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A B S T R A C T   

The risk of CO2 leakage from carbon capture, utilization, and storage (CCUS) wells and geological 
storage sites must be properly assessed before the implementation of CO2 injection. According to 
ISO 27914 and ISO/FDIS 27916, the design and construction of an injection well needs to 
guarantee safety and ability to contain the stored CO2 over a long-term period. However, these 
standards alone were inadequate to evaluate the well integrity due to the need to specify criteria, 
duration of measurement, and range of measurement parameters of the available tools according 
to industries’ best practices. 

The methodology used in the study adapted applicable and readily-available international 
standards, field experiences, and lessons learned that could be used to support the construction of 
new and/or the conversion of existing oil and gas wells into CO2 injection wells. This study 
focused on Jepon-1 in Gundih field, Indonesia, an abandoned oil and gas well. Its actual condi
tions, well integrity, capabilities of the equipment used in the workover and logging operations, 
and its limitations in checking the conditions of various crucial aspects of integrity, were eval
uated. The results showed that the application of the international standards could not fulfill all 
the detailed requirements of integrity evaluation of the JPN-1 well due to its particular condition 
and situation. Other field experiences needed to be adapted, improved, and incorporated in the 
integrity evaluation of this well. Additionally, longer duration of measurement and more accurate 
and sensitive logging evaluation tools, combined with temperature logging tools, are required to 
detect leakage that could not be identified by the commercial tools used in this well. 
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The result of this well integrity study will be used as a fundamental basis for constructing CCUS 
well regulations by the Government and stakeholders.   

1. Introduction 

One of the important parts in a carbon capture and storage (CCS)/carbon capture, utilization, and storage (CCUS) project is a well 
to inject the carbon dioxide (CO2) from the surface into the subsurface formation. The well can be either a new drilled well or an 
existing oil and gas well converted into a CO2 injection well. The study discusses the latter, specifically well Jepon-1 (JPN-1), an 
abandoned oil and gas well situated in Gundih Field, Indonesia. This well is planned for conversion into a CO2 injection well through 
workover operation [1]. 

According to ISO 27914 [2] and ISO/FDIS 27916 [3], for either a new or a converted well from an existing oil and gas well, the 
design and construction of the injection well need to guarantee the safety and the ability to contain the stored CO2 for a long-term 
period. The components (e.g. tubular, cement, elastomers, and surface and downhole equipment) of the injection well need to be 
tested and their performance shall be maintained to work properly and have the ability to withstand the operational loads and 
environment through the life cycle of the CCUS/CCS project. Aside from the quality of the geological storage and injected CO2, the 
specific design parameter and construction basis for the CO2 injection well affect significantly the successful of CCUS [4]. 

The oil and gas-converted-CCUS or any existing-converted-CCUS well possesses a higher risk of having leakage than new- 
constructed CCUS well during the life cycle of the well. The risk of CO2 leakage from the CCUS well and geological storage sites 
must be properly assessed before the implementation of CO2 injection [5,6]. The leakage may happen anywhere from within the 
geological storage, through permeable formations layers, along the existing wellbore, through failed wellbore barrier elements (WBE) 
or well integrity components [7], through the shallower permeable formation layers, until the surface facilities or surface leakages. 
According to Watson and Bachu (2009) [8], surface leakages and gas migration can be correlated with the economy, technology, 
geographic location, and applicable regulations. The study also showed the indication of a correlation between the surface leakage and 
gas migration with the top of the low-annular-cement, external corrosion, and casing/liner failure in the wellbore with consideration of 
factors, such as wellbore inclination, surface casing depth, and the number of wellbores in the area. This study can also be used as a 
reference for the CCUS well design, well conversion, and well integrity evaluation [6,9–12]. 

The hazard and catastrophic level of the CO2 leakage will depend on the leakage rates and location, thus, any potential leakage 
pathways should be listed and assessed. The leakages are usually in the form of a certain geometry such as aperture, diameter, and 

Table 1 
International standards related to well integrity of a CO2 injection well [17,18].  

Standard Title 

CCUS 
ISO 27914 [2] Carbon dioxide capture, transportation and geological storage - geological storage 
ISO/FDIS 27916 [3] Carbon dioxide capture, transportation and geological storage - Carbon dioxide storage using enhanced oil recovery (CO2- 

EOR) 
Well and operation management related documents 
ISO 16530-1 [7] Well integrity — Part 1: Life cycle governance 
ISO 16530-2 [19] Well integrity - Part 2: Well integrity for the operational phase 
API RP 49 [20] Drilling and well servicing operations involving hydrogen sulfide 
API RP 54 [21] Occupational safety for oil and gas well drilling and servicing operations 
Christmas tree, wellhead, casing/tubing hanger 
ISO 10423 [22]/API Spec 6A [23] Wellhead and Christmas tree equipment 
API RP 90 report (2006) [24] Annular Casing Pressure Management for Offshore Wells 
Casing/tubing and joint seals 
API Spec 5CT [25] Casing and tubing 
ISO 11960 [26] Steel pipes for use as casing or tubing for wells 
ISO 15156 [27]/NACE MR 0175 

[28] 
Materials for use in H2S containing environments in oil and gas production 

NORSOK M − 001 [29] Materials selection 
ISO 13680 [30]/API Spec 5CRA [31] Corrosion-resistant alloy [CRA] seamless tubes for use as casing, tubing, and coupling stock 
Cement and cement additives 
ISO 10426-1 [32]/API Spec 10A 

[33] 
Cements and materials for well cementing 

API TR 10TR1 [34] Cement sheath evaluation 
API Std 65-2 [35] Isolating potential flow zones during well construction 
Packers and related equipment 
ISO 14310 [36] 

API Spec 11D1 [37] 
Packers and bridge plugs 

Note: American Petroleum Institute (API), Final Draft International Standard (FDIS), Corrosion Resistant Alloy (CRA), International Organization for 
Standardization (ISO), Norsk Sokkels Konkuranseposisjon/Norwegian Standards Organization (NORSOK), Recommended Practice (RP), Specifica
tion (Spec), Standard (Std), Technical Report (TR). 
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Table 2 
Lesson learned from several fields’ experiences  

Nu. Field Project brief description Lesson learned regarding the critical and design criteria 
for well integrity 

1. Malaysian offshore mature field 
(carbonate formation) [38–42]*  

• Gas producer wells were planned to be converted 
into CO2 injector wells.  

• New wells were planned to be drilled as another 
option for CO2 injector wells.  

• CO2 injection is planned at the supercritical phase.  

• Original 30-40-year-old gas producer wells were not 
designed for high CO2 concentration flow.  

• Associated well integrity risks were acknowledged 
for planned conversion wells: leakage, corrosion 
(CO2, H2S, water), cement degradation (cracks, 
microannuli, channeling, fluid flow, and migration), 
unsuitable existing surface equipment and downhole 
completion (material strength degradation, material 
integrity), tubing and connection stress, and solid 
production (wellbore stability). CO2 leakage 
scenarios due to chemical, thermal, and mechanical 
degradation of barriers reasons were identified and 
modeled.  

• Continuous monitoring and surveillance were 
recommended before, during, and after the CO2 

injection operation: seismic profile, micro-seismic, 
production and injection data, logging measurement 
(ultrasonic, cement bond log (CBL), acoustic, pres
sure, and temperature), CO2 analyzer, and environ
mental parameter. 

2. Lacq pilot project (onshore France) 
[43]**  

• CO2 injection was conducted from 2010 until 2013 
with more than 51,340 metric tonnes CO2 injected 
through one well. The well was converted from a 
43-year-old existing oil and gas well.  

• Post monitoring was performed from 2013 until 
2016; several monitoring devices and sensors were 
installed in the well.  

• Short and long-term well integrity aspects to be 
considered: leakage (including simulation and 
modeling of several leakage scenarios), zonal isola
tion, cement sheath mechanical-chemical integrity, 
surface and downhole material degradation, corro
sion, and other impacts from potential issues (e.g. 
blow out, earthquake).  

• Seismic and logging measurements for cement and 
casing evaluation were conducted thoroughly.  

• Continuous monitoring and surveillance were 
performed before, during, and after the CO2 injection 
program: injected CO2, pressure and temperature 
(along injection well, annulus, downhole, and 
reservoir), micro-seismic, production and injection 
data, logging measurement (ultrasonic, CBL, acous
tic, pressure, and temperature), CO2 analyzer, and 
the environmental parameter (surface gas, soil, 
ground and surface water, and biodiversity). 

3. Tomokamai offshore area [44–48]**  • CO2 injection was conducted from 2016 until 2019 
with a cumulative CO2 injection of 300,100 metric 
tonnes.  

• Post monitoring was performed until 2020.  
• Two new wells were utilized for injection operation. 

Several monitoring devices and sensors were 
installed in the wells.  

• Three wells were utilized for observation. Several 
monitoring devices, sensors, and seismometers were 
installed in the wells.  

• CO2 was injected at the supercritical phase.  

• Periodic and continuous monitoring and surveillance 
were performed before, during, and after the CO2 

injection program: injection and observation wells, 
injected CO2, pressure and temperature (surface and 
downhole), 2D and 3D seismic survey, natural 
earthquake, micro-seismic, ocean bottom cable 
(OBC), onshore seismometers, ocean bottom seis
mometers (OBS), injection data, and marine envi
ronmental survey. 

4. Cortemaggiore, Palino-Ascoli- 
Candela-Satriano (PACS), and 
Giaurone-Armatella-Gela (Italy) [49] 
**  

• In 2004, a project was launched to identify and 
select fields for CO2 sequestration.  

• Existing wells and new wells were planned for the 
CO2 injection at the supercritical phase.  

• The integrity of the existing wells was assessed to 
identify and select suitable wells for CO2 injection. 
The assessment consisted of gathering all historical 
data of the wells (drilling and completion method, 
well pressures, plug and abandonment, and 
operational data), evaluating the last integrity status 
of the well (annulus pressure, sustained casing 
pressure, and leakages), analyzing the risk and 
hazard, and selecting the suitable wells 
(classification of wells).  

• New wells were constructed based on criteria for CO2 

injection. The technical requirements, specific 
guidelines, and critical criteria for well integrity 
were established before the construction of the new 
wells.  

• A monitoring program was planned, consisting of 
surface and well microseismic, geochemical, 
wireline logging measurement, surface and annulus 
pressure measurement, and fluid measurement. 
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cross-sectional area. To evaluate the leakage potential risk and rates, a physics-based leakage model based on specific fluid properties 
and transport phenomenon should be established [6]. The database of previous CCUS wells, including well construction and design, 
injection operation, until post well and sites monitoring can be used for initial preliminary analysis and evaluation because of some 
similarities between wells. In case of the absence of CCUS wells data, other existing oil and gas wells databases, including the well 
construction, production operation, well intervention, and plug and abandonment, can also be used as a reference. 

It is mandatory to ensure the integrity throughout the lifecycle of the CCUS well. The well integrity assurance includes the following 
aspects [2,6,12–14]:  

1. Preventing CO2 and other fluid leakages to the surface,  
2. Isolating CO2 or other fluid movements between various strata of formations to prevent contamination,  
3. Preventing pressure breakdown of formations, particularly weak formations,  
4. And preventing contamination of water-bearing formations or any existing critical formation. 

The establishment of specific regulations, standards and guidelines, enhancement in well design and construction, and improve
ments in knowledge and expertise of CCUS well integrity should be prioritized to prevent any undesirable failure [15]. 

However, there are not many specific standards governing CO2-enhanced oil recovery (EOR), CCS, and CCUS well, especially in 
Indonesia [2,16]. Most design and construction processes of a CCUS/CCS well, including materials and equipment, are based on 
standards and guidelines developed in the oil and gas industry [2]. In particular, ISO 27914 [2] and ISO/FDIS 27916 [3] were used as 
the basis of well JPN-1 evaluation in this study; however, these standards alone were inadequate to evaluate the well integrity. 

To support this inadequacy, international standards related to well integrity and barriers components which are readily available 
can be used to support both the construction of a new CO2 injection well and the conversion of an existing oil and gas well into a CO2 
injection well. 

Table 1 shows the international standards related to CCUS and well integrity of a CO2 injection well that were published both by the 
International Association of Oil & Gas Producers (IOGP) and other international organizations [7,17]. These international standards 
were used in this study to evaluate the case study: well Jepon-1 (JPN-1). 

In addition to the international standards, Table 2 shows the case studies and lesson learned regarding the critical and design 
criteria for well integrity of the CCS/CCUS well. Three projects shown in the table consist of the plan and actual case studies of new and 
converted CCS/CCUS wells that were used as additional references for JPN-1 well. 

The comparison in Table 2 shows the list of critical integrity aspects to be considered both in the well design and in the CO2 in
jection operation process, which needs to be monitored continuously before, during, and after the CO2 injection operation. 

The international standards in Table 1 and the list of critical integrity aspects in Table 2 were used in this study to evaluate the 
integrity of the planned conversion CO2 injection well JPN-1. Workover and well intervention operations were conducted on this well 
and commercial tools were utilized to assess the well integrity; however, due to the limitation of the commercial tools, not all integrity 
aspects could be assessed properly. Besides, despite the successful CCS/CCUS case studies application shown in Table 2, the lesson 
learned could not be applied directly in well JPN-1 due to the difference in background and condition of the well. Therefore, Indonesia 
plans to build its database of lesson learned of the CCUS well design, conversion, and CO2 injection. 

The study presented here was a collaboration research between University, Oil and Gas Operator, and Service Company in CCUS 
research. The objective of this study is to develop a methodology to evaluate the integrity of JPN-1 which is planned to be converted 
into a CO2 injection well based on the limitations of the commercial tools, focusing on the following three aspects:  

1. A suitable assessment tool for a similar type of wells (planned conversion into CCUS well or new drilled CCUS well) in Indonesia,  
2. Regulations related to CCUS wells application in Indonesia. 

*CO2 injection was not performed yet, **CO2 injection was already performed. 

Fig. 1. Methodology of integrity evaluation of well JPN-1 [2,3,49,51–53].  
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3. The adaptation of international standards to be more detailed and used on a field/well basis. 

The CO2 injection project in this field is the first planned CCUS pilot project in Indonesia that was addressed for further research and 
development purposes [50]. The importance of the results of this study is threefold: (1) to evaluate and predict the leakage risk of the 
planned CO2 injector well, (2) to be used as a reference for the CCUS well design and construction, conversion of an existing oil and gas 
well into a CO2 injector well, and (3) to be used as a reference in the making of regulations related to CCUS well in Indonesia. 

2. Methodology & overview of the well 

2.1. Methodology 

The CO2 injection into geological storage must be nearly leak-free, both to the surface and subsurface, to achieve the safety re
quirements and to justify the high expenditure of the project [5]. Fig. 1 shows a flow path of design aspects for conversion well into a 
CO2 injection well adapted from several applicable international standards and recommended practices from experiences of companies 
worldwide [2,3,49,51–53]. 

The methodology of well integrity measurement, assessment, and evaluation in ISO 27914 [2] and ISO/FDIS 27916 [3] were 
utilized as the basis in this study. However, methodology stated in these standards alone were inadequate to evaluate the well integrity 
in well JPN-1. Due to the lack of specific tools to measure CCUS well integrity, the integrity assessment of well JPN-1 was conducted 
using commercial tools that are widely used in oil and gas well. The commercial tools were acoustic log, caliper log, temperature, 
pressure, spinner log, production log, and porosity log. These commercial tools were not intended to measure the integrity parameter 
in CCUS well according to the ISO 27914 [2] and ISO/FDIS 27916 [3]. The specific criteria, duration of measurement, and range of 
measurement parameters of the tools in both ISO need to be specified in the operation according to the field and well basis. Therefore, 
other applicable international standards listed in Table 1 and experiences and documented lessons learned from industries worldwide 
in Table 2 were also used to support the integrity evaluation of the well in this study, particularly in defining the specific criteria and 
range of measurement parameter of the tools [54]. 

The following data were gathered and then quality assurance and quality control (QA/QC) of the data were performed based on ISO 
27914 [2] and ISO/FDIS 27916 [3]:  

1. Geological, reservoir, and subsurface data.  
2. Reservoir and production fluid  
3. Well schematic, tubulars, and downhole equipment.  
4. Well drilling and intervention reports.  
5. Wireline logging data, including caliper, cement, casing, temperature, pressure, production, reservoir, porosity, and saturation. 

The data were shown in chapter 2.2 Overview of the well. 
Experiences from industries worldwide in Table 2 shows that wellbores (e.g. active and inactive or abandoned) are prone to leakage 

of injected CO2 into the well [38–49,52,54]. According to lesson learned from Malaysia (offshore mature field), France (Lacq), and 
Italy (Cortemaggiore, Palino-Ascoli-Candela-Satriano (PACS), and Giaurone-Armatella-Gela), the existing oil and gas wells, particu
larly old wells, possess high integrity risks that should be carefully considered before converting them into CO2 injector wells. The 
integrity of each well surface and downhole components need to be investigated and evaluated. 

Based on the statistics and lesson learned, most failures of internal well integrity can be found in the following components: casing, 
liner, tubing, packer, and downhole completion (including valve) [55]. This internal mechanical integrity also includes the connection 
of tubular. Besides, there should not be any upward migration flow from behind the designed downhole tubular due to problems, e.g. 
un-isolated formation zones, bad cement quality, micro-annulus, and channeling, except the CO2 flows from the designed injection 
interval. Other integrity elements that should be also evaluated are the Christmas tree and wellhead which should be designed to 
withstand the planned working pressures and not exceed the maximum permissible loads. All the components of this two-surface 
equipment, including valves, should be regularly maintained, particularly from leaking. 

Therefore, both the internal and external mechanical well integrity assessment and assurance, especially for long-term well 
integrity, are important during the operation [49,51,52], particularly cement and casing inspection. 

In this study, the reservoir properties were evaluated. The porosity and permeability affect the CO2 injection into the storage. Then, 
leak detection was carried out according to the available data. Leakage occurrence can be analyzed by identifying the following el
ements: the source of the leak, the pathway of the leak, and the force causing the leak to flow from the source along the pathway [5,12, 
56]. The force could be the buoyancy effect of the CO2 or the differential pressure. Further, the risk assessment and control were 
established, and these will be used as a basis for the guideline and recommendation. 

2.2. Overview of the well 

From 2013 to 2019, the amount of natural gas produced from Gundih Field reached approximately 60 Million Standard Cubic Feet 
per Day (MMSCFD) [57], containing up to 23% CO2 or equivalent to production of 800 metric tonnes per day of CO2 [53,58]. The high 
CO2 production in this field is considered to be a major issue and therefore CCUS project is planned to inject approximately 20,000 
tonnes of CO2 in two years (the amount of CO2 to be injected is planned to be increased) [50,53]. 
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Fig. 2. Schematic of well JPN-1 [57,63].  
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Well JPN-1 in this field was a vertical exploration gas well drilled in 2007 [1]. This well was abandoned in 2008 and is planned for 
conversion into a CO2 injection well through a workover operation. The selection of this well was based on the following consideration 
[1,50,53,57–61]:  

1. The CO2 injection near the production wells and Central Processing Unit (CPP) in this field (less than 3.2 km) is considered an 
effective method to reduce CO2.  

2. The objective plan is to inject CO2 of approximately 30 tons per day or 0.57 MMSCFD in 2 years into Ngrayong formation at 
approximately 854–862 m. This formation consisted of claystone interbedded with sandstone and limestone. According to studies 
performed by Tsuji et al. (2014) and Kelly et al. (2019), at this depth, the CO2 can be injected effectively at the supercritical phase or 
state [62]. The CO2 pressure and temperature in the surface and pipeline will be regulated so that the single-phase supercritical 
liquid will flow into the well and reservoir. This is considered the most efficient condition for CO2 injection.  

3. The Ngrayong formation is considered not too deep formation, therefore the well cost could be less expensive and optimized. The 
available pumps are still able to be used to pump the injected CO2 into this formation. Above Ngrayong formation, there is an 
impermeable formation (Wonocolo formation) that is considered as seal formation.  

4. Based on offset wells, the pore pressure regime in the Ngrayong formation was considered to be almost hydrostatic which is 
favorable for CO2 injection.  

5. As much as 30 metric tonnes/day of CO2 (0.58 MMSCFD) is planned to be captured, transported, and injected into well JPN-1. The 
surface facilities and required infrastructure already existed in this field to support production. These facilities are planned to be 
used in the CO2 injection project.  

6. The CO2 injection plan in this well is the first planned CCUS pilot project in Indonesia that was addressed for further research and 
development purposes [50]. The well design and construction basis of this well is similar to other existing wells in other fields 
operated by the same operator company. This pilot project will be used as a reference for future CCUS conversion of an existing 
wells into CO2 injector wells and injector well design and construction. 

Fig. 2 shows the schematic of well JPN-1. 
After the workover operation was done, well intervention and investigation were carried out to measure and evaluate the integrity 

of the well using commercial tools that are widely used in oil and gas well. Table 3 shows the aspect criteria and objectives of 
intervention and investigation at well JPN-1. Based on the aspect criteria, the type of well logging investigation was determined: 
acoustic log, caliper log, temperature, pressure, spinner log, production log, and porosity log. 

Fig. 3 shows the acoustic test time data acquisition diagram. 
A high fidelity (100 ms) data was used in the processing, providing a high sample data rate to detect high-resolution noise activity 

related to the source of the leak investigation. 
Road noise is noise related to tool motion and observed to be occurring at a low frequency in every dynamic pass [1,57]. In this 

study, dynamic and station passes processing were conducted to investigate the acoustic activity related to the leakages. Radial 
location around the suspected area were further assessed to investigate the noise source. The acoustic test results from the second 
logging run were largely similar in conclusion to the first run. Acoustic events heard by the tool were calculated to occur close to the 
tool body. Acoustic events identified on the up and down passes did not repeat with each other. Stations recorded at the casing shoes 
did not indicate any detectable leaks. 

Table 4 shows CBL measurement in well JPN-1. 
Fig. 4 shows the advanced cement evaluation at 420–460 m in 9 5/8” casing interval. 

Table 3 
Objectives of intervention and investigation at well JPN-1 [1].  

Criteria Expected outcome Parameter 

Acoustic visualization profile of the 
borehole in 2-D and 3-D 
format.  

- Good cement height (minimum 10 ft).  - Cycle skip travel time.  
- Cement acoustic impedance (Z > 3.8).  
- Cement distributed evenly 360◦. 

Acoustic leak detection (See  
Fig. 3).  

- No indication of fluid migration inside the 
borehole and behind the casing.  

- Acoustic analysis tool post-processing result that uses hydrophone array 
technology to identify leaks and flow around the wellbore and behind 
pipe in real-time. 

Temperature, pressure, and 
spinner log.  

- No indication of fluid movement.  - Temperature profile close to geothermal gradient profile.  
- Zero relative spinner rotation  
- Pressure reading matching the hydrostatic pressure. 

Reservoir monitor log for fluid 
saturation.  

- No water movement behind the casing.  
- Good porosity on the target CO2 injection 

zone based on cased hole (CH) porosity 
analysis.  

- Small value of oxygen activation curve. This provides the ability to solve 
complex saturation profiles in the reservoir while eliminating phase- 
saturation interdependency. This information can be used to monitor the 
reservoir.  

- Saturation analysis, water saturation, porosity, and a qualitative 
measurement of permeability in the target zone.  

- Impermeable shale zone as a barrier above and below the injection zone. 
Annulus pressure.  - Annulus pressure 0 psig.  - Stable Annulus pressure gauge (0 psig). 
Compressive cement strength.  - The estimated compressive cement strength of the surface cement sample must be above the CO2 injection pressure at 100 

Bar (~1400 psi)”.  
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Fig. 5 shows the advanced cement evaluation at 850–900 m in 7” casing interval. 
Fig. 6 shows the inspection log of the 7” liner in this well. 
According to Fig. 6, the following observations were identified:  

a. Thicker casing was observed at 770–780.2 m intervals showing the possibility of heavier casing weight.  
b. Internal damage was observed at 780.2–794 m. However, the thickness analysis did not show any obvious metal loss of the casing. 

These scars were due to plug setting operations.  
c. Internal damage was observed at 847.8–858.4 m. The casing evaluation and inspection results showed approximately 41% damage 

on the casing.  
d. Larger radius anomalies were observed at 900–940 m. However, thickness analysis did not show any obvious metal loss of casing. 

The casing evaluation and inspection results showed approximately 20% damage. 

Fig. 7 shows the production logging acquisition 4. 
Fig. 8 shows the temperature plot for all intervals. 
The temperature data were recorded using production logging tool (PLT). PLT was aimed to measure the fluid movement in the 

Fig. 3. Acoustic test time-depth data acquisition diagram [1].  

Table 4 
CBL measurement [1,57].  

Depth (m) Measurement Evaluation 

First Second Third 

300–350 8 16 14 Moderate 
350–400 10 21 21 Poor 
400–450 8 13 13 Moderate 
450–500 5 13 14 Moderate 
500–550 5 13 12 Moderate 
550–600 10 17 18 Moderate 
600–650 7 11 11 Moderate 
650–700 5 12 14 Moderate 
700–750 2 16 7 Good 
750–763 2 0 5 Good 
763–800 32 51 52 Poor 
800–850 31 41 36 Poor 
850–900 30 21 19 Moderate 
900–950 30 19 16 Moderate 

The first CBL measurement was conducted in 2007 during drilling operation. The second and third CBM measurement were conducted in 2017, 
before and after squeezed cementing operation, respectively. 
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wellbore, including the flow rates, properties, pressure and temperature [49]. The PLT measurement was performed in JPN-1 to 
evaluate and quantify the downhole leakages. The PLT measurement were taken at four different times. According to Figs. 7 and 8, the 
following observations were identified in Table 5. 

Fig. 9 shows the saturation analysis at 830–920 m. 

3. Results and discussion 

A holistic evaluation of well integrity was required on JPN-1 well, prior to converting it into a CO2 injection well. The first and the 
most critical step was data collection, particularly related to information regarding the status of the wells. These data include the 
design and equipment of the wells to identify the well integrity and to evaluate whether they are suitable for CO2 injection wells. 

Table 6 shows the summary of the well integrity evaluation of well JPN-1 [1,57] according to the International standards [17]. 
Besides, the case studies and lesson learned in Table 2 were also used as additional basis for integrity evaluation of well JPN-1 in 
Table 6. 

The well JPN-1 was formerly designed as an exploration oil and gas well with minimum requirements following the standards and 
guidelines stated in the oil and gas industry. 

Fig. 4. The advanced cement evaluation of 9 5/8″ casing intervals 420–460 m [1].  
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According to ISO 27914 [2], wellbore condition shall be verified for any defect by logging tools. The logging should be capable to 
inspect the actual internal-external condition of tubular (liner, casing) for any defect (wear, corrosion, erosion, thickness reduction, 
etc.), cement (casing-cement and formation-cement bond, microannuli, fracture, etc.), reservoir and fluid saturation, and leakage. 
Most of the commercial logging tools used to measure and evaluate the integrity of well JPN-1 were unable to detect and measure the 
leakages sources in the wellbore. The indication of leakages was observed through the temperature anomaly measurements. 

Therefore, more accurate and sensitive measurement and logging evaluation tools combined with other tools, such as temperature 
logging tool, and/or longer time duration of measurement, are required to detect this type of leakages in CCUS well, particularly 
abandoned oil and gas well which is planned to be converted into a CO2 injector well. 

The result summary and analysis from Table 6 show that the outcomes were not in line with the plan shown in Table 3, even though 
the workover operation had been carried out. After the workover operation, leakages were still observed and the integrity of the well 
did not reach the minimum target according to the international standards and guidelines shown in Table 1. 

In line with ISO 27914 [2] and ISO/FDIS 27916 [3], re-construction or re-completion is mandatory before performing the CCUS 
project in this well. The age and current condition of this well, tubular, surface and downhole equipment, and WBE should be 
considered as it will affect the well performance, whether it can meet the minimum requirements of a CCUS well after the 
re-construction/re-completion. Particular attention should be addressed to leakages (e.g. leakage from the casing, cement, downhole 
and surface equipment), since this can lead to a serious issue in a CCUS project; therefore, the integrity of WBE shall be re-established. 

The injected CO2 into the reservoir dissolves in the formation fluid (brine) and reacts to form carbonic acid (H2CO3) [42,53]. The 
carbonic acid attacks the wellbore, particularly at the injection area. CO2-resistant cement is mandatory to be placed in the wellbore, 
especially in the reservoir section, injection area, and up to the safety zones and seal formations above the reservoir formation. In case 
normal cement or non–CO2–resistant cement is used, this type of cement can be placed above the CO2-resistant cement, since this 
cement is vulnerable to CO2 attack. The cement should be able to sustain the permeability as low as possible and provide long-term 
protection against the supercritical CO2 attack (>31 ◦C at 1059 psi) and formation fluid at elevated pressure and temperature and low 
pH condition. 

Fig. 5. The advanced cement evaluation of 7″ casing intervals 850–900 m [1].  
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Aside from the requirements listed in Tables 3 and 6, Table 7 shows the additional requirements for a CO2 injection well based on 
ISO 16530-1 [7], ISO 16530-2 [19], and ISO 27914 [2] related to WBE and critical well integrity elements. 

The gas leakage in JPN-1 might occur through the various pathways from natural existing spaces (e.g. geological pathway, pores, 
fractures, and faults) to barriers failures (e.g. bulk cement, cement deterioration, microannuli, poorly cemented casing/liner, casing/ 
liner failure, cracks, and corrosion) [5,8,12,56]. Gas migration might occur outside of the cemented casing/liner and flow upwards to 
the surface. Various factors contribute to this migration, including poor cement quality behind the casing/liner or cement/formation 
rock fracturing/channeling at the shoe and behind the casing/liner. The following are factors that should be considered in wellbore 
leakage investigation of this well:  

1. Well status, age, and depth. 

Fig. 6. 7″ liner inspection log [1].  
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This includes the status of the new or converted well, and producing or abandoned well. The depth of the reservoir and the 
number of wells that penetrate the reservoir also affect the risk of CO2 leakage and migration potential as cross-flow between 
close existing wells and different formation strata might occur.   

2. Well construction, structure, schematic, and completion. 

Fig. 7. Result of production logging acquisition 4 [1].  
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3. The number of wellbores in the area as this may affect the cross-flow between near existing wellbores and cause leakage through 
other wellbores.  

4. Installed downhole equipment, since their performance and integrity capability are time-dependent. These will affect the wellbore 
integrity and reduce the maximum allowable load that the wellbore can withstand.  

5. The historical purpose of the well (e.g. oil/gas producing well, injection well, and abandoned well)  
6 Presence of corrosive substances or other substances enhancing the corrosion, such as H2S, CO2, and water. 

Additionally, a model of fluid characteristics and flow throughout the leakage pathway is required to estimate and calculate CO2 
flow along a leaking wellbore [2,6]. The range of effective permeability of either formation or cement microannuli is also required to 
estimate the risk of CO2 leakage [66]. The input parameters for the model should at least consist of the wellbore dimension (e.g. outside 
and inside diameter, length, height, inclination, and depth), fluid and CO2 properties (composition, saturation, density, viscosity, and 
injection flow rate), formation properties (e.g. pressure, temperature, permeability, porosity, compressibility, and thermal effect), and 
potential pathway properties (e.g. dimension, permeability, and porosity of cracks, microannuli, cement, and fracture.) [9–11,67–72]. 

Fig. 8. Temperature plot for all intervals [1].  
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In addition, CO2 physical properties might change over time and along the flow pathway including the leakage pathway. This dynamic 
condition, together with existing uncertainties in the geological storage and wellbores, should also be addressed in the model 
calculation [73]. In recent years, various research and development have been done related to wellbore leakages through various 
barriers systems resulting in different models. However, these models are specific to each case, which might not always applicable to 
JPN-1 conditions. For the specific case in well JPN-1, considering this well was formerly an abandoned exploration oil and gas well that 
is planned for conversion into a CCS/CCUS well with its well integrity potential issues, particular precautions and consideration should 
be taken in the leakage modeling. 

If the CO2 injection at JPN-1 were to be performed, the leakages could occur and cause worse impact due to this integrity issue. The 
amount of injected CO2 into the formation and loss of CO2 (leakage, surface operation, etc.) must be quantified. Well integrity 
assurance is mandatory to minimize the loss of CO2 as much as possible, particularly from the surface and downhole leakage. There are 
still more unknown required data; therefore, it is difficult to perform a holistic integrity evaluation of well JPN-1 and to estimate the 
leakages. Due to this lack of data, it is also difficult to apply the international guideline and application in workover and investigation 
operations in this well. 

Regulations and specific guidelines and standards should be determined as the basis for the CCUS project in JPN-1. Further, firm 
criteria should be established to ensure well integrity, e.g. acceptable condition of downhole equipment, and cement and casing/liner 
condition. Then, an investigation should be performed on this well to check against these predetermined criteria. If leakages are 
identified, well intervention and repairmen should be carried out directly before proceeding with the CO2 injection operation. 

Well observation and proper testing and investigation are required by regulations to ensure that there is no leakage or CO2 
migration occurrence during the CO2 injection operation. CO2 migration and leakage may occur later after some period of the 
CCUS operation. The well integrity degradation can occur slowly causing unawareness of the CO2 leakages risk potential. 
Therefore, close monitoring for a longer time is required to ensure no leakages occur from geological storage and wellbores for a 
very long time [73]. The storage and well must be monitored and the results must be reported on a regular basis according to the 
applicable regulations. Wireline logging measurements are recommended to be run to measure the injection profile and injected 
CO2 and possible properties changes over time and homogeneity [49]. In addition, the offset and historical data of the wells and 
fields should be reviewed and used as the basis for establishing the regulations [5]. Further, a decision tree can be established 
based on the offset and historical data analysis of the well and the field, the current condition of the well, and the investigation 
results. This decision tree will simplify the analysis and decision-making of whether the conversion of the well can be 
performed. 

4. Conclusion  

1. This paper reviewed the well integrity of well JPN-1 in Gundih Field. After the workover and well intervention operations that were 
conducted on this well, not all integrity aspects could be assessed properly due to the limitation of the commercial tools. Besides, 

Table 5 
PLT acquisition and temperature analysis [1,57].  

Aspect analysis PLT acquisition 

1st 2nd 3rd 4th 

Spinner log No flow No flow No flow No flow 
Pressure Stable Stable Stable Stable 
Capacitance Well was filled with liquid Well was filled with liquid Well was filled with 

liquid 
Well was filled with liquid 

Temperature At approximately 305 m (below 
casing shoe), a temperature anomaly 
was observed that might indicate an 
activity. 

There was no indication of 
temperature anomaly at 305 m 
with respect to observation on 
PLT acquisition 1. 

Slight increase in 
temperature compared to 
previous PLT 
acquisitions. 

At 881 m, a temperature 
gradient change was 
observed, indicating a 
leakage. 
Another leakage potential 
was observed at 
approximately 440 m. 

Reservoir pressure at 
upper Wonocolo 
perforation 

765 psi 820 psi 813 psi 866 psi 

Reservoir pressure at 
lower Wonocolo 
perforation 

970 psi 1035 psi 1027 psi 1094 psi 

Reservoir 
temperature at 
upper Wonocolo 
perforation 

111 deg F 110 deg F 113 deg F 113 deg F 

Reservoir 
temperature at 
lower Wonocolo 
perforation 

120 deg F 118 deg F 121 deg F 120 deg F  
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the well integrity aspects did not meet the minimum requirements according to international standards and guidelines reviewed in 
this study. Among the well integrity data and parameters measured in this well, regardless of the tools’ limitations, temperature 
measurement was the most reliable to show the preliminary indication of leakages in the well.  

