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The Inflation Reduction Act of 2022 has catalyzed significant growth in CCS, with projections 

indicating a substantial increase in capture capacity by 2035. With this expansion comes challenges, 

notably in securing Class VI permits for CO2 injection, and most pressingly in maintaining public 

trust. Recent studies and news reports reflect the tenuous nature of CCS acceptance, especially in 

directly affected communities. In August of 2023, a CO2 pipeline project was denied by North 

Dakota regulators, who stated that the operator, Summit had “failed to meet its burden of proof to 

show the (project) will produce minimal adverse effects on the environment and upon the welfare of 

the citizens of North Dakota". This, and other recent community push-back, is evidence that the 

permitting projects in the CCS industry may face unprecedented challenges from a stakeholder, 

landowner, and community standpoint. 

The existential risk of permit rejections due to community push back and the inherent risk to 

environmental safety posed by CCS operations necessitates robust monitoring, reporting, and 

verification programs. However, in addition to being the operationally fastidious approach, effective 

monitoring is also imperative for community relations, as it is a means of conveying the safety status 

of a project to local stakeholders. Recognizing the criticality of monitoring, we outline the 

technologies that fulfill a dual purpose of allowing operators to meet monitoring standards while 

also providing the public with a means to interact with these projects in a timely and tangible way. 

The flexibility of Class VI monitoring guidance is a strength of the program, designed to allow 

unique monitoring schemes for highly diverse geologic settings. Rather than a regulatory box to 

check or a hurdle to overcome, monitoring on CO2 injection projects is an opportunity for operators 

to practice transparency through technology, and rethink the usual stakeholder engagement. 

Baseline Data Collection and Ongoing Monitoring 

Baseline data collection and ongoing monitoring are key pieces of any monitoring, reporting, and 

verification (MRV) program. Understanding why the data is important for both regulatory reporting 

and community engagement is key in unlocking the value of the monitoring technologies. As the 

agency that oversees both federal Class VI injection applications and the Greenhouse Gas Reporting 

Program, the EPA emphasizes that “Baseline monitoring is essentially the first step in implementing 

https://www.reuters.com/sustainability/climate-energy/north-dakota-regulator-rejects-summit-carbon-solutions-carbon-pipeline-2023-08-04/
https://www.epa.gov/sites/default/files/2015-07/documents/subpart-rr-uu_tsd.pdf


2 

 

the leakage detection and quantification monitoring strategy. The primary goal of establishing 

expected baselines is so that the reporter can discern whether or not the results of monitoring are 

attributable to leakage of injected CO2”. While it can be challenging to establish a reliable baseline in 

a naturally dynamic environment, operators can bolster their measurement with historic data, analog 

datasets, and by collecting data over an extended period of time leading up to injection.  

Monitoring programs that extend beyond the pre-injection characterization, through the duration of 

injection, and past the cessation of injection, are critical to provide insight and transparency to 

regulators and local communities.  Each storage site will have a unique set of geologic, 

environmental, and operational conditions that are best addressed with site-specific monitoring 

solutions.  Within the EPA’s technical guidance document, they state that: “A sampling program 

should be designed to ensure that it considers the appropriate frequency of sampling, aerial extent of 

sampling, and sample size" .   This language does not stipulate minimums, maximums, or particular 

technology because unique projects demand unique monitoring solutions, though the need to keep 

the community updated on the safety and efficacy of CO2 storage is universal.  

Technologies for MRV in CCUS  

MRV plans are focused on ensuring that the plume of CO2 remains within the expected boundaries 

and within the injection interval.  Potential leakage pathways include existing wellbores, faults, 

induced or natural seismicity, lateral migration, diffusion through the caprock, or from pipeline and 

surface equipment. A 2021 report on the state of monitoring technology in CCUS describes 

geochemical, and soil gas monitoring, in addition to time lapse pulse-neutron, resistivity, and 

diffusion logs, gravity measurements, 4-D and cross-well seismic surveys, and tracers.  More 

recently, atmospheric monitoring techniques are becoming more common, and the options for types 

of monitoring are continually expanding.   

The Department of Energy and EPA both segment monitoring of geologically stored CO2 into 

three core areas: deep subsurface monitoring, near surface monitoring (vadose zone and soil zone), 

and atmospheric monitoring.  Deep subsurface monitoring protocols are designed to determine the 

location and behavior of the plume of CO2, while shallow subsurface and atmospheric monitoring 

technologies are designed to ensure that no environmental contamination has occurred.  Here we 

focus on the latter two technologies, recognizing that data obtained from these monitoring activities 

are most likely to be communicated to local stakeholders to verify the safe storage of CO2.  

