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Policy Brief: Carbon Dioxide Accounting in Carbon Capture and Sequestration 
 
In order for carbon capture and sequestration (CCS) to be an effective climate change 
mitigation tool, captured CO2 must be effectively sequestered and accounted for properly 
under a greenhouse gas (GHG) emission reduction program. This will require knowing how 
much CO2 is captured, how much is transported from the site of capture to a geologic 
sequestration (GS) project, how much is injected, and—if there is any leakage from a GS 
project—how much escapes to the atmosphere. While accounting for CO2 across all stages 
of CCS is important, accounting for CO2 in GS projects is particularly challenging. This 
policy brief addresses accounting across all stages of CCS, but focuses primarily on 
accounting for sequestered CO2 at GS sites and the associated monitoring strategies 
necessary to protect the integrity of GHG emission limits. 
 
 
Recommendations: 
 
 Operators of each stage of a CCS project—capture, transport, and geological 

sequestration—should be required to measure and report the mass of CO2 handled, 
including the amount captured, exported, imported, and injected. 

 Each stage of a CCS project should be a covered entity under a cap and trade 
system or other GHG emission reduction program. GS projects should be covered 
entities regardless of size or emissions rate, and sequestered CO2 should be treated 
as avoided emissions rather than as offsets. 

 Routine monitoring, to protect health and the environment, and to demonstrate 
containment of CO2 at GS sites, should be site-specific, performance-based, and 
incorporate the lessons learned from the first handful of carefully monitored 
commercial-scale projects.1

 Only if routine subsurface monitoring finds that CO2 has migrated through the 
confining formation and either surface monitoring of vegetation or soil gas detects 
leakage, should focused surface measurements be required to locate and quantify 
leakage emissions for accounting in a GHG regulatory regime. 

 

 If a loss of containment is detected, GS project operators should be required to 
undertake a monitoring program to quantify emissions from the site. Regulation 
should establish performance standards identifying the level of leakage a monitoring 
program should be designed to detect. The monitoring program should be designed 
to quantify, at a minimum, the reporting requirements. The operator should be 
required to submit emissions allowances to cover the measured amount. If a 
satisfactory monitoring program cannot be implemented at the site (due to 
technological or other factors), the operator should submit allowances to cover a set 
fraction (e.g., 0.1% to 1%) of the total amount of CO2 sequestered at the site. 

 An emissions allowance reserve program should be created to address possible 
emissions during the long-term stewardship phase. GS project operators should be 
required to deposit emissions allowances equal to some small fraction (e.g., less 
than 0.5%) of their annual injection quantity into a pooled fund, which would be used 
to cover leakage from all GS projects during long-term stewardship. The fund should 
be managed by the Federal Geologic Sequestration Board.2 
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1. Introduction 

Accounting3 for the amount of carbon dioxide (CO2) that is captured and sequestered is 
necessary to demonstrate the effectiveness of CCS as an emissions mitigation tool, and to 
protect the integrity of a greenhouse gas (GHG) emission reduction program.4 This will 
require not only careful accounting of the amount of CO2 injected in geologic sequestration 
(GS) projects, but also accounting to ensure that captured CO2 is ultimately sequestered. In 
addition, any CO2 that escapes to the atmosphere across the CCS chain will have to be 
properly quantified and accounted for under the regime. While accounting for CO2 in each 
step in the CCS chain—capture, transport, and sequestration—is important, accounting at 
the sequestration site is perhaps the most difficult issue to address because it involves 
monitoring for and measurement of leakage.5 

Geologic sequestration projects that are undertaken at appropriate sites and are properly 
managed should not leak, even slowly.6 However, because there will always be 
uncertainties about deep geologic formations, the possibility remains that unidentified 
geologic or man-made features may allow slow leakage of CO2 to the atmosphere at some 
sites. Thus, regulations must be crafted that explicitly address accounting for leakage in the 
cases that it does occur. Moreover, in addition to monitoring for the purposes of accounting, 
regulations for geologic sequestration (GS) must require monitoring to assure that GS sites 
are safe and do not pose undue risks to health or the environment. In either case, 
regulations should be structured to encourage operators to avoid CO2 emissions from 
leakage, and if such emissions do occur, ensure that they are counted and incur relevant 
costs or penalties.  

This brief deals with accounting across the entire CCS chain, but focuses primarily on 
accounting at GS sites, and hence addresses monitoring at these sites for the purpose of 
GHG accounting. Accounting for possible emissions from leakage at GS sites involves a 
range of technical and policy questions. Policy choices are bounded by technological 
feasibility as well as other considerations such as cost, measurement accuracy and 
precision, funding stability, and intergenerational equity. In developing our recommendations 
we analyzed the status of CCS under a GHG emission reduction program (Section 2), GHG 
accounting policy options (Section 3), and leakage monitoring technology (Section 4). The 
underlying goal of these recommendations is to design policies and institutions that will 
ensure CCS supports the integrity of a carbon cap. This is critical for both industry and 
regulators to justify investment in CCS. 

2. Status of CCS Projects Under a Greenhouse Gas Emission Reduction 
Program 

CCS projects will typically involve three components: the capture facility, such as a power 
plant that captures CO2; transport infrastructure, which moves CO2 from the site of capture 
to the sequestration site; and the GS project, in which CO2 is injected into the subsurface. 
Each of these components may be owned and operated by separate commercial entities. 

The design of GHG accounting policies for CCS projects requires that two choices be made 
for each component in the CCS chain. First, should the component be considered an 
emission source (i.e., covered entity) like an electric power plant, or should it be excluded 
from GHG emission limits, similar to forestry projects? Second, if it is classified as an 
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emission source, should there be an emissions threshold below which emissions reporting is 
not required? 

For a capture facility, the answers to the above questions are straightforward. An industrial 
facility such as an electric power generator or gas processing plant that captures CO2 would, 
by definition, be considered an emission source. To improve economic efficiency of the 
GHG emission reduction program, facilities emitting less CO2 than a predetermined 
threshold should not be expected to report their emissions. Similarly, pipeline systems that 
transport GHG's such as CO2 or natural gas and—in the case of most natural gas and some 
CO2 pipelines—burn fossil fuels to provide energy for the system would also be included in 
the regime as an emissions source, subject to reporting thresholds. Conversely, the case for 
GS projects is somewhat more complex. 

If GS projects are classified as emission sources under the GHG emission reduction 
program, then sequestered CO2 would be considered avoided emissions. Each of the three 
components of the CCS value chain—capture, transport, and sequestration—would be 
treated as a separate facility, with obligations to report all emissions, including energy use, 
fugitive emissions, and leakage emissions. If GS projects are not included under the GHG 
emission limits, then the injected CO2 would be treated as an offset, leaving the CO2 
emitters covered under the program responsible for all their emissions, even CO2 that was 
captured and transported for sequestration. Injecting the CO2 in a GS project would create 
offsets, which could be sold to the entity that generated the CO2,or to others in need of 
offsets, to meet their obligations under the GHG emission reduction program (Figure 1). 

 
Figure 1. Alternatives for treatment of GS projects under a GHG emission reduction program. 
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We recommend that GS projects—along with CO2 capture facilities and pipelines—be 
classified as emissions sources (Alternative 1) under a GHG emission reduction program. 
Treating CO2 injected at GS projects as avoided emissions rather than offsets has several 
advantages. This approach cleanly defines the boundaries between the three stages of the 
CCS process (likely run by different commercial entities) and clearly accounts for GHG 
emissions from energy used to capture, compress, transport and inject CO2. Including the 
GS project under the regime also protects the integrity of a carbon cap by aligning GHG 
accounting requirements with project operators’ other regulatory obligations to prevent and 
remediate leakage. Moreover, treating CO2 injected at a GS project as an offset creates 
uncertainty about the long-term climate value of offset credits created and sold by the GS 
project operator. Some have suggested discounting the value of offsets to address these 
problems, but we think a better solution is to include GS projects in the regime.7 

Many U.S. cap-and-trade proposals only subject industrial facilities to the cap if they meet 
certain emissions thresholds (e.g., 25,000 tons/year).8 Applying such thresholds might be 
appropriate for capture facilities and transport infrastructure, but would create perverse 
incentives for GS projects. Exempting smaller GS projects from the emissions cap could 
discourage accurate monitoring and reporting of leakage emissions or incentivize 
development of smaller individual facilities to avoid reporting requirements. Thus we believe 
all GS projects should be treated as emissions sources, regardless of the amount of their 
potential annual emissions.9 Subjecting all GS projects to the emissions cap supports the 
broader goal of long-term accounting and accountability for GS sites.  

In addition to emissions reporting requirements under a GHG emission reduction program, 
all components of a CCS project should be required to report the amount of CO2 handled. 
Reporting will facilitate oversight of capture, transport, and sequestration facilities by 
accounting for CO2 throughout the entire CCS process. Annual audits of the reported 
amounts captured, exported, imported and injected should be performed to verify that 
captured CO2 reaches its intended destination in the sequestration facility. This process will 
protect the integrity of the carbon cap at each CCS stage and demonstrate the effectiveness 
of CCS operations. 

3. GHG Accounting Policies for GS Projects 

GHG accounting policies for GS projects should address monitoring requirements and 
financial responsibility in the event that CO2 leakage occurs. The technical basis for 
monitoring and measurement of emissions from leakage is discussed in Section 4. In that 
section, we recommend that focused surface monitoring to locate leakage and quantify 
associated emissions should be required only if subsurface monitoring indicates CO2 has 
migrated through the confining formation and surface monitoring of vegetation or soil gas 
detects leakage. Our assessment, presented in Section 4, is: current monitoring technology 
can reliably detect loss of confinement, but cannot reliability and accurately measure the 
mass of CO2 in situ; monitoring to quantify leakage (i.e., measurement of leakage) should be 
feasible; and the cost of monitoring for GHG accounting will be small compared to the cost 
of routine monitoring. 

In considering policy design for GHG accounting, there are tradeoffs to be made between 
practical aspects of administration, like cost-effectiveness, and the accuracy and precision 
of accounting for leakage on a carbon cap. These tradeoffs are further influenced by 
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technological feasibility and the incentives (positive or negative) that policies create for 
operators to prevent, detect, and remediate leakage. In the long-term stewardship phase, 
the tradeoffs also include considering how risks and costs can be fairly distributed among 
stakeholders and across generations. 

Our recommendations for GHG accounting policies for GS sites are based on the following 
assumptions: 

 GS projects are covered under national carbon caps regardless of their size or 
emissions and CO2 injected at GS projects is treated as avoided emissions. 

 A government entity will assume responsibility for long-term stewardship of GS 
sites.10 

 Operators of all GS projects will be required to conduct routine monitoring and to 
remediate leakage under all circumstances where it impacts health, safety, or the 
environment; our analysis in this policy brief focuses on the narrower question of 
GHG accounting only.  

 Accounting for emissions from onsite energy use and fugitive emissions will be 
relatively straightforward; therefore our accounting policy recommendations below 
concentrate on accounting for CO2 emissions due to leakage only. 

Policy options for GHG accounting protocols for GS projects can be divided into those that 
would apply during operations and the post-injection phase and those that would apply 
during long-term stewardship. While most of the environmental and technological 
implications of leakage would not change when long-term stewardship begins, there are 
important practical and institutional differences from the earlier phases.  

3.1. GHG Accounting Options During the Injection and Post-Injection Phase 
 

For the injection and post-injection phase, we considered the following policy options: 

 Option 1- Monitoring and quantification if leakage occurs: GS project operators would 
be required to undertake a monitoring program to quantify leakage from their site and 
submit emissions allowances to cover that amount.  

 Option 2- Penalty if leakage occurs: The GS site operator would not be required to 
quantify leakage. Instead, if leakage is detected, the operator would be required to 
submit emissions allowances equivalent to some fraction (e.g. 0.1 to 1%) of the total 
amount of CO2 sequestered at the site on an annual basis until the operator 
demonstrates that the leakage has been remediated. 

 Option 3- Hybrid option: The GS site operator would follow Option 1; however, if the 
site emissions cannot be quantified for any reason then the operator would follow 
Option 2. 

 Option 4- Leakage fee: Every operator would be required to bank allowances to 
cover a set percentage of the amount of CO2 injected each year.11 They would 
monitor for leakage and surrender allowances if leakage were detected in a given 
year. If no leakage occurs, at the end of the project life, the credits would transfer to 
a national allowance reserve to cover potential leakage from GS sites in long-term 
stewardship. 

We recommend Option 3, which requires operators to make the investment in surface 
monitoring only if CO2 escapes confining formations in the subsurface, and provides a 
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mechanism to address situations where, for whatever reason, emissions from the site 
cannot be quantified. This option gives that best balance between technical feasibility, 
monitoring accuracy and precision, and cost effectiveness (see Table 1). 

Option 1, which would require quantification of leakage regardless of circumstances, has the 
most potential to encourage monitoring technology improvements. However, our 
assessment is that it is currently not feasible because of uncertainties about costs, 
accuracy, and technical feasibility of monitoring technologies, and because the effectiveness 
of surface monitoring technologies will vary from one GS site to another. Option 2, the fixed 
penalty, is technically and administratively simple, but does not assure that the surrendered 
allowances are sufficient to offset emissions from the project. Moreover it provides no 
incentive to improve monitoring and, as carbon prices increase, it could become prohibitively 
expensive. Option 4 shares technological simplicity with Option 2, but would be even more 
expensive because all operators would be required to set aside emissions allowances 
regardless of whether leakage occurs. Option 4 also could be administratively complex and 
provides the least incentive for operators to prevent leakage. 

Option 3 is likely to be the most cost-effective policy because it offers operators flexibility to 
take appropriate and measured steps based on the performance of the project. More 
research is needed to determine the exact fee level, but it would likely be set between 0.1% 
and 1%, the upper limits of leakage for which CCS is an effective climate mitigation 
technology.12 For Option 3 to work best, the fixed penalty must be set high enough so that 
operators would prefer to quantify leakage and an incentive is created for on-going 
improvements to monitoring technology. However, the fixed penalty should not be set so 
high that sites that do not appear to be leaking significant amounts of CO2, but are otherwise 
unable to quantify leakage due to the technical limitations of monitoring technology 
(particularly in the near term), are unduly penalized.13 

Table 1. Summary of GHG accounting policy options for GS projects during operations and the  
post-injection period.* 

 

GHG Accounting Policy Option Technically feasible 
Accurate and 

precise Cost effective 
Improves 
monitoring 

1. Monitoring and quantification 
if leakage occurs 

Likely at vegetated 
sites. 

Good at 
vegetated sites. 

Yes, where 
feasible. Yes 

2. Penalty if leakage occurs 
Yes No 

Expensive for large 
projects and high 

carbon prices. 
No 

3. Hybrid option Yes Yes where 
quantified. Over 
time more sites 
will choose this 

option. 

Yes. Appropriate 
action is taken 
based on site 

performance. Fixed 
penalty offers 

predictability for 
worst case 

assessment. 

Yes 

4. Leakage fee  Yes No No No 

* Less desirable outcomes are indicated in red, followed by those in orange. The best outcomes are indicated in 
green. For full policy analysis see accompanying white paper. 
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3.2. GHG Accounting Options During Long-term Stewardship 
 

During long-term stewardship, the probability of leakage is likely to be very small because 
demonstrated site stability should be a pre-condition to site closure. However, the 
government must consider a mechanism to account for leakage, should it occur, or risk 
undercutting the nation’s climate goals and international obligations. We consider three 
policy options for GHG accounting during long-term stewardship (numbered sequentially 
from the options applicable to the operation phase for ease of identification): 

 Option 5- Leakage not reported. No leakage would be reported nor would any 
allowances be submitted to cover leakage from GS sites. The premise of this option 
is that the risk of leakage is negligible after a site has qualified as sufficiently stable 
for transfer to long-term stewardship.  

 Option 6- Leakage in any future year would be subtracted from that year’s emissions 
cap for CCS-related industries (i.e., the energy sector).  

 Option 7- Emission allowance reserve program. During operation, GS site operators 
would set aside emissions allowances equivalent to some small fraction (less than 
0.5%) of their annual injection total. These allowances would be held in reserve by a 
federal agency, such as the Federal Geologic Sequestration Board—proposed by 
the CCSReg project to mange long-term liability14—and surrendered should leakage 
occur during long-term stewardship. 

We recommend Option 7 because it offers the best balance between the cost and feasibility 
concerns of present GS operators and the equity issues that arise from the potential 
economic, public health, and safety risks that may be inherited by future generations (see 
Table 2). 

Options 5 and 6 fail to address the problem of intergenerational equity. Option 5 would cost 
nothing and have no technical requirements, but it would leave the entire risk of the carbon 
cap being undermined by leakage to future generations. Option 6 creates a mechanism for 
addressing future leakage by making CCS-related industries accountable, though the actual 
costs would be borne by future generations at future (and probably much higher) carbon 
prices. Moreover, Option 6 would penalize a whole sector of the economy when it is likely 
that some members of the sector will have pursued means other than CCS to reduce CO2 
emissions. 

Our recommended Option 7 offers the best balance among technical feasibility, accuracy, 
cost-effectiveness, fairness, and funding stability. This option requires monitoring and 
quantification of leakage, which will become more feasible with future monitoring technology 
improvements. Assuming technological improvements, this policy will encourage accurate 
reporting and accounting for leakage. Setting aside emissions allowances at the time of 
injection will impose a modest, predictable cost on GS project operators and the set-aside 
can be adjusted as the long-term performance of sequestration projects becomes better 
understood. If sites perform well, it may be possible to eliminate the set-aside once sufficient 
credits are held in reserve to cover expected leakage. Banking emissions allowances rather 
than cash will reduce the chance of the reserve being raided for another purpose. Reserving 
emissions allowances at current carbon prices also creates a hedge against rising carbon 
prices in the future, thus ensuring that future generations will be able to account for and 
cover leakage at a reasonable price. The emission allowance reserve could be incorporated 
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with operator’s other financial obligations into a public long-term stewardship program, such 
as that proposed by the CCSReg project.15 

Table 2. Summary of GHG accounting policy options during long-term stewardship.* 
 

 Technically 
feasible Accurate Cost effective Fair Funded 

5. Leakage not 
reported 
 

Yes Wouldn’t be 
verified Yes No No funding 

required 

6. Leakage 
subtracted from 
emissions cap or 
related industries 

Yes, 
assuming 

future 
monitoring 

improvements 

Yes 

Modest cost, 
but uncertain 
for future rate 

payers 

No Yes 

7. Emission 
allowance reserve 

Yes, 
assuming 

future 
monitoring 

improvements 

Yes 

Modest, 
predictable 

cost for 
current GS 
operators 

Yes Yes 

* Less desirable outcomes are indicated in red, followed by those in orange. The best outcomes are 
indicated in green. For full policy analysis see accompanying white paper. 

 
4. Technical Basis for GS Project Accounting Policies 

Choosing the most technically appropriate approach to monitoring GS projects for the 
purpose of GHG accounting will require careful evaluation of the ability to locate and 
measure flows of CO2 into and out of the storage reservoir, as well as the ability to measure 
the mass in place in the storage reservoir. Measurement of any two of these variables will 
allow the third, unknown variable, to be estimated. For example, if both the mass of CO2 in 
the reservoir and the injection rate of CO2 could be accurately measured, it would be 
possible to know whether leakage has occurred and the amount of CO2 that had escaped. 
Thus, there are three possible approaches to GHG accounting at GS sites: 

 Measurement of CO2 injection rates and the mass of CO2 in situ, allowing the mass 
of CO2 leakage, if any, to be estimated. 

 Measurement of the mass of CO2 in situ, and monitoring that will allow leakage to be 
detected and quantified. 

 Measurement of CO2 injection rates and monitoring that will allow leakage to be 
detected and quantified. 

 
In this Section we conclude that currently available geophysical techniques cannot be used 
to estimate the mass of CO2 in situ with accuracy sufficient to meet the objectives of GHG 
accounting at GS sites. This leaves the third option, measurement of injection and leakage 
rates as the preferable approach to monitoring at GS sites. This also builds on the 
recommendation, made in Section 2, that injection rates of CO2 be measured and reported 
by GS projects. However, this leaves the question of how GS projects should monitor for 
leakage. 
 
There are two different strategies that can be taken to determine whether a site is leaking 
CO2 and, if so, to quantify the amount of leakage: 
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 Permanent surface monitoring to conclusively demonstrate there are no leakage-
related emissions, and to account for emissions should they be detected. 

 Focused surface measurements to locate and quantify leakage only if subsurface 
monitoring indicates CO2 has migrated through the confining formation and surface 
monitoring of vegetation and/or soil gas detects leakage.  

Proponents of the first approach argue that regardless of the care with which sites are 
chosen and operated, there are still pathways for leakage that will be unknown, therefore 
monitoring must conclusively show that leakage is not occurring. This approach would be 
appropriate if any leakage emissions render CCS ineffective, the likelihood of leakage is 
equal across the whole site over the entire project lifecycle, and monitoring methods to 
prove that leakage is not occurring are feasible.  

Advocates of the second approach argue by analogy (e.g., trapping of oil and gas for 
geologic time scales, successful retention of CO2 injected for EOR, etc.)16 that monitoring 
should be focused on detecting leakage (or pathways for leakage) because CO2, injected 
into appropriately chosen geologic formations by prudent operators, will be sequestered for 
geologic time scales. This approach would be appropriate if imperfect geologic storage has 
economic and climate control benefits and if leakage is unlikely at well-characterized, well-
operated sites. In addition, monitoring methods to detect loss of confinement and locate and 
quantify leakage must be feasible for this approach to be appropriate. 

Our conclusion is that the second method, focused surface monitoring only if leakage is 
detected, is the most appropriate. Our recommendation is based on assessment of the 
likelihood of leakage and the feasibility of detecting it, including factors such as monitoring 
objectives, physical processes that would govern leakage, and the availability, effectiveness 
and cost of methods for monitoring leakage. Discussion in the following sections builds on 
work by Benson (2006), which provides a strong basis for this approach.17 We evaluate and 
update her arguments, using results from recent modeling studies and field tests. 

4.1.  Monitoring Objectives 
 

The objectives of monitoring for GHG accounting are to demonstrate that CCS is an 
effective climate mitigation technology and to assure the integrity of the GHG emission 
reduction program. As discussed above, protection of human health and the environment is 
also a vital monitoring objective, and must be ensured as part of the GS site permitting 
process. 

Perfect retention of injected CO2, while highly desirable, is not necessary for CCS to be an 
effective greenhouse gas mitigation technology. An annual leakage rate of 0.1% or less of 
the total mass of injected CO2 is nearly equivalent to perfect storage using current CO2 
capture technologies.18 Recent research argues that CCS would have significant economic 
and climate-control value even with annual leakage rates at the storage site of 1% per 
year.19 The impact of leakage from upstream components of the CCS chain must also be 
considered, but this is less critical than leakage from the site, and comparable in importance 
to the energy penalty of the capture system.20 Thus, leakage rates at the storage site 
exceeding 1% would likely be unacceptable after accounting for upstream emissions from 
electric power generation with CCS. 
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The annual emissions that a 0.1% leakage rate could represent would vary according to site 
size and years of operation. For example, at a site injecting 1 Mt CO2 per year (on average), 
0.1% annual leakage would total approximately 1,000 tons per year in the first year, and 
30,000 tons per year after 30 years of injection. At a site injecting 10 Mt CO2 per year (on 
average), 0.1% annual leakage would total approximately 10,000 tons per year in the first 
year, and 300,000 tons per year after 30 years of injection. Therefore, to assure that CCS is 
effective, monitoring must be able to reliably detect and quantify leakage on the order of 
1,000 to 100,000 tons, depending on the size of the GS project. Given the large range of 
project sizes and the long operating lifetimes of projects, it will likely be necessary to use a 
more nuanced rule than simply a fixed fraction of the cumulative CO2 injected at the site. 
Thus, there are multiple considerations that must be considered in establishing monitoring 
system detection thresholds, as discussed in the accompanying white paper.  

To assure the integrity of the GHG emission limits, leakage monitoring must be at least as 
reliable as other measurement methods that will be used for emissions accounting and 
reporting. One obvious point of comparison is with the meters used to measure CO2 
injection volumes, which have a typical accuracy of about ±1%.21 For a GS site injecting 4 
Mt CO2 per year, this translates to a mass of 40,000 tons. For pipelines, analogies can be 
drawn from the gas industry, where realistic expectation for "loss or otherwise unaccounted 
for" gas in transmission systems is typically ±0.25% to ±0.50% on a volumetric basis.22 
Furthermore, monitoring objectives for possible leakage emissions should be of similar 
stringency to reporting limits for other potential emission sources such as the emissions 
threshold of 25,000 tons CO2 per year proposed under the American Clean Energy and 
Security Act of 2009. 

In the unlikely event that leakage at levels below the monitoring objectives for GHG 
accounting should cause health or environmental impacts, operators would be required to 
report and remediate it under conditions of their operating license. 

4.2. Monitoring Methods for GHG Accounting 
 

Monitoring for GHG accounting has three components: (1) monitoring to detect loss of 
containment from the storage formation; (2) monitoring to detect and locate leakage at the 
surface; and (3) monitoring to quantify leakage.  

There is a broad portfolio of direct and indirect monitoring methods that could give early 
warning if CO2 escaped the confining zone.23 Methods include seismic and gravity 
monitoring, and pressure and geochemical monitoring in formations overlying the confining 
unit. In general, the strength of subsurface monitoring is its ability to detect the presence of 
free-phase CO2. For example, seismic techniques can detect secondary accumulations of 
CO2 as small 1,000 tons at 1 km depth, and 100 tons at 500 m depth.24 The accuracy of 
quantifying subsurface volumes is much lower, at best ± 20%,25 so they are not adequate for 
in situ GHG accounting. However, it is feasible to detect loss of containment with currently 
available monitoring methods.   

Because routine subsurface monitoring required by permit conditions will include methods 
that can detect loss of containment, we believe that surface monitoring to prove that leakage 
is not occurring should not be needed, and that injected CO2 should count fully toward 
avoided emissions if there is no evidence of CO2 leakage.  
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If subsurface monitoring were to indicate that CO2 had leaked past the confining layer, the 
next step should be monitoring to detect whether CO2 had migrated all the way to the 
surface and was leaking to the atmosphere. This type of monitoring— monitoring to detect 
and locate leakage—is currently the greatest technical challenge for GHG accounting. 
Quantification is not a concern at this screening stage, rather the objective is simply to 
determine whether leakage is occurring and roughly locate the area(s) where CO2 is leaking 
from the ground into the atmosphere. Monitoring to detect leakage could be based on 
measurements of CO2 concentrations in the soil near the surface, the flux of CO2 from the 
surface to the atmosphere, or the flux (or concentration) of CO2 in the near surface 
atmosphere (i.e., 3-30 meters above the ground) (see Table 3). Even though none of these 
approaches is fully proven as a means of leakage detection, early field results and 
experience with natural analogs suggest that screening based on elevated soil gas 
concentrations is the most promising. We believe that once leakage is detected, monitoring 
to quantify leakage can be accomplished using accumulation chamber or soil gas survey 
techniques, which are both well-established monitoring methods with decades of experience 
in environmental and ecological studies.  

Table 3. Selected leakage monitoring methods. 
 
Method Detects Proposed use Measurement footprint 
Visual observation or 
hyperspectral imaging 
of vegetative stress 

Elevated soil gas CO2 Leakage detection Unlimited (where 
vegetation is present) 

Soil gas survey Elevated soil gas CO2 Leakage detection and 
quantification  

~1m2 

Accumulation 
Chambers (AC) 

CO2 flux from ground 
to atmosphere 

Leakage detection and 
quantification 

10 cm2 

Eddy Covariance (EC) CO2 flux in near 
surface atmosphere 

Leakage detection  104 to 106 m2 

a Adapted from the IPCC Guidelines for National Greenhouse Gas Inventories.26 
See our full white paper for additional information on leakage monitoring methods, to be available soon at 
http://www.ccsreg.org/. 

 
4.3. Cost of Monitoring for GHG Accounting 

 
When evaluating the cost of GHG accounting options it is important to remember that the 
expense of GHG accounting would be in addition to the expenses incurred for routine 
monitoring that screens for health, safety or environmental impacts, and establishes 
eligibility for post-injection liability transfer. Routine monitoring requirements and costs will 
vary by site. There are two published estimates for GS site monitoring costs, depicting 
somewhat different scenarios, but reaching similar conclusions. Benson estimates the cost 
for an enhanced routine monitoring program at approximately $1.33 million per year for an 
illustrative scenario.27 The cost analysis for the rule proposed by the EPA that would create 
UIC class VI wells for GS estimates the cost of monitoring a large GS site in a saline aquifer 
at $1.43 million per year.28 There are large uncertainties in these costs, including materials 
prices, the cost of capital, labor costs, and regulatory requirements, but they provide a point 
of comparison to put potential costs of monitoring for GHG accounting into context. 

The incremental costs associated with GHG accounting would be only for monitoring to 
detect, locate, and quantify leakage if routine monitoring detected loss of containment. No 
published estimates of the cost of monitoring for GHG accounting are available in the 
literature, and making such estimates is difficult because the circumstances at each site will 

http://www.ccsreg.org/�


12  
 

be unique. We have roughly estimated the incremental costs of monitoring for GHG 
accounting for one scenario to average $66 thousand dollars per year, based on a GS site 
with vegetation characteristics that are favorable for hyper-spectral imaging.29 This would 
increase the total annual monitoring cost by less than 5% relative to the estimates above. 
Despite the uncertainties in these numbers, they suggest that for sites with characteristics 
favorable for leakage detection, the cost of a focused monitoring program to quantify 
leakage after routine monitoring detected loss of containment would be small compared to 
the cost of routine monitoring. 

4.4. Recommended Technical Approach to Leakage Monitoring for GHG 
Accounting 
 

We recommend that regulation require focused surface monitoring to locate and quantify 
atmospheric leakage only if subsurface monitoring indicates CO2 has migrated through the 
confining formation and either surface monitoring of vegetation or soil gas detects leakage. 
The scientific and technical evidence supports this approach, in that: leakage is unlikely at 
well characterized, well operated sites; GS is beneficial even with low levels of leakage; 
subsurface monitoring methods to detect loss of confinement are feasible; and focused 
surface monitoring methods can feasibly locate and quantify leakage of quantities that 
matter (over 1,000 tons per year) through plausibly sized leakage footprints (10 m2 to 1km2). 

If subsurface monitoring detects loss of containment, operators will need to know the 
performance goal for detecting, locating and quantifying leakage. This means regulation 
should establish a performance standard identifying the level of leakage a monitoring 
program should be designed to detect. This will allow operators to design site-specific 
monitoring programs, select appropriate monitoring technology, and determine the scope of 
their monitoring programs. These performance standards should be based on monitoring 
objectives and technical feasibility. They must also take into account practicality of 
implementation, cost effectiveness, and fairness, and create incentives for high quality GS 
site operation and monitoring. More research and experience with surface monitoring 
methods is needed before specific performance goals should be established for widespread 
commercial GS.30 
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surface and enters the atmosphere, and unintended migration for CO2 that moves out of the injection 
formation but remains in the subsurface.  
6 The ability of deep geological formations to trap buoyant fluids for millennia is demonstrated by the 
existence of oil and gas deposits, as well as natural CO2 accumulations, around the world. 
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