2. A holistic evaluation of the well integrity is required on this well, prior to converting it into a CO2 injection well. The first and most 
critical step is to complete data collection. These data include the design and equipment of the wells to identify the well integrity 
and to evaluate whether they are suitable for CO2 injection well. The risk of CO2 leakage is the main concern of the well integrity 
that should be fully taken into consideration throughout the life of the well.  

3. Based on the literature study performed in this research, the well integrity aspects of the CCUS well need to be managed, monitored, 
and maintained throughout the life of the well. The wellbore condition shall be verified for any defect by suitable measurement 

Fig. 9. Saturation analysis for interval 830–920 m [1].  
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tools (e.g. logging) that are capable to identify the performance of all WBE, and if defects are found, further remedial actions are 
mandatory to be conducted to ensure the integrity of the well prior to converting it into a CCUS well.  

4. According to the review summary in this study, most of the essential and critical data of this well were not available. In addition, 
some available data showed that this well had well integrity issues, particularly related to the leakages and some critical WBE 
performance, e.g. casing, liner, cement, and wellhead. Therefore, based on these well integrity issues, the conversion of this well 
into a CO2 injection well cannot be performed yet. 

5. Recommendations  

1. Longer duration of measurement and more accurate and sensitive logging evaluation tools combined with other tools, such as 
temperature logging tools, are required to detect leakage that could not be identified by these commercial tools in CCUS well, 
particularly in the abandoned oil and gas well which is planned to be converted into a CO2 injector well.  

2. Future CCUS applications in other wells in Indonesia, both for planned conversion into CCUS wells and for new drilled CCUS wells 
need to guarantee the integrity throughout the life cycle of the well. The methodology established in this study can be used as a 
reference and basis for this purpose. In addition, this study can also be used as a basis for constructing regulations related to CCUS 
wells application in Indonesia. 

Table 6 
Summary of the well integrity review and check of well JPN-1 [57] according to international standards [17].  

International standards Recommended practices Well JPN-1 

Internal mechanical integrity  
- API Spec 5CT [25]  
- ISO 11960 [26]  
- ISO 27914 [2] 

Tubular evaluation:  
- Casing thickness  
- Casing deformity  
- Casing internal diameter 

Tubular evaluation (Fig. 6):  
- There was a thickness reduction.  
- An internal damage was detected, especially at 7″ liner reaching 41%.  
- There was an increase in the casing internal diameter radius.  
- The casing might have experienced elongation and compression that exceeded 

the yield stress rating and lead to plastic deformation [64].  
- ISO 13679/API RP 5C5  
- ISO 27914 [2] 

Casing pressure testing The 9-5/8″ casing and 7″ liner could withstand the pressure testing.  

- ISO 13680/API Spec 
5CRA [31]  

- NORSOK M − 001 [29]  
- ISO 27914 [2] 

Corrosion monitoring:  
- Corrosion rate calculation <2 mm/year  
- Material selection 

Corrosion monitoring [57]:  
- Simulation result >2 mm/year  
- Existing casing was not suitable for CO2 

External mechanical integrity  
- ISO/FDIS 27916:2018 

(E) [3]  
- ISO 27914 [2]  

- Reservoir monitor log for fluid saturation  - Based on the cased hole logging analysis, the total porosity at interval 854–862 m 
for CO2 injection target was around 20%, which was categorized as good porosity.  

- The impermeable shale zones at upper interval 834–838 m and lower interval 
865–900 m could be used as barriers.  

- The saturation analysis in Fig. 9 showed that there was no potential hydrocarbon 
at the planned CO2 injection interval.  

- ISO 10426-1 [32]/API 
Spec 10A [33]  

- API TR 10TR1 [34]  
- API Std 65-2 [35]  
- ISO 27914 [2] 

Cement evaluation:  
- CBL amplitude below 10 mV  
- No micro-annulus and channeling  
- Distribution of cement 

Cement evaluation (Table 4, Fig. 4, and Fig. 5):  
- The range of amplitude was 0–52 mV.  
- Indication of micro-annulus, especially cement sheath behind the 7″ liner.  
- The cement was evenly distributed in all squeeze cementing zones. 

Compressive cement strength Compressive strength was not defined precisely.  
- ISO 16530-1 [7]  
- ISO 16530-2 [19]  
- ISO 14310 [36]  
- API Spec 11D1 [37]  
- ISO 27914 [2] 

Log and monitoring program:  
- Downhole leakage investigation  
- Pressure, temperature, and spinner with 

production logging tool (PLT) acquisition 

Log and monitoring program:  
- According to Fig. 3, the acoustic log acquisition could not detect leakage. The 

sensitivity of the leakages was below the tools’ sensitivity and capability.  
- According to Fig. 7 and Table 5, the PLT acquisition could not detect leakage. The 

spinner, capacitance, reservoir pressure, and reservoir temperature measurement 
show no significant difference or leakage indication. However, the temperature 
measurements (Fig. 8) showed indications of two leakages at approximately 440 
m and 881 m. 

Christmas tree and wellhead integrity  
- ISO 10423 [22]/API 

Spec 6A [23]  
- API RP 90 report 

(2006) [24] 

Surface  - According to the well intervention and investigation result, gas bubble was found 
at the surface of well JPN-1; however, the leak rate and pressure build-up rate 
were unable to be identified.  

- There was no identifiable pressure inside the casing, which inferred that there 
was no communication between the gas bubbling at the surface to the inner 
casing.  

- The gas measurement showed methane content in the gas. 
Leakage investigation The average flow rate of the gas leak at the casing head spool surpassed the 

maximum leakage rate allowed. 
Annulus and well pressure No firm information. 

API RP 54 [21] Lower explosive limit (LEL) The gas leaking from the casing head spool reached 100% LEL in 18–22 s, meaning 
the accumulated methane had already reached its minimum potential of 
combustion.  
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3. Detailed international standards on a field/well basis for CCUS well integrity in Indonesia needs to be developed, and this can 
follow the methodology and case in this study. Further study related to continuous monitoring and surveillance during and after the 
CO2 injection operation, will be carried out in the near future. 
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Table 7 
Additional requirements for a CO2 injection well [2,7,19].  

Nu. Aspects Additional requirements 

1. WBE [7,19]  • The standard of performance for all WBE should be defined and specified according to the 
well type, particularly casing/liner and cement sheath. Each WBE should have the ability 
to function for a determined period when there is an external load that can have major 
effects. Each WBE should be monitored, maintained, inspected, tested, and verified 
throughout the operation to verify its standard of performance.  

• An acceptable leakage rate may be defined accordingly for each WBE. This acceptable 
leakage rate may be different for each WBE and well type and an acceptable matrix can be 
specified as part of the standard of performance.  

• The determination of MAASP for all annuli in the well should be performed. The re- 
calculation of MAASP for all annuli should be performed if there is a standard change of 
WBE performance, service type change of the well, annulus fluid density change, tubing 
and/or casing wall thickness loss, or reservoir pressures change. All critical points should 
be identified. ISO/TR 10400 is used as the basis for burst and collapse pressure calcu
lation. Required adjustment due to degradation, e.g. wear, corrosion, and erosion, should 
be accounted for.  

• The review and investigation of the annulus, including annulus pressure, should be 
defined, particularly when there is an indication of sustained pressure or leakages. 

2. Material selection (e.g. tubular, surface and downhole 
equipment, elastomers) and corrosion treatment [2]  

• Corrosion prediction and evaluation need to be considered: CO2 composition, pressure, 
temperature, project lifetime, in-situ condition, exposure to CO2, other substances pres
ence (e.g. water, O2, H2S), and other possible corrosion attacks (H2S, galvanic, etc.)  

• CRA and elastomer for CO2 condition might be required, particularly if the material 
contact with corrosion substances directly.  

• Corrosion handling method and chemical treatment should be well-prepared.  
• Laboratory testing may be performed to determine the corrosion risk and rates [65]. 

3. Tubular and other downhole equipment (e.g. packer) [2] • Withstand the maximum in-situ condition (pressure, temperature) and operating condi
tion (CO2 injection)  

• Same principles of tubing and casing design to be applied according to the material and 
other requirements 

4. Cement [2]  • Not shrinking  
• Resistance to CO2 and other possible corrosion substances 

5. Annulus pressure (e.g. annulus tubing-casing, casing- 
casing) [2]  

• Periodic monitoring and measurement of annulus pressure and temperature  
• No leakage of injected CO2 into wellbore annulus  
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influence the work reported in this paper. 
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List of Abbreviations and Nomenclature 

API American Petroleum Institute 
ANSI American National Standards Institute 
ASTM American Standard Testing and Material 
BP Bridge plug 
BTC Buttress thread casing 
CBL Cement bond log (mV) 
CCL Casing collar locator (volts) 
CCS Carbon capture and storage 
CCUS Carbon capture, utilization, and storage 
CFB Continuous full bore spinner (rps) 
CH Cased Hole 
COIFC Carbon/Oxygen inelastic ratio far detector 
COIR Ratio of inelastic Carbon/Oxygen 
CORC Carbon/Oxygen inelastic ratio far detector 
CO2 Carbon dioxide 
CPP Central Processing Unit 
CSG Casing 
CWET C/O wet formation 
CWH Capacitance water holdup (cps) 
CRA Corrosion Resistant Alloy 
DRES Deep resistivity (ohmm) 
DST Drill stem test 
EOR Enhanced oil recovery 
ECC Eccentricity (in) 
EPA Environmental Protection Agency 
EPOR Effective porosity from sigmasat (decp) 
FCAP Far capture count rate (cps) 
FCBI Cast cement index 
FCEMBI Cement bond index 
FDIS Final Draft international standard 
FSIN Far inelastic count rate (cps) 
GR Gamma ray (api) 
GS Geologic Sequestration 
H2CO3 Carbonic Acid 
ID Inside diameter (in) 
ILS Inline spinner (rps) 
IOGP International Association of Oil & Gas Producers 
IRAD Inside radius (in) 
IRIN Ratio of total inelastic count rates 
ISO International Organization for Standardization 
JPN Jepon 
LIRFC Calcium/Silicon inelastic ratio far detector 
LIRI Ratio of inelastic Calcium/Silicon 
MAASP Maximum allowable annulus surface pressure (psi) 
MD Measured depth (m) 
MMSCFD Million standard cubic feet per day 
MSG Micro seismogram 
NBS Number of bad shots 
NCAP Near capture count rate (cps) 
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NPHI Neutron porosity (decp) 
NORSOK Norsk Sokkels Konkuranseposisjon/Norwegian Standards Organization 
OAIF Oxygen activation far (cps) 
OBC Ocean bottom cable 
OBS Ocean bottom seismometers 
OD Outside diameter (in) 
OH Open hole 
ORAD Outside radius (in) 
PHIT Cased hole NPHI (decp) 
PLT Production logging tool 
QA/QC Quality assurance and quality control 
QP Quartz pressure (psia) 
RCAP C/O ratio near/far capture 
RHOB Density (g/cc) 
RP Recommended Practice 
SCP Sustained casing pressure 
SGIN Sigma intrinsic (cu) 
SOP Standard operating procedure 
Spec Specification 
SQZ Squeeze 
SRES Flushed zone resistivity (ohmm) 
SWE Effective water saturation (decp) 
Std Standard 
TEMP Temperture (deg F) 
TR Technical Report 
TT Travel time (us) 
TT3FT Travel time 3 foot (us/ft) 
TVD True vertical depth (m) 
U.S. The United States 
VDL Variable density log (μs)
VSH Volume of shale (%) 
WBE Well barrier elements 
WH Water Holdup 
WP Wellhead pressure 
X-OVER Crossover 
Z Acoustic impedance (Mrayls) 
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