The technical community widely acknowledges that, with thorough geologic characterization and 

operational precautions, geologic storage is a reliable approach for permanent CO2 storage.   

However, transporting and storing CO2 is not without risk, and community members have reason to 

request that the operators of CCUS projects in their communities provide satisfactory information 

demonstrating that the air they breathe, the water they drink, and the ground under their feet 

remains safe now and in the future.   In this space, shallow environmental monitoring is a tool for 

addressing these concerns, and although each monitoring technology has challenges and limitations, 

a combination of these techniques can be applied to mitigate environmental risks.  

https://www.epa.gov/sites/default/files/2015-07/documents/subpart-rr-uu_tsd.pdf
https://onepetro.org/SPEWRM/proceedings-abstract/20WRM/3-20WRM/D031S014R006/461380
https://netl.doe.gov/sites/default/files/2018-10/BPM-MVA-2012.pdf
https://www.epa.gov/sites/default/files/2015-07/documents/subpart-rr-uu_tsd.pdf
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Here we assess several shallow monitoring technologies that address environmental risks associated 

with a CO2 leak and are also low impact.  However, we acknowledge that shallow subsurface and 

atmospheric monitoring cannot exist independently of deep subsurface monitoring.  Understanding 

the plume migration behavior will dictate what areas should be monitored for potential CO2 leakage, 

thus the best MRV programs will have a combination of the two that inform each other.  

SOIL and VEGETATION 

Soil Gas Monitoring 

Soil Gas Monitoring for CCS refers to the sampling of gases present in soils to determine if there are 

elevated CO2 levels in the topsoil due to a leak in a CO2 storage reservoir.  Soil gas concentration 

readings are taken at a depth of up to 122 cm below surface and compared against baseline samples 

taken at the same location prior to injection to determine if the concentration of CO2 has increased 

since CCUS operations began. CO2 sensors are a mature, low-cost, and low impact technology, and 

installed (in ground) sensors eliminate the need for active sampling on site (see Figure 1). By 

regularly gathering soil gas composition data, operators can detect anomalies.  

 

 

Figure 1:  Illustration of a shallow soil gas monitoring installation. (Image source) 

Soil environments, being exposed to natural vegetative respiration and existing in direct contact with 

the atmosphere, are naturally dynamic.  This introduces challenges with soil gas monitoring: 

distinguishing between natural CO2 fluxes and changes that indicate a leak has occurred.  Improper 

attribution of CO2 increases has been well documented in Romanak et al., where a measured 

 

 

https://pdf.sciencedirectassets.com/273596/1-s2.0-S1750583619X00067/1-s2.0-S1750583618306066/am.pdf?X-Amz-Security-Token=IQoJb3JpZ2luX2VjEP%2F%2F%2F%2F%2F%2F%2F%2F%2F%2F%2FwEaCXVzLWVhc3QtMSJHMEUCIBe1lnS325ZeoUMKYm2K10wV3M8C5wB%2Fx1b%2BzL2e4CJ1AiEAkWhgMhVFOq06bp8SCuhO%2Bxk1%2BsqdewcXHY7SMiaP3W0qvAUIyP%2F%2F%2F%2F%2F%2F%2F%2F%2F%2FARAFGgwwNTkwMDM1NDY4NjUiDECNRKiqshw0oL5VmSqQBdwWUYlvqxy%2FgTDTAliMS1Uwiz51Nu0QicibXp6jwcssEpENnaAhfA7xj0zijTmK23diNjH%2BjP8FosYhZqkbBoIWBZyvUQ7DzIAlxsfKHv4NQkPTQ6EiN8vdkEL7sIazSqOL%2F3B8R6cNEyMi9nmvzfr8VzMnAhuejiuAIhhhastIrpU0%2BO7yZJYMpY8Y4bCoC9a9p%2Bzkmo%2BhcSlGZ3K3BZ5yvazW3J5rrtPYkBBki9iHtevRBRrUBQH2IGvvfQ34PjpYPxTiGAy%2B0CtJuGMoEm0ra3Fk%2BI1pnNyEUxkhuLBrQf8buNucFb%2Bbs94IcC88svUu%2FSWkFSo3DEdK7CpBio4Zki3okIWyRQxX7kKqpbgT5K0vJeSI32pz51gvzTZN6AEoc9QxgnsZDYw4bjEpYXWvdTuOt5RMrSGpFRe8RRXjAW3GVaA7ZFHNdyuFlQdnwM8sVfRIf0bON0b91JLHf1xSZp2aFIy3bb1pk7LkAMaWAlc%2FjyYYiw%2Bn%2BrDsM%2FFXuxJy6gJLddohKTHIk5uYkk%2FpP8Bw71vsl4vszCgHAwf5Hpvf%2FFmpItHrj4JvR8Q%2B%2B6tbG3uhPR0AITGjRAJF%2BUw8wLTDeI0jIoGQSKWYTb%2FMU%2BsafyJwO41pb9oTPx5vLXeuzqU%2B2xf5w671Fc%2B3Zrru7ChmXyc9QqB1oO7eMcbpYACFqJ1%2BoZtdNTWwZhVmXLVQEskK7S0Z2GZIn%2BqH9aqQefmDg6xvoYXKG%2F51d0Llj1pMxpH2%2BFX8y6Bm8dhG44dWxyqA3PD2ECKyJyffJJXSKRN%2BARG99jaoz13ir1fh8%2B0waW175I2JiosJg29P90HIQijUxAOnE5mmS8OhjhJWtGuMovGx3QP1rQVn9J1OMLjpiq4GOrEBLypmpP0a43kp9UNSnKwZ7KKtfKsmya1kqDmU4vaTesGD%2FZpi5rZo2utcjMOgisHESbDuJvi52YWqmaZzL9Jz7%2FonrjtjpeiUX42e8TrXjfKlR6bSDAZGjEhSCCe1aXKPA89kfbc7Bp76PhUZhvSzN563vVuUl5mSfhTlkcyhie1VMXir5C9iM084NeiWl3pUgGDFkd5eVE5XN6PAwlfX6ywAwRgySPCL%2F0z5XKiVhpEt&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20240206T235517Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYVORGQYMP%2F20240206%2Fus-east-1%2Fs3%2Faws4_request&X-Amz-Signature=4633078dcc2daaea944442a04e2d54b24d37a83e8e329a13128d4afe4e8994bd&hash=7bc17496693d367834f2c64a9bee40ebf70a64e0deccb908b1d6fb0b4c0a660c&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S1750583618306066&tid=pdf-e6615833-ab2f-445b-99d8-6448264260b6&sid=6cfc12c05ddf6849032820b3fe2f7e0aeea8gxrqa&t
https://www.sciencedirect.com/science/article/pii/S1750583618306066?ref=pdf_download&fr=RR-2&rr=85187a561d187b16
https://www.sciencedirect.com/science/article/pii/S1876610213005699
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increase in CO2 levels in soil gas was assumed to be indicative of a leak from the Weyburn-Midale 

Storage site in Saskatchewan, Canada. This project demonstrated that it is not enough to observe 

changing CO2 levels, further evidence must be gathered to attribute the increase to a leak or to 

natural fluctuations.  

The Romanak et al. project presents a way to use soil gas ratios (CO2, O2, N2, CH4) to determine if 

elevated CO2 is natural or attributable to a leak.  Another method for addressing a suspected leak is 

isotopic fingerprinting, measuring the relative amounts of different carbon isotopes (commonly 12C, 
13C, and 14C).  Because 14C is radioactive and decays predictably over time, young organic matter has 

more 14C than older organic matter (such as that derived from fossil fuels).  Understanding the ratio 

of these common carbon isotopes of both the injectant and background CO2 is another effective 

method for attribution.  

Vegetative Stress Monitoring Using Satellite Imagery 

Spectral methods are widely employed to monitor vegetative stress: as plant health deteriorates, their 

chlorophyll absorbs less visible radiation and reflects less near-infrared energy, leading to a distinct 

spectral signature. Commonly used satellite-based indices for visualizing vegetative stress include the 

Normalized Difference Vegetation Index (NDVI) and the Hyperspectral Vegetation Index (HSVI).  

https://www.sciencedirect.com/science/article/abs/pii/S0306261919303253
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Figure 2: Maps of land-sat derived vegetation fractional coverage (1988–2017) at a planned CCS area.  Left: 

thumbnail showing 30 years of seasonal images captured.  Center: Four large maps representing the mean cover for 

each season, study sites plotted with yellow dots. Right: map color legend. (Image source) 

Mapping vegetative stress (see Figure 2) is an example of an indirect monitoring method for locating 

leaks of CO2 on the surface. Indirect CO2 seepage detection through plant health remote sensing 

offers a notable advantage: it can cover large spatial extents in remote areas (a limitation of many 

monitoring technologies) and identify potentially affected areas, making it easier to pinpoint the 

source (at a low cost below $30/Sq. Mi per survey). However, this method is accompanied by 

uncertainty of how leak size influences vegetation responses and the ability to distinguish spectral 

changes caused by external factors (e.g., weather or season) from those due to leaks.  

In 2010, studies at the Zero Emissions Research and Technology (ZERT) site used FieldSpec Pro 

and Pika II spectrometric sensors to investigate the impact of CO2 leaks on plant health. These 

studies revealed that leaks exceeding 200 kg CO2 per day caused visible stress in nearby vegetation. 

However, conflicting results emerged from a 2008 study that used volcanic vents as proxies for leak 

sources. This study employed various spectral sensors to detect active vents, achieving a 47% 

success rate but also generating several false positives.  

https://www.sciencedirect.com/science/article/pii/S0306261919303253
https://www.researchgate.net/publication/338991320_Multi-Spatial_Resolution_Satellite_and_sUAS_Imagery_for_Precision_Agriculture_on_Smallholder_Farms_in_Malawi
https://www.sciencedirect.com/science/article/abs/pii/S0303243414000580
https://www.sciencedirect.com/science/article/abs/pii/S0303243414000580
https://www.sciencedirect.com/science/article/abs/pii/S1750583607001326?via%3Dihub
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WATER 

Aquifer Monitoring: Geochemical Analytes and Isotopes 

The Class VI permitting process is centrally focused on protecting Underground Sources of 

Drinking Water (USDWs).  To that end, operators of CCS projects are required to monitor shallow 

aquifers, usually through pre-injection sampling to establish a natural baseline followed by sampling 

during and after injection to ensure no significant deviation from those levels has occurred. Analytes 

that respond to CO2 in water have been assessed in field and laboratory experiments and 

geochemical models include pH, alkalinity, bicarbonate, electrical conductance, dissolved inorganic 

carbon (DIC), dissolved CO2, total dissolved solids (TDS), concentrations of cations, anions, and 

trace elements (Ba, Ca, Cr, Sr, Mg, Mn, Fe, As, Pb).  CO2 gas leaked into an aquifer and the 

dissolution of CO2 into groundwater would react as follows: 

CO2(g) >> CO2(aq) + H2O >> HCO3- +H+ >> CO3
2- + 2H+ 

This process lowers groundwater pH as the hydrogen ion concentration increases. A lower pH can 

lead to mineral dissolution, which can then increase trace element concentrations in water. Pre-

injection aquifer geochemistry and reservoir lithologies will control what chemical reactions are likely 

to occur in the CO2-water-rock interface, necessitating the inclusion of both aquifer chemistry and 

reservoir mineralogy data to anticipate these reactions.  Comparing the data collected during and 

after injection to the pre-injection baseline allows operators to note any geochemical variations.   

The Quest CCS project in Alberta Canada published a study on their site assessment of baseline 

groundwater, noting the utilization of publicly available data, existing groundwater wells, and 

proprietary information gathered prior to injection. A thorough characterization of shallow water 

resources (illustrated in Figure 3) guided the strategic sampling and monitoring plan.  Downhole 

sensors were installed to measure pH in 9 shallow groundwater wells, prior to and during injection.  

The results of this approach were outlined in a monitoring retrospective, published one year after 

injection began, and demonstrated no significant drops in pH that would indicate the presence of 

fugitive CO2 in groundwater.    

https://onlinelibrary.wiley.com/doi/full/10.1002/ghg.1406?casa_token=4ng0y4uaTzUAAAAA%3A2ffnw8tpKND-_dP0fs44-UX4oZRqlXVtzUx9RP5s7GiMKJo3xm1MO9tmfQMZeUglMwjxoRr-5w3F5g
https://www.sciencedirect.com/science/article/pii/S1876610214022462
https://www.sciencedirect.com/science/article/pii/S1876610217318556
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Figure 3: Fence diagram showing the position of shallow aquifers in the Quest project study area. Coal zones are 

indicated in black. (Image source) 

However, due to the natural variation of shallow environments, even when geochemical deviations 

are detected, they may or may not be attributable to a leak of CO2.  To address this ambiguity, 

measures should be taken to appropriately attribