
 

1  

 

Verification of Geologic Greenhouse Gas Sequestration 

By John Benson 

November 2019 

1. Introduction 
I start all of my educational papers (like this one) with a search for sources of 
information. I started this one with the EPA, mainly because the first web search that I 
ran generated links to many EPA PDFs, and these initially seemed promising. But upon 
reviewing them – not so much.  

Then I added the word "California" to my search and it generated a number of promising 
leads from various state agencies, plus a link to a very large and thorough document 
that was just what I needed to research the title subject. I was NOT surprised at the 
source of this document, but for you to understand why, I need to tell you a short story. If 
you want to skip to the chase, the document is the first referenced below. 

When I worked for Siemens, during the last period (2008 through 2013), about half way 
through this time I was asked to take over a new position as product manager for 
microgrids. I had just been through a project on a large data center, and thought data 
centers might make good targets for microgrids, but I wasn't sure. So I started 
systematically looking at other large facility types. I understood a few types (including 
data centers) but needed to research many more, and then understand their energy use 
patterns. Then I found a series of large documents from the organization that produced 
the document referenced below, they were all very thorough, well organized and well 
referenced. I have since used this information in many of the educational papers on 
facilities that I've written for Energy Central. 

2. Methods 
The document I described in the introduction is referenced here.1 In this section we will 
look at all of the methods that are currently used for geologic sequestration of 
greenhouse gasses. Although sequestration in the deep ocean is also possible, I will not 
cover that herein, as it appears to be more expensive, and less certain to provide long 
term storage than geologic sequestration. Also (at least in California where I live) there 
are many viable sequestration zones. See the map below (also used in another recent 
paper and referenced here2). Also note that in this and following sections, I will not 
repeat the first reference below, even though I will use its information extensively. I will 
only reference additional sources. 

                                                 
1 Curtis M. Oldenburg, Jens T. Birkholzer, Earth Sciences Division, Lawrence Berkeley National 

Laboratory, "Review of Quantitative Monitoring Methodologies for Emissions Verification and 

Accounting for Carbon Dioxide Capture and Storage for California’s Greenhouse Gas Cap-and-Trade and 

Low-Carbon Fuel Standard Programs", Dec 23, 2014, https://ww2.arb.ca.gov/sites/default/files/2018-

12/LBNL_CARB_MVA_Final_Report_12-23-14.pdf  
2 West Coast Regional Carbon Sequestration Partnership, "Assessment of CCS for Gas-Fired Power 

Plants", https://www.westcarb.org/ngcc-ccs-study.html  

https://ww2.arb.ca.gov/sites/default/files/2018-12/LBNL_CARB_MVA_Final_Report_12-23-14.pdf
https://ww2.arb.ca.gov/sites/default/files/2018-12/LBNL_CARB_MVA_Final_Report_12-23-14.pdf
https://www.westcarb.org/ngcc-ccs-study.html
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With geologic sequestration of greenhouse gasses there are two sequential processes: 
(1) storage, where the target gas is pumped deep underground and stored under 
pressure, and then (2) incorporation, where the gas is chemically incorporated into the 
subsurface material. After the initial storage, three other processes are required to verify 
that the sequestration is successful: monitoring, verification, and accounting (collectively 
called MVA). Other acronyms used immediately below are: CCS is carbon capture and 
storage, GCS is geologic carbon sequestration, EOR is enhanced oil recovery, GHG is 
greenhouse gas and CARB is the California Air Resources Board. 

The following general recommendations are made for MVA protocols by reference 1: 

"For the above California-specific set of conditions, we recommend that separate MVA 
protocols be developed for CCS-related emissions not directly related to the geologic 
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storage part of CCS (emissions from all sources not directly related to injection and 
geologic storage, e.g., from capture, or pipeline transport, should be monitored and 
reported under a plan separate from the surface leakage MVA plan), and that surface 
leakage of both CO2 and methane (CH4) be monitored to account for potential deep-
sourced CH4 contributions to GHG emissions. We further recommend that there should 
be flexibility to modify surface leakage MVA plans with periodic CARB review and re-
approval. Quarterly reporting is recommended in the early stages of projects (first five 
years) and with approval from CARB, annually after that if operations do not result in 
leakage, creation of leakage pathways, or migration of CO2 out of the planned storage 
complex… 

"Compared to emissions accounting for capture and transport operations, there is 
greater uncertainty in GCS accounting due to its substantial dependence on natural 
rather than engineered systems. In particular, the containment of CO2 in geologic 
storage sites relies on natural cap rocks and a variety of natural trapping mechanisms 
(IPCC, 2005). While a large amount of research is being carried out to understand the 
long-term trapping and containment processes associated with sequestered CO2, the 
fact is that there is not a long track record of surface leakage monitoring of GCS. What 
this means is the likelihood and extent of emissions (i.e., surface leakage) into the 
atmosphere (e.g., through old well bores or unidentified faults or fracture zones) is not 
well known. While approaches to monitoring for such leakage have been proposed and 
evaluated, actual monitoring experience is very limited… 

"While the terms monitoring, verification, and accounting all have well-known vernacular 
meanings, it is important at the outset to establish their meanings in the context of CCS, 
and in this sequestration-focused study in particular. In the broad context of CCS, the 
meanings of monitoring, verification, and accounting are close to common usage, and 
refer, respectively, to the measurements used to quantify the effectiveness of the 
reduction of CO2 emissions, to the confirmation that a given CCS strategy is occurring as 
planned and designed, and to the quantitative tracking of transported, captured, injected, 
and emitted CO2. In the narrower context of the subsurface-storage component of CCS, 
the words take on narrower meanings, specifically as follows: 

"Monitoring: Refers to the process of making measurements and/or recording 
observations in the atmosphere, ground surface, shallow subsurface, or deep 
subsurface either locally at points or broadly over large areas to detect the actual or 
potential migration or leakage of CO2. The observations can be discrete in time or 
continuous. Because surface leakage of CO2 or CH4 from the deep subsurface is not 
expected, monitoring of GCS sites is usually carried out in the context of assurance 
monitoring (i.e., with the objective of assuring that CO2 is not leaking and that effective 
sequestration is occurring). An example of monitoring in the GCS context is the use of 
open-path laser techniques applied over the large area of the sequestration site 
designed to detect abnormal concentrations of CO2 that could be indicative of CO2 
leakage into the atmosphere. 

"Verification: Refers to the quantitative confirmation that CO2 injected for sequestration 
is being accommodated and effectively trapped in the intended subsurface reservoir. 
Elements of verification include estimates of storage capacity in the reservoir; 
comparison of actual and modeled injection performance (e.g., injection rate and 
pressure response); and comparison of actual and modeled fluid displacement, 
migration, and trapping behavior to validate the conceptual model of the storage 
reservoir. Verification relies heavily on deep subsurface monitoring to provide the actual 
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performance data during the operational stages of a CCS project, and it relies more on 
surface and above-ground monitoring during the late and post-closure stages of a CCS 
project to verify storage. 

"Accounting: Refers to the process of the quantitative tracking of the CO2 transfers 
(e.g., by pipeline, into injection wells, produced with oil during CO2-EOR) and changes 
(presumably reductions) in emissions of CO2 under a given CCS scenario. Accounting 
relies on accurate measurements using flow gauges (e.g., at pipelines and well heads) 
and gas analyzers (e.g., for flow in flue gas stacks or separation tanks). Accounting also 
relies on accurate chemical process modeling (e.g., to estimate emissions from 
combustion and chemical separation processes to use as proxies for measurements 
which may be impractical)." 

2.1. Federal and State Underground Injection Control 
The U.S. Environmental Protection Agency (EPA) has primary responsibility for 
underground injection control in order to protect drinking water. The EPA's Underground 
Injection Control (UIC) has six classifications of underground injection: 

 Class I: Hazardous industrial and municipal wastes 

 Class II: Fluids related to oil and gas production 

 Class III: Solution mining (e.g., salt and uranium) 

 Class IV: Shallow hazardous waste—only for remediation activities 

 Class V: Shallow injection of nonhazardous fluids 

 Class VI: Geologic sequestration of CO2 

There are two classes of underground injection that involve injecting CO2: Class II and 
(obviously) Class IV.  

Class II uses injection of CO2 for enhanced oil recovery (EOR). Enhanced oil recovery is 
the extraction of crude oil from an oil field where the oil cannot be extracted otherwise. 
The most commonly used method for EOR is injecting gas into the oil-bearing formation, 
and CO2 is a commonly used gas when available. Where CO2 is used for EOR, it comes 
up with the oil when the latter is extracted, is separated from the oil and is reinjected into 
the depleted formation. These depleted formations are also used for geologic carbon 
sequestration. 

"In order to protect underwater sources of drinking water (USDW), Class II and Class VI 
wells and the geologic environment of the injection zone must meet various 
requirements. For Class II wells, three layers of protection between the well and the 
formation are required (surface casing, production casing, injection tubing string and 
packer). In addition, Class II wells must pass a mechanical integrity test (MIT) every five 
years. For Class VI wells, requirements are considerably more stringent and include 
multiple well-integrity requirements, and post-injection site care (PISC) for a period of 50 
years, or as agreed to by the Underground Injection Control (UIC) Program Director. 
Both Class II and Class VI wells require consideration of an Area of Review (AoR), 
which is defined as the area under which the injection formation is pressurized by the 
injection to an extent large enough to lift fluid from the injection zone to the level of 
USDW, assuming a hypothetical open conduit. Existing Class II wells are assumed to 
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have a ¼-mile AoR. New Class II wells and Class VI wells require a calculation of AoR 
based on the estimated injection pressure and properties of the injection zone. Within 
the AoR, all features that could provide a flow path for fluid from the injection zone to the 
USDW must be identified. These features include existing wells (producing, injecting, 
idle, or abandoned), surface water bodies, mines and quarries, residences and roads, 
and known faults. For all wells deemed to be likely migration pathways, a corrective 
action (CA) plan is required which may include plugging and abandoning the well (U.S. 
EPA, 2013c). For Class VI wells being used for large-scale GCS, the AoR may be 
hundreds of square miles due to the potentially large pressure rise caused by injecting 
large volumes of CO2, thereby making the identification, and even more importantly the 
CA of wells within the AoR, a difficult and expensive task. It is important to note that the 
AoR will normally be much larger than the areal extent of the subsurface CO2 plume 
which is the concern for surface leakage of CO2." 

Note the objectives of the Class II and Class VI CO2 injection are very different. Although 
in states that track greenhouse gas emissions (like California), oil extraction processes 
that use CO2 for EOR (Class II) should estimate and report emissions of this gas to the 
atmosphere, even though sequestration is not the primary goal. Furthermore, continual 
extraction of the oil depressurizes the oil bearing formation, and makes it less likely that 
the CO2 will escape. 

"In contrast to CO2-EOR, CO2 injected for the purpose of geologic carbon sequestration 
in saline aquifers under Class VI is injected into a storage region once and neither 
produced nor recycled. Furthermore, under Class VI, the storage region has been 
characterized to identify and mitigate potential pathways to the surface during the AoR 
delineation and CA process." 

2.2. EPA Clean Air Act Requirements MRV Requirements 
The title requirements are contained in U.S. EPA 40 CFR 98 Subparts UU&RR. These 
two subparts are linked below.  

https://www.ecfr.gov/cgi-bin/text-
idx?SID=78db99a2789809d67d29379377470141&mc=true&node=sp40.23.98.rr&rgn=div6 

https://www.ecfr.gov/cgi-bin/text-
idx?SID=78db99a2789809d67d29379377470141&mc=true&node=sp40.23.98.uu&rgn=div6  

The above subparts require the following information: 

1. "Delineation of maximum monitoring area (MMA) and active monitoring area 
(AMA). This component allows for phased monitoring. 

2. "Identification and evaluation of potential surface leakage pathways along with 
assessment of likelihood, magnitude, and timing of surface leakage through 
these pathways in the MMA. 

3. "A strategy for detecting and quantifying any surface leakage of CO2 in the event 
leakage occurs. 

4. "An approach for establishing the expected baselines for monitoring CO2 surface 
leakage. 

5. "A summary of considerations made to calculate site-specific variables for the 
mass balance equation." 

https://www.ecfr.gov/cgi-bin/text-idx?SID=78db99a2789809d67d29379377470141&mc=true&node=sp40.23.98.rr&rgn=div6
https://www.ecfr.gov/cgi-bin/text-idx?SID=78db99a2789809d67d29379377470141&mc=true&node=sp40.23.98.rr&rgn=div6
https://www.ecfr.gov/cgi-bin/text-idx?SID=78db99a2789809d67d29379377470141&mc=true&node=sp40.23.98.uu&rgn=div6
https://www.ecfr.gov/cgi-bin/text-idx?SID=78db99a2789809d67d29379377470141&mc=true&node=sp40.23.98.uu&rgn=div6
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2.3. Monitoring - Leakage Detection 
The text below is from reference 1, but I am referencing two sources used below. 
Effectively monitoring a geologic carbon sequestration site for leakage is a primary 
function for assuring that the sequestration is actual and for a very long period 
(effectively permanent). The paragraph below describes the most effective monitoring 
techniques, and extending the reference to the two additional sources will allow readers 
to further verify these techniques if desired.  

Note that I do not believe that sequestering methane (CH4) is necessary, as this can be 
combusted and the resulting CO2 then sequestered. 

"There are published reports and papers that focus on monitoring technologies related to 
CCS as an approach to GHG emissions reduction. The most recent and comprehensive 
of these is the International Energy Agency Greenhouse Gas (IEAGHG) commissioned 
report authored by Korre et al. (2012)3, which provides an excellent summary and review 
of some of the most promising CO2 monitoring and leakage detection technologies and 
approaches. They report that short and long open-path diode lasers and eddy 
covariance monitoring are effective atmospheric leakage detection and quantification 
approaches, reportedly capable of detecting leakage rates at the level of approximately 
0.01% of the injected CO2 per year. The open-path laser technique was confirmed to be 
very effective at detecting elevated CO2 and CH4 in actual gas-release field experiments, 
with greater ability to detect CH4 anomalies due to the lower natural background 
variability in CH4 relative to CO2 (Trottier et al., 2009). Flesch et al. (2004) combined 
open-path laser measurements with atmospheric dispersion modeling to independently 
estimate a known tracer release rate. The advantage of atmospheric detection is that 
one does not have to know the exact location of the surface leakage in order to detect 
the emissions, but rather one can instead deploy the monitoring more broadly with the 
expectation of being able to detect surface leakage from all of the potential leakage 
pathways. Once surface leakage is detected, more detailed investigations can be 
launched to locate and characterize the emission sources, and quantify the emission flux 
(Cortis et al., 2008).4 

3. Conclusion 
I find that this paper has a few-hundred words to go before my normal 3,000 word limit, 
so I'm adding a few words of clarification.  

First of all, I have prior experience with leak detection, albeit in a very different 
application (nuclear reactor fuel-element leak detection). In that application we used 
tracer gasses in the fuel elements (combinations of various percentages of noble gases) 
to identify leaking elements. Although, the last paragraph in the prior section indicates 
that these are also used in some of the cited work, they probably are not needed in 
production monitoring. This is because the isotopes of carbon and oxygen in a given 
batch of CO2 vary widely. For instance, Carbon has two stable isotopes (carbon-12, and 
carbon-13) plus one long-lived radioactive isotope (carbon-14) with a normal background 

                                                 
3 Korre, A., F. May, H. Fabriol, V.P. Vandeweijer, L. Golmen, S. Persoglia, S. Piccoti, D. Praeg, S. 

Beaubien, Quantification techniques for CO2 leakage, IEAGHG Report 2012/02, 2012, 

https://ieaghg.org/docs/General_Docs/Reports/2012-02.pdf  
4 Cortis, A., C.M. Oldenburg, and S.M. Benson, The role of optimality in characterizing CO2 seepage from 

geologic carbon sequestration sites, Int. J. Greenhouse Gas Control, 2, 640-652, 2008, 

https://escholarship.org/uc/item/4bx404p5  

https://ieaghg.org/docs/General_Docs/Reports/2012-02.pdf
https://escholarship.org/uc/item/4bx404p5
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level. Much of the CO2 in our atmosphere in California comes from coal burned in China 
and other countries in the far-east. Thus our normal atmospheric CO2 has very different 
isotope ratios than would result from biomass combustion, as I have proposed for 
negative emissions technology. 

Also there are two facts regarding this paper, and some of the text I've copied from it: (1) 
the paper was released in 2014, and thus is over 5 years old. Greenhouse gas 
sequestration is a very young technology, and development is being driven very hard by 
the need to reduce the effects of climate change. (2) Doctors Oldenburg and Birkholzer 
(the authors of reference 1) are highly respected scientists (links to their CVs are below). 
As such they have a unique tone to their writing. Being a member of the American 
Association for the Advancement of Science, I receive an electronic magazine, Science, 
every week, and read many of the papers in this. Thus I know that papers written by 
individuals like these authors tend to be very cautious about the capabilities of new 
technologies, and constantly promote the need for additional research. The text in 
reference 1 does this. 

https://eesa.lbl.gov/profiles/curtis-m-oldenburg/ 

https://eesa.lbl.gov/profiles/jens-birkholzer/  

https://eesa.lbl.gov/profiles/curtis-m-oldenburg/
https://eesa.lbl.gov/profiles/jens-birkholzer/

