permeability distribution on 
the lower-resolution model (upscaled permeability distri-
bution). Using the estimated permeability distribution as 
input, the average permeability over this centimeter-scale 
core was simulated through a flow simulation with con-
stant flow rate based on Darcy’s law and mass conserva-
tion. The result was mostly consistent with the results of 
the flow experiment on the same core sample.

3. Predicting 3D mineral distribution 
In this study, Micro X-ray CT images and 2D mineral 
distribution images based on information from SEM were 
used to create a 3D mineral distribution. By assigning a 
mineral type to the grains of digital core models, the 
range of physical phenomena could potentially be 
extended because it is related with various rock properties 
such as wettability (contact angle), chemical reaction, and 
electrical properties. A machine learning method, Boosted 
Trees[9] was adopted in this process. In this algorithm, 
multiple decision trees are connected, and each decision 
tree is improved through training so that the residuals, a 
measure of the prediction discrepancy, become smaller 
than the decision tree of the earlier stage. The software 
Geodict by Math2Market was used for this work.

Six images of 2D mineral distributions were obtained by 
cutting and observing the cross sections of millime-
ter-scale cores sequentially. A system to identify the min-
eral type of each grain based on the information from 
backscattered electrons (information that depends mainly 
on mineral density) and chemical composition estimated 
from characteristic X-rays, obtained through SEM obser-
vation of cross sections, was utilized. In those six cross 
sections, three were used to train the machine learning 
network, and the other three to validate the prediction 
accuracy. Therefore, 2D mineral distribution predicted 
using machine learning was reasonable compared with 
the mineral identification results based on information 
from SEM for the same cross sections (Fig. 3).

Summary

In FY2021, each experiment work was conducted on the 
millimeter-scale and centimeter-scale core samples that 
were extracted in FY2020, and flow simulations using 
numerical models constructed from Micro X-ray CT 
images, and deep learning algorithms were adopted to 
create lower-resolution permeability distributions 
(upscaled permeability distribution).

In addition, with a view to future extension of the 
method to simulations including rock wettability, 

Fig. 3: Cross-section images of the millimeter-scale core.  
[Left] Micro X-ray CT image. [Center] 2D mineral distribution based on information 
derived from SEM. This information was not used as input for machine learning. [Right] 
2D mineral distribution images predicted using machine learning for the untrained cross 
section. In the prediction, quartz and albite, which have very close CT values and similar 
wettability properties, are grouped together as one type. 
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chemical reactions and so on, Micro X-ray CT images 
and a 2D mineral distribution based on information from 
SEM were utilized to estimate a 3D mineral distribution 
using machine learning.

In the future, it may be possible to generate permeability 
model of the meter-scale core with the tendency which 
was taken over from millimeter-scale cores, and to apply 
the workflow to generate 3D mineral distributions which 
we established in FY2021 to flow simulation models to 
express multiphase flows (e.g., water + CO2 systems) and/
or chemical reactions to make the models more reliable.

Related References

Kato, Y., Shimokawara, M., Nakagawa, T., Kitamura, R., 
2021, Core-to-field scale permeability modeling from 
digital rock images, 2021, FY2020 JOGMEC Annual 
Report 
Esteban, L., Seyyedi, M., Cameron, W., Giwelli, A., Shu-
lakova, V., Pervukhina, M., Jackson, S., Sarout, J., 
Aryana, A., Kato, Y., Shimokawara, M., Kitamura, R., 
Jiang, F., Tsuji, T., Ikeda, T., 2021, Permeability model-
ling using digital rock images from micron scale, AEGC 
(Australasian Exploration Geoscience Conference) 2021, 
15-20 September 2021
Esteban, L., Giwelli, A., Kovalyshen, Y., Dautriat, J., 
Pervukhina, M., Seyyedi, M., Cameron, W., Shulakova, 
V., Jackson, S., Sarout, J., Aryana, A., Lebedev, M., Sar-
madivaleh, M., Kato, Y., Shimokawara, M., Kitamura, R., 
Kato, M., Kuramoto, D., Tsuji, T., Ikeda, T., Jiang, F., 
Chen, Y., Ishida, T., 2022, Digital permeability upscaling 
and Carbon dioxide hydraulic fracturing for underground 
Energy storage and gas enhancement production: 
JOGMEC, CSIRO, Kyushu, Yamaguchi, Kyoto and 
Curtin Universities collaborations, Catalysing Australia- 
Japan Science and Innovation 2022, 30, March 2022 
Yaotian, G., Jiang, F., Tsuji, T., Kato, Y., Esteban, L., 
Seyyedi, M., Shulakova, V., Pervukhina, M., Lebedev, 
M., 2022, Estimation of rock permeability and porosity 
using machine learning, The Japan Society of Mechanical 
Engineers 2022, 12, September 2022 (in Japanese)

Cited References 

[1] Jiang, F., Tsuji, T., and Hu, C., 2014, Elucidating the 
Role of Interfacial Tension for Hydrological Properties 
of  Two-Phase Flow in Natural Sandstone by an 
Improved Lattice Boltzmann Method. Transport in 
Porous Media 104: p. 205-229. https://doi.org/10.1007/
s11242-014-0329-0

[2] Jiang, F. and Hu, C., 2014, Numerical simulation of a 
rising CO2 droplet in the initial accelerating stage by a 
multiphase lattice Boltzmann method. Applied Ocean 
Research 45, https://doi.org/10.1016/j.apor.2013.06.005

[3] Jiang, F. and Tsuji, T., 2015, Impact of interfacial 
tension on residual CO2 clusters in porous sandstone. 
Water Resources Research 51: p. 1710-1722. https://
doi.org/10.1002/2014WR016070

[4] Yamabe, H., Tsuji, T., Liang, Y., and Matsuoka, T., 
2015, Lattice Boltzmann simulations of supercritical 
CO2-water drainage displacement in porous media: 
CO2 saturation and displacement mechanism, Envi-
ronmental Science & Technology, 49 (1), p. 537-543, 
https://doi.org/10.1021/es504510y

[5] Tsuji, T., Jiang, F., and Christensen, K., 2016, Char-
acterization of immiscible fluid displacement pro-
cesses with various capillary numbers and viscosity 
ratios in 3D natural sandstone, Advances in Water 
Resources, 95, p. 3-15, https://doi.org/10.1016/j.ad-
vwatres.2016.03.005

[6] Youssef S., Rosenberg E., Gland N., Kenter J., 2007, 
High resolution CT and pore-network models to 
assess petrophysical properties of homogeneous and 
heterogeneous carbonates, the 2007 SPE/EAGE Res-
ervoir Characterization and Simulation Conference 
held in Abu Dhabi, U.A.E., p. 28-31 October 2007, 
https://doi.org/10.2118/111427-MS

[7] He, K., Zhang, X., Ren, S., and Sun, J., 2016, Deep 
residual learning for image recognition, Proceedings 
of the IEEE conference on computer vision and pat-
tern recognition, p. 770-778, https://doi.org/10.1109/
CVPR.2016.90

[8] LeCun, Y., Bottou, L., Bengio, Y., and Haffner, P., 
1998, Gradient-based learning applied to document 
recognition, Proceedings of the IEEE 86 (11), 
p. 2278-2324, http://dx.doi.org/10.1109/5.726791

[9] Drucker, H., 2015, Boosting decision trees, Advances in 
Neural Information Processing Systems 8, p. 479-485, 
https://dl.acm.org/doi/10.5555/2998828.2998896

https://doi.org/10.1007/s11242-014-0329-0
https://doi.org/10.1002/2014WR016070
https://doi.org/10.1016/j.advwatres.2016.03.005
https://doi.org/10.1109/CVPR.2016.90


238

Part 4  II. Development and production technology 
3. Production/Reservoir engineering

(3)  Experimental study to prevent emulsion formation in crude oil 
production and stockpiles

SHIMOKAWARA Mai, KATO Yoshitake, KITAMURA Ryuta, and NIWATA Hiroshi

Term: FY 2019-2021
Collaborative Researcher: Hokkaido University

Objective

When crude oil is produced from a reservoir, the mixing 
and stirring of crude oil and formation water could form 
emulsions, where water is dispersed in oil at various 
locations (e.g., near a wellbore or in a separator). Emul-
sion formation is a contributing factor to production 
problems, because it reduces the mobility of crude oil 
and oil-water separation efficiency. In addition, emul-
sion-like sediments form in the stockpile tank (Fig. 1). 
Stockpiling crude oil with sediments reduces the effec-
tive volume of crude oil that can be stored in tanks. Fur-
thermore, releasing crude oil in an emergency occasion 
also requires an extra oil-water separation process.

The problems of emulsion/sedimentation in crude oil 
production processes and stockpiled crude oil have been 
investigated in various studies. However, there is still no 
practical method for predicting the risk of emulsion for-
mation before they occur.

Since 2019, JOGMEC has been conducting a joint study 
with Hokkaido University to establish a risk evaluation 
method for emulsion formation. In FY2021, we contin-
ued to study the mechanism of emulsion formation 
through experiments using crude oil and water samples. 
Then, we attempted to understand the emulsion forma-
tion mechanism and started to develop a numerical 
model to evaluate the risk of emulsion/sedimentation in 
the crude oil-water system.

Contents and Results

1.  Experiments using crude oil-water to understand 
the mechanism of emulsion formation

The experiment was conducted in the following steps:
・�Crude oil and water were stirred in a tube to form an 

artificial emulsion.
・�Oil-water separation was performed by centrifugation.
・�The volume and pH of the water that could be sepa-

rated were measured.

In the experiment, four types of crude oil were used 
(Table 1), which differed in production area and storage 
conditions, and distilled water and industrial water were 
used as water samples with different ion concentrations.

Fig. 2 shows the change in the amount of water before 
and after the experiment with Oil A and Oil B. Industrial 
water was able to separate more water than distilled 
water for both Oil A and Oil B. Alternatively, the amount 
of water that remained in the second layer was less. The 
difference in the type of ions contained in the industrial 
and distilled water were thought to cause differences in 
adsorption at the crude oil-water interface (Fig. 3).

Fig. 4 shows the amount of water separated from distilled 
water and industrial water at the experimental tempera-
ture of 20°C. In Oil A, the resolved water value was 
small for both distilled water and industrial water. The 
reasons for this are the low viscosity of Oil A and its low 

Fig. 1: Schematic of emulsion and sedimentation.
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Fig. 3: Schematic of state after centrifugation in distilled water and industrial water.

Table 1: API gravity of the used crude oil in the experiment.

Sample API gravity

Oil A 34

Oil B 28

Oil C 29

Oil D 29

Fig. 2:  Resolved water* at 50°C for Oil A and Oil B. 
*Resolved water (%) = Volume of water phase 
separated / Volume of initial water phase x 100

Fig. 4:  Comparison of Resolved water at 20°C in Oil A to Oil D.
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specific gravity (high API gravity (Table 1)). Additional 
factors may also affect the amount of resolved water, and 
further study is required.

2.  Numerical models to evaluate the risk of emulsion 
formation and segmentation

The numerical model is based on a surface complexation 
model, which implies that the ions in water and crude oil 
form an adsorption equilibrium state. The risk of emul-
sion formation in the experiments described above was 
calculated. In this calculation, room temperature and 
atmospheric pressure were considered the temperature 
and pressure conditions, respectively. The input values 
for crude oil were density, viscosity, resin content, acid 
number, and base number. The input values for water 
were pH and contained ion concentration. The calculated 
results generally corresponded to the experimental 
results. However, the risk of emulsion formation might 
not have been properly represented because some of the 
factors that affect emulsion formation are fixed values. 
Further improvement would be required in future consid-
erations.

Conclusions and Future Work

Experiments were conducted to quantitatively evaluate 
the risk of emulsion formation in a crude oil-water 
system. The risk of emulsion formation was suggested to 
depend on the properties of crude oil and water. Further 
studies are required to understand the mechanism of 
emulsion formation, considering various physical proper-
ties of crude oil. Numerical calculations using the surface 
complexation model were performed, and it was con-
firmed that the model can approximately represent the 
experimental results. In future, factors that would affect 
emulsion formation, which are currently fixed values, 
must be included in the numerical model. In this way, the 
numerical model would be able to predict the risk of 
emulsion formation.
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(1)  Collaborative study of the asset integrity management system for  
an offshore oil and gas development in Abu Dhabi, United Arab 
Emirates

ASANUMA Takayuki, IKEDA Keisuke, and KITAMURA Ryuta

Term: FY 2019-2021
Collaborative Research: Abu Dhabi Oil Co., Ltd. 

Objective

Appropriate maintenance and management of facilities 
under various conditions is one of the most important 
factors for the continuous safe and stable operations by 
oil E&P companies over the long term. JOGMEC is con-
ducting a study on Asset Integrity Management (“AIM”) 
to contribute to the safe and stable operations of Japanese 
E&P companies. AIM is a concept for ensuring that 
equipment and facilities (assets) perform their required 
functions effectively and efficiently in consideration of 
Health, Safety, and Environment (“HSE”) and the Asset 
Integrity Management System (“AIMS”). AIMS is a 
system to implement AIM, and both AIMS and Well 
Integrity Management System (“WIMS”) are crucial for 
oil and gas development. To implement such integrity 
managements (Fig. 1)[1], oil E&P companies need to 
develop their own policies and strategies and establish 
the best technical and economic methods.

This collaborative study aims to apply AIMS to Abu 
Dhabi Oil Co., Ltd. (“ADOC”) fields. ADOC has been 
operating offshore oil fields in Abu Dhabi, United Arab 
Emirates (UAE) for more than 50 years and has to main-
tain safe and stable operations until 2042, which is the 
expiration year of the concession.

In FY2019, ADOC and JOGMEC conducted a “Joint 
study on optimal monitoring and integrity assessment of 
offshore production and oil export facility”[2]. This study 
focuses on a Single Point Mooring (“SPM”) system 
(Picture 1)[3] in the ADOC field, which was installed in 
2006 and is scheduled to be replaced with a new SPM 
system in 2029. Specifically, the inspection and mainte-
nance records of the current SPM system were reviewed, 
and the remaining service life was evaluated. It was 
found that there were no integrity issues at present and 
the service life might be extended. Additionally, an over-
all concept of remote monitoring combining various 
sensor and communication technologies (Fig. 2) was 
established to monitor the key components (e.g., a float-
ing buoy, mooring chains, and hawsers) of the SPM 
system.

In a collaborative study between ADOC and JOGMEC in 
FY2020[4], an asset management framework (Fig. 3) was 
defined, and manuals, checklists, etc., were prepared to 
systematically develop AIMS for the main production 
facilities, including the SPM system. Furthermore, the 
AIMS Model (Fig. 4) was developed for the specific 
implementation of AIMS, and a Project Management 
System (“PMS”) was established to manage the “Con-
cept,” “Design,” “Procurement,” “Construction,” 

Fig. 1: Integrity management system (IMS)[1] Picture 1: SPM system and tanker[3]

  

Hawser
Floating Hose
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“Commissioning,” and “Decommissioning” work of the 
facility as defined by the AIMS Model.

Based on the above, in the collaborative study in 
FY2021, ADOC and JOGMEC established a Mainte-
nance Management System (“MMS”) to manage inspec-
tion, maintenance, etc., in the AIMS Model for the main 
production facilities and the SPM management platform 
for the main export facility.

Contents and Results

1. Establishment of MMS 
In FY2021, ADOC and JOGMEC established an MMS that 
manages inspection, maintenance, and other tasks (PDCA) 
in the AIMS Model (Fig. 5) to complement existing work 
procedures and optimize tasks that are currently performed 
manually or using conventional Excel files. As a result, 
risks, departments in charge, frequencies, schedules, bud-
gets, progress, etc., for each task will be centrally managed, 
and each department will be able to share the latest infor-
mation to improve the efficiency of each operation.

Fig. 2: Concept of SPM remote monitoring system
  

Fig. 3: Asset management framework Fig. 4: AIMS model
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2. Establishment of SPM management platform
Produced crude oil in ADOC fields is transported to the 
SPM via subsea pipelines, Pipe Line End Manifold 
(“PLEM”), and subsea hose and exported to tankers 
moored at hawser through floating hose. This export 
facility is called SPM, and the buoy in the main part of 
the SPM system is moored by chains from the sea bed 
and is constantly subjected to motion under environmen-
tal forces (waves, wind, and currents) (see Picture 1 and 
Fig. 2). Since the SPM system is the only export facility 

in the ADOC field, a management platform for the SPM 
is required to monitor, visualize, and maintain the system.

We first had interviews with an SPM vendor, and con-
firmed the critical maintenance parts and frequency of 
each replacement. (Table 1). Additionally, the vendors 
information and various ADOC SPM procedures were 
incorporated into a maintenance platform (Fig. 6). As a 
result, the progress of each task can be visually checked 
and information can be centrally managed.

LTMP: Long term maintenance plan
AWS: Annual work schedule

Fig. 5: Overview of MMS

 

Table 1: Component inspection, repair, and maintenance (“IRM”) task frequencies
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Conclusions and Future Work

JOGMEC and ADOC have conducted collaborative stud-
ies on AIMS since FY2019 and have completed the 
development of the asset management framework and 
the AIMS model, including policies and strategies, for 
implementing AIMS. In addition to the PMS established 
in FY2020, MMS and SPM management platforms were 
established in FY2021.

In the future, ADOC will conduct further studies for the 
actual application of the PMS, MMS, SPM management 
system, and SPM remote monitoring system in their 
field. Additionally, JOGMEC plans to support ADOC’s 
technical challenges on AIMS.
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Fig. 6: SPM management platform

 



245

Part 4  II. Development and production technology 
4. Offshore development

(2) Ice study for oil and gas development in the Arctic region
ASANUMA Takayuki, IKEDA Keisuke, and KITAMURA Ryuta

Term: FY 2021
Collaborative Research: Kitami Institute of Technology, Hokkaido University

Objective

According to an assessment by the U.S. Geological 
Survey[1], the Arctic accounts for an estimated 13% of the 
world’s undiscovered conventional oil resources and 
30% of undiscovered conventional natural gas resources, 
most of which are offshore. The ice-covered sea has a 
high potential for oil and natural gas resources; at the 
same time, development in this area requires ice manage-
ment. There are various types of ice, such as sea ice, ice-
bergs, first-and multi-year ice, each with different 
characteristics. Therefore, it is necessary to accurately 
analyze ice conditions in the areas where the develop-
ment work is planned to be conducted[2].

JOGMEC has been accumulating technologies for ice 
studies, such as ice condition analysis for oil and gas 
development, by taking the opportunity to support an 
exploration project in the offshore northeast Greenland 
area in the early 2010s[3]. In the Sea of Okhotsk, there are 
examples of exploration projects in the northern 
Magadan and southwest Sakhalin Sea areas, where Japa-
nese E&P companies are interested, and major projects 

such as Sakhalin 1 and Sakhalin 2 are in operation.

Therefore, we conducted a collaborative study with the 
Kitami Institute of Technology and Hokkaido University 
in FY2021 on ice studies in the Sea of Okhotsk to con-
tribute to E&P projects there. Specifically, we analyzed 
secular changes in ice conditions using parameters of ice 
concentration and thickness and conducted a study on 
ridge ice[2], which may have negative impacts on offshore 
pipelines and other subsea facilities.

Contents and Results

Fig. 1 shows the difference in the 10-year average ice 
concentration between 2012-2021 and 1979-1988 using 
ice data “ORAS5” by the European Centre for Medi-
um-Range Weather Forecasts (ECMWF)[4]. While a 
decreasing trend in the amount of ice could be observed 
in the entire Sea of Okhotsk, there were no major 
changes near the coastline and other areas. Additionally, 
there were some areas that saw an increase in the amount 
of ice in December. Fig. 2 shows secular changes in the 
extent and volume of sea ice in the Sea of Okhotsk and 

Fig. 1: Difference in ice concentration between 2012–2021 and 1979–1988

Dec. Jan. Feb.

Mar. Apr. May. in
cr

ea
se

 
de

cr
ea

se
 



246

Part 4  II. Development and production technology 
4. Offshore development

east coast area of Sakhalin. In the entire Sea of Okhotsk, 
fluctuations were observed in sea ice extent and volume, 
with the former showing a decreasing trend. However, in 
the Sakhalin east coast area, the fluctuation was smaller 
than that in the entire Sea of Okhotsk, and no decreasing 
trend was observed. Hence, an accurate analysis of ice 
conditions in each project area is necessary for explora-
tion and development, regardless of the change in the ice 
volume.

Conclusions and Future Work

The secular changes in ice conditions in the Sea of 
Okhotsk were analyzed. As a result, a decreasing trend in 
sea ice extent was confirmed for the entire Sea of 
Okhotsk, but there were no clear fluctuations or decreas-
ing trends in some areas. We found that an accurate anal-
ysis of ice conditions in each project area is necessary for 
exploration and development.
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Fig. 2: Secular changes of the sea ice extent and volume in the entire Sea of Okhotsk and the east coast area of Sakhalin
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Facility technology field

The facility technology division has the sole function of 
researching and developing surface facility technology in 
JOGMEC. Taking over the “Technical Solutions Projects,” 
JOGMEC is promoting the demonstration and application 
of tools that have been studied in oil and gas fields. 

During the production of oil and gas, unnecessary 
by-products such as acid gas including CO2, produced 
water, oil sludge, are produced. As these by-products 
cause environmental pollution, they must be treated 
appropriately at a large cost; however, profits can possibly 
be gained by thorough application of technology. 

JOGMEC has defined the “Grand Design for Environ-
mental Countermeasures” as shown in Fig. 1. JOGMEC 
identified the tasks in each process with the aim of estab-
lishing appropriate management methods and effective 
utilization of by-products. The goal is to develop tech-
nologies that lead to Added Value (value creation), not 
just the processing of unnecessary by-products.

The outline of the Grand Design for Environmental 
Countermeasures and each activity in FY 2021 is summa-
rized below.

Fig. 1: Grand Design for Environmental Countermeasures
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①�Water Management
The amount of produced water is increasing annually, 
and environmental regulations are becoming more strin-
gent. Therefore, E&P projects must sufficiently treat and 
reuse the produced water. 

JOGMEC developed ceramic membrane based produced 
water treatment (CMPWT) technology and simplified the 
system with high performance. This technology is now in 
the commercial phase. In addition, JOGMEC acknowl-
edges that treating wastewater during the pigging opera-
tion of pipelines and flowlines is another requirement for 
water management, and a study has been conducted for 
this purpose. 

〈Progress〉
During FY2021, promotion of the CMPWT technology 
was postponed due to the spread of COVID-19, and we 
will resume this once the situation had settled. With ref-
erence to the wastewater treatment during pigging opera-
tion, JOGMEC investigated the possibility of applying 
CMPWT and conducted an initial review with the coop-
eration of Abu Dhabi Oil Co., Ltd. 

Regarding other studies, JOGMEC focused attention on 
the capability of oil/water separator, and conducted basic 
research on the enhancement of separator capability.

②�Emissions
Natural gas produced from a well is sent to the produc-
tion facility via a pipeline. After removing CO2 and H2S, 
this gas is sent to the demand area. Together with a Japa-
nese company, JOGMEC initiated the development of a 
CO2 separation technology using zeolite membranes and 
reached the verification test stage. Because CO2 can be 
utilized for enhanced oil recovery to effectively reduce 
greenhouse gas emissions, CO2 separation technology 
will contribute to improving asset value.

Additionally, a JAPAN-GTL technology was developed 
by JOGMEC and Japanese companies. Because it is a 
process to utilize CO2 contained in natural gas, JOGMEC 
conducted basic research to apply the technology as 
CCUS. 

The leakage of methane, which is also a greenhouse gas, 
has become a major environmental issue in recent years, 
and oil and gas companies are required to identify and 
disclose their own methane emission. JOGMEC has 
started basic research on methane leakage detection 

cameras. With the goal of measuring the amount of leak-
age, JOGMEC will proceed to develop gas-related envi-
ronmental technologies.

〈Progress〉
In FY2021, we proceeded with the preparations for the 
field demonstration test of DDR membrane, but various 
malfunctions occurred at the gas pretreatment system, 
and investigating the cause and carrying out repairs was 
time-consuming. Through the pre-tests of the equipment, 
controllability of the system was confirmed, so full-scale 
demonstration tests are scheduled to start after repairing 
the pretreatment system. 

③�Waste Management
As a result of oil and gas production, several wastes are 
discharged from the production facilities. Among them, 
crude oil sludge accumulates at the bottom of crude oil 
tanks. The sludge is usually treated as industrial waste, 
but because it still contains crude oil and waste treatment 
is expensive, sludge volume must be reduced, and crude 
oil recovered. JOGMEC is developing a sludge reduction 
technology and has obtained the prospect of establishing 
a technology to reduce crude oil sludge by at least 50%, 
recover the oil contained within, and reconvert it into 
crude oil. We are currently preparing a large-scale 
demonstration test.

〈Progress〉
During FY2021, preparation for field demonstration test 
of sludge reduction technology was delayed due to the 
spread of COVID-19, but the activities were re-started 
from September 2021 and we are planning to conduct the 
demonstration test in FY2022.

Summary

Facility technology is not only deeply involved in 
upstream activities, but also in midstream and down-
stream activities. Thus, JOGMEC believes that in future, 
we can focus on a wide range of technologies and its 
applications.

JOGMEC will promote the acquisition of oil and gas 
resources by E&P companies, and work with the chal-
lenges associated with climate change issues to contrib-
ute to the realization of a low-carbon, recycling-oriented 
society.
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(1)  Follow-up Research on “Ceramic Membrane-based Produced 
Water Treatment (CMPWT) Technology” and The Study of 
Applying CMPWT Technology to Pigging Wastewater Treatment

KAWAMURA Kazuyuki, ASANUMA Takayuki, SUZUKI Haruhiro, IKEDA Keisuke, and 
MIYOSHI Keisuke

Term: FY 2015-2021
Collaborative Researcher:  INPEX Corporation for Joint R&D of the follow-up research of CMPWT 

Technology

Introduction

The Produced Water associated with Oil and Gas produc-
tion are increasing annually worldwide. Most of the Oil 
and Gas production countries face the issue of produced 
water. The joint R&D project of “Small-scale Demon-
stration of Ceramic Membrane-based Produced Water 
Treatment (hereafter “CMPWT”) Technology” applied 
for JOGMEC’s Technical Solutions Project Phase 2 was 
conducted by INPEX Corporation (hereafter “INPEX”), 
Chiyoda Corporation, METAWATER Co., Ltd., and 
JOGMEC. It was carried out from FY 2015 to FY 2017 
utilizing commercial scale ceramic membrane that has 
been used in drinking water facilities. Based on the 
results of joint R&D, INPEX and JOGMEC have contin-
uously implemented follow-up research projects since 
2018, which aims to accumulate additional operation 
data of the demonstration plant of the CMPWT Technol-
ogy for evaluation of membrane element life, operation 
optimization, and promotion of this technology.

Additionally, the attempt to employ the CMPWT Tech-
nology to treat pigging wastewater as a new application 
of the technology was initiated from 2020. 

Contents and Results

1. Results of follow-up research in FY2021
The fourth year of the follow-up research demonstration 
test was conducted throughout from March 30, 2021 to 
March 22, 2022, including during the winter season. Due 
to some problems on the field operation, the net operat-
ing time in FY2021 was about 1,470 hours. However, no 
damage was found on the ceramic membrane during this 
period. 

The promotion for CMPWT Technology was restarted 

from 2021 and we conducted demonstration of CMPWT 
Technology using portable ceramic membrane test unit 
(hereafter “portable test unit”) at the ADIPEC 2021 held 
at Abu Dhabi, UAE.

2.  Study results of pigging wastewater treatment in 
FY2021

In 2020, the application of CMPWT Technology to pig-
ging wastewater treatment by ABU DHABI OIL Co., 
Ltd. (hereafter “ADOC”) was tested. In the year, treat-
ment test using portable test unit was conducted for pig-
ging wastewater with the cooperation of ADOC. Based 
on this test result, it was suggested that more laborato-
ry-scale tests using actual pigging wastewater was 
required for applying CMPWT Technology.

In 2021, we performed pigging wastewater treatment test 
using 2 types of raw water supplied by ADOC. The oil 
contents of the first 3 (three) samples taken from one 
pigging operation were not detected (< 5mg/L). Total 
suspended Solids (TSS) in raw water were indicated 
13~60 mg/L, but it was possible to reduce by filtering 
with ceramic membrane to less than 10mg/L. With the 
necessity to confirm the processing performance for a 
higher oil content, a test utilizing simulated sample water 
provided by ADOC, in which the oil content was 
adjusted to 1,000mg/L, was conducted in November 
2021. The treatment test was conducted using a portable 
test unit. Table 1 shows the test results before and after 
treatment.

Table 1: Results of treatment test using simulated water

Terms unit Raw water Filtrate

Oil content mg/L 51 < 5

TSS mg/L 74 < 1
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As shown in Table 1, both oil content and TSS were 
below the detection limit. Also, the oil content of raw 
water was as low as 51 mg/L in actual measurement. It 
was considered that a large amount of oil adhered to the 
inside of the sample bottle, and the calculated concentra-
tion was not obtained. In addition, this treatment test was 
conducted through the cross flow1 filtration of the porta-
ble test unit. The results of the Transmembrane Pressure 
(TMP) measured over time are shown in Fig. 1.

As shown Fig. 1, at the start of the test, low flux (1m/
d=1m3/m2/d) was selected to avoid issues such as the 
plugging of oil, and the test was carried out by raising 
the flux step by step to 3m/d. In the cross-flow mode 
operation, normally the raw water remaining inside the 
test unit becomes concentrated, which results in rising 
TMP over time. For this case, it did not rise sharply, but 
rather gradually over time, which indicates that good 
results were obtained for the filtration performance.

Conclusions and Future Work

For the follow-up research of CMPWT Technology, we 
will continue to operate with the target of bringing the 
cumulative operating time to 24,000 hrs.

In addition, the study of applying CMPWT technology to 
pigging wastewater treatment will be done through con-
tinuous laboratory test using actual wastewater and will 
be considered for application to the field.
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Summary of laboratory analyses and experiments in FY2021

We conducted experiments and analyses in projects that 
JOGMEC implements with NOCs/IOCs and others to 
explore and develop oil and gas. Therefore, our objective 
is to ensure that the required experiments and analyses 
are performed as requested. To this end, we improve the 
necessary techniques and maintain the equipment. 

In FY 2021, digital technology applied for experimental 
and analysis works had been continued from the previous 
year. In addition, safety in a series of experimental oper-
ations was reviewed.

The main activities conducted in FY2021 are as follows.

1.  Maintenance of experimental equipment for 
stable performance.

JOGMEC has a wide variety of experimental equipment 
for use in experiments conducted in oil and gas develop-
ment. Considering requested tasks or trends related to oil 
and gas development, we have updated some equipment 
or introduced new ones. In FY2021, two pieces of equip-
ment were updated.

①�Micro focus X-ray CT scanner (Xradia 515 Versa/
Carl Zeiss)

Micro focus X-ray CT scanner (M-CT) can nondestruc-
tively observe plug core samples obtained underground in 
three-dimensional image. M-CT has better analytical and 

density resolution compared to the previous M-CT, which 
enables us to observe the rock structure of dense rocks 
like shale and volcanic rock more clearly (Fig. 1, Fig. 2).

The analytical resolution of M-CT is between that of 
medical X-ray CT scanner and scanning electron micro-
scope (SEM). We can obtain porosity structure model 
ranging from nano- to micro-level combining these 
pieces of equipment. The rock evaluation techniques 
using M-CT are expected not only to contribute to the 
field of oil and gas development, but also to the field of 
new energy such as geothermal development.

Fig. 1: Updated M-CT.

Fig. 2: Images taken by M-CT.
(Gray: rock grains (matrix), black: fractures, white: heavy minerals)
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②�Wavelength-dispersive X-ray fluorescence 
spectrometer (S8-TIGER /Bruker)

Wavelength-dispersive X-ray fluorescence spectrometer 
(XRF) can qualitatively and quantitatively measure ele-
ments in solid or liquid. XRF is available for a wide 
range of sample concentration (several hundred ppm to 
100%), and useful to screen unknown samples. Further-
more, this renovation enables us to spend less time and 
helium to analyze (Fig. 3).

2. Application of digital technology.

①�Installation of experiment data management 
system

All data obtained from experiments and analyses are 
stored in folders on the server on a project-by-project or 
device-by-device basis. A single measurement can pro-
vide substantial data. Sometimes, it is hard to find the 
required data.

Therefore, a new integrated data management system 
was introduced to make effective use of data while main-
taining data confidentiality.

We can store not only experimental data, but also manu-
als or reports with this system, which means all data can 
be shared widely.

②�Remote operation system and laboratory tours 
streamed online

In FY2021, as in the previous year, experiments and lab-
oratory tours were conducted under the COVID-19 
infection control program.

We have begun to investigate the remote monitoring and 
operation system to conduct experiments and analysis 
under COVID-19. This system cannot take prompt and 
appropriate action in the event of a problem, so we are 
identifying the equipment to which this system can be 
applied. In addition, we are also in discussions with the 
relevant sections to take security measures.

The investigation was conducted to deliver the lab tours 
online, which were conducted face-to-face in the labora-
tory before COVID-19. Unfortunately, laboratory tours 
streamed online do not provide a complete experience of 
the experimental and analytical work to the attendee. 
Therefore, we decided to overcome those disadvantages 
by presenting our experimental work using videos of the 
reaction process and other processes (Fig. 4).

3. Safety 

New experimental and analytical work must be incorpo-
rated in response to changes in the environment sur-
rounding the oil and gas industry. Therefore, we 
reviewed the safety of the current experimental and ana-
lytical work in preparation for new initiatives in the 
future. We have maintained and improved safety aware-
ness by reviewing operations using past near-miss cases, 
conducting safety patrol activities, and attending semi-
nars conducted by external organizations.

In the past, safety activities have focused on ensuring 

Fig. 3: Updated XRF.

Fig. 4: Picture of a rehearsal.
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worker safety. However, as part of our contribution to a 
sustainable environmental society, voluntary efforts to 
control the atmospheric dispersion of volatile organic 
compounds (VOCs) have also been initiated. When 
experiments are conducted using rocks, the rocks are 
cleaned and extracted before and after the experiments. 
Because hazardous and deleterious substances are used 
as solvents in this process, the workspace has been 
designed to prevent workers from inhaling hazardous 

substances, in accordance with laws and regulations. 
Therefore, in FY2021, an exhaust system with VOC 
adsorption filters was introduced to control the release of 
VOC from the laboratory to the atmosphere during this 
work (Fig. 5). Consequently, the atmospheric release of 
VOC was reduced, and the laboratory can be operated in 
a manner that is considerate to the surrounding environ-
ment.

Fig. 5: Exhaust system used for cleaning rocks.
(Volatile organic compound adsorption filters: inside red frame)
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Training programs for overseas participants

JOGMEC has been conducting training programs 
designed for overseas technical and non-technical experts 
to strengthen cooperative relationships with oil- and 
gas-producing countries. JOGMEC also holds alumni 
meetings for former participants to exchange the latest 
information and promote networking.

The training program creates opportunities for both par-
ticipating countries and JOGMEC to foster relationships, 
share expertise, and transfer technology in an interactive 
manner.

JOGMEC invites experts from oil- and gas-producing 
countries into our training facilities at the Technology 
and Research Center (TRC) or elsewhere to provide reg-
ular and custom courses.

The following four regular courses are designed for and 
provided to numerous countries: Exploration Geology, 
Geophysics, Drilling Management, and Reservoir Engi-
neering. In addition, custom courses are designed for and 

provided to some specific countries.

During FY 2021, as a temporary measure in response to 
the COVID-19 pandemic, JOGMEC conducted the fol-
lowing courses online, in which 213 experts from 19 
countries participated.
・Regular course:

◦  Reservoir Engineering: Enhanced Oil Recovery 
Course 

・Custom courses:
◦  5th LNG Value Chain Training Program
◦  LNG Course for the Republic of Mozambique
◦  Satellite Monitoring and Geomechanics for Further 

Enhancing Oil Recovery Course for the United Arab 
Emirates

◦  Tailor-Made LNG Training Program for the Socialist 
Republic of Viet Nam

◦  Tailor-Made LNG Training Program for the People’s 
Republic of Bangladesh

◦  Energy Transition Course for the Republic of Indo-
nesia
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Information provision

JOGMEC presents the results of its surveys and R&D 
conducted at its Technology & Research Center (TRC) to 
all over Japan and globally. JOGMEC’s main activities 
include organizing a briefing session called “JOG-
MEC-TRC Week,” publishing an annual report, deliver-
ing an e-mail newsletter, and exhibiting at overseas 
academic conferences.

JOGMEC-TRC Week 2021

The whole theme of the JOGMEC-TRC Week in 2021 
was “CLEAN FUTURE ENERGY -Leading the way for 
Next-Generation Technologies for a Carbon-Neutral Soci-
ety.” JOGMEC mainly reported on the result of the proj-
ects conducted in the previous year. JOGMEC-TRC Week 
was held in the “on-site” “face-to-face” manner every 
year until FY2019; however, due to concerns about the 
spread of COVID-19, it was held in online basis over five 
consecutive days from October 25 to 29, 2021 (Fig. 1). 
The number of participants was 871 from outside and 412 
from inside of JOGMEC (for a total of five days).

Day 1: “Leading the way for Next-Generation Technolo-
gies for a Carbon-Neutral Society Resource Develop-
ment×CCS×Clean Energy.” After the greetings from the 
executive vice president, JOGMEC’s technology business 
strategy and technical summary report, Carbon-neutral 

society led by the resource and energy industry, and the 
technology of TRC for stable resource supply were pre-
sented. Special lecture by Ministry of Economy, Trade 
and Industry (METI) was provided, and Facility technol-
ogy of CCS promotion business, and Underground eval-
uation technology were presented.

Day 2: “Future of new resource development seen with 
digital rock. Expansion of new possibilities for oil and 
gas field development. -Digital technology-.” JOGMEC 
introduced the efforts for technological trends and utili-
zation of digital lock, and digital technology.

Day 3: “Efforts for low-environmental-impact technol-
ogy. Pursuit of new possibilities for oil and gas field 
development. -Tight oil and gas development-.” 
JOGMEC reported on its efforts towards low environ-
mental load technology, tight oil and gas development of 
joint study for actual fields, and tight oil and gas devel-
opment of efforts to elucidate the hydraulic fracturing 
mechanism.

Day 4: “To solve problems at the operation site -Develop-
ment technology- Seismic survey data analysis technol-
ogy.” From the f ield of  development technology, 
JOGMEC reported on the efforts in geomechanics, reser-
voir engineering, drilling, and ocean development. Further, 

Fig. 1: TRC-Week screenshot.
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JOGMEC reported on Seismic survey data analysis tech-
nology.

Day 5: “Efforts for Domestic exploration. Methane 
hydrate research and development now and in the 
future.” JOGMEC reported on the domestic basic survey 
and the methane hydrate research and current and future 
developments. 

JOGMEC conducts a participant satisfaction survey on 
TRC Week annually. This time, (TRC Week 2021) 88 
participants (38%) were “very satisfied” and 130 (57%) 
were “satisfied” (17.7% response rate), which were gen-
erally highly evaluated (Fig. 2).

Additionally, the participants answered inquiries regard-
ing the advantages of video presentation. The advantages 
were in “progress,” which mostly maintained planned 
schedule, and in “site,” as participants could attend from 
their office and home, and in “time,” which was con-
served as they did not have to physically arrived from 
their offices. On the other hand, they reported the disad-
vantages in “experience,” being unable to feel the pres-
ence of the speaker, and in “presentation,” which 
highlights the speaking style of the presenter. However, 
many participants opted for “no disadvantage” (Fig. 3).

JOGMEC will continuously improve based on the results 
of the survey.

Annual Report

JOGMEC-TRC annually issues its annual report. The 
annual report for the fiscal year of 2020 was published in 

two parts: a brochure of TRC that aims to be understood 
by people with no technical background, and a techno-
logical business report that contains the results of R&D.

Of these, the brochure was released in June 2021, and the 
technological business report was completed in Septem-
ber (Japanese version) (www.jogmec.go.jp/publish/pub-
lish_10_000004.html), and November (English version) 
(www.jogmec.go.jp/english/about/about008.html), 2021 
(Fig. 4), and was posted on other HP publication sites.

Booklet and DVD production were completed with the 
publication of FY2020 ones. 

E-mail newsletter

JOGMEC publishes e-mail newsletters near the end of 
every other month. The contents include news related to 
the Technical Headquarters, the status of applications to 
our training courses, the status of academic conferences, 
and thesis presentations.

During FY2021, JOGMEC published ten newsletters (No. 
122-131).

An article describing the activities of the TRC and the 
results of R&D was created with distribution and posted 
on the JOGMEC Research Department website. The fol-
lowing three articles were created for the fiscal year of 
2021 e-mail newsletter.

“What is turbidite?”
oilgas-info.jogmec.go.jp/info_reports/1008924/1009005.
html

Fig. 2: Survey results of TRC Week 2021 (satisfaction).
Fig. 3: Survey results of TRC-Week 2021 (the advantages and 

disadvantages of video presentation).
 

88, 38%

130, 57%

10, 4% 1, 1%

Satisfaction

very satisfied satisfied even not satisfied  

https://www.jogmec.go.jp/publish/publish_10_000004.html
https://oilgas-info.jogmec.go.jp/info_reports/1008924/1009005.html
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“TRC Lab’s efforts for carbon dioxide injection verifica-
tion test in domestic oil field reservoir”
oilgas-info.jogmec.go.jp/info_reports/1008924/1009143.
html
“Exhibiting at the overseas exhibition, WPC2021 (The 
23rd World Petroleum Congress)”
oilgas-info.jogmec.go.jp/info_reports/1009226/1009283.
html

Exhibiting at Academic Conferences Overseas

During FY2021, JOGMEC presented at four conferences:
i)  Congreso Mexicano del Petróleo (CMP) held in 

Monterrey, Mexico;
ii)  Abu Dhabi International Petroleum Exhibition and 

Conference (ADIPEC) held in Abu Dhabi, UAE;
iii)  World Petroleum Congress (WPC) held in Hous-

ton, US;
iv)  International Petroleum Technology Conference 

(IPTC) held in Riyadh, Saudi Arabia.

(1) CMP
The CMP is a conference scheduled to be held in Monter-
rey, Mexico in June 2020. JOGMEC, together with the 
INPEX Corporation (INPEX), has continuously exhibited 
at this annual conference. The Mexican national oil com-
pany (PEMEX) is an important organization to appeal to. 
By introducing the technology that JOGMEC is working 

on and supporting the activities of INPEX, JOGMEC aims 
to help Japanese companies attract Mexican interest in the 
future. However, due to the spread of  COVID-19, 
JOGMEC staff did not make overseas business trips from 
Japan, and only the exhibition booth was displayed (Fig. 5).

(2) ADIPEC
The first ADIPEC was held in 1984, after which it was 
held every two years up until 2012, before being held 
annually since 2013. The number of people participating 
in this exhibition ranges from 140,000 to 150,000, and 
the number of exhibitors exceeds 2,000, thus making it 
one of the largest exhibitions of this type in the world. 
Abu Dhabi remains an important partner in resource 
diplomacy. JOGMEC has exhibited at every conference 
since 1998 to promote our technology to the Abu Dhabi 
National Oil Company (ADNOC). JOGMEC exhibited 
with the Abu Dhabi Oil Co., Ltd., Cosmo Energy Explo-
ration & Production Co., Ltd., and JX Nippon Oil & Gas 
Exploration Corporation at ADIPEC2019. JOGMEC and 
other companies aim to achieve synergistic effects by 
introducing Japanese work and initiatives.

Even though it was scheduled for November 2020, the 
conference took place online because of the spread of 
COVID-19. The onsite exhibit had been postponed for 
one year and held from November 15 to 18, 2021.

Fig. 4: Annual Report 2021 (Activity Report)

 

https://oilgas-info.jogmec.go.jp/info_reports/1008924/1009143.html
https://oilgas-info.jogmec.go.jp/info_reports/1009226/1009283.html
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Mr. Hosono as Chairman & CEO, Mr. Ebato as former 
Executive Vice President, and JOGMEC staff took the 
business trip overseas to serve customers at the booth. Mr. 
Hosono as Chairman & CEO also took part in a panel dis-
cussion, and Mr. Ebato as former Executive Vice President 
took part in a technical panel session; therefore, JOGMEC 
improved its presence. Furthermore, Mr. Yaser Saeed Al 
Mazrouei, who was a former overseas trainee of JOGMEC 
and is currently the Upstream Executive Director of the 
ADNOC, visited the booth (Fig. 6)

(3) WPC
The WPC is held once every three years. The most recent 
conference was held at Istanbul in July 2017. WPC2020 
was to be held in Houston in December 2020. However, 
the conference was postponed because of the spread of 
COVID-19 and finally held from 5 to 9 December 2021. 

JOGMEC staff did not make overseas business trips from 
Japan, and the staffs in Houston Office responded at the 
booth (Fig. 7).

(4)  IPTC
The IPTC is a comprehensive academic conference spon-
sored by the AAPG, SPE, SEG, and EAGE academic 
societies on oil development technology. This annual 
event is held alternately in Asia and the Middle East. 
IPTC2021 was to be held at Kuala Lumpur, Malaysia in 
March 2021. However, owing to the spread of COVID-19, 
conferences and exhibits were held online and the exhibit 
was postponed. IPTC2022 was finally held in Riyadh, 
Saudi Arabia, from 21 to 23 February 2022. JOGMEC 
staff did not make overseas business trips from Japan, and 
the exhibition booth was simply displayed (Fig. 8).

Fig. 5: JOGMEC booth (CMP2021)

Fig. 6-1: From the left, Mr. Ebato, former Executive Vice 
President; Mr. Yaser, Upstream Executive Director; 
and Mr. Hosono, Chairman & CEO (ADIPEC2021)

Fig. 6-2: Mr. Hosono as Chairman & CEO also took part 
(right) in a panel discussion (ADIPEC2021)
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Fig. 8: JOGMEC booth (IPTC2022)

Fig. 7-1: JOGMEC booth (WPC2021) Figure 7-2:  Mr. Inada as General Manager of Houston 
Office (right)(WPC2021).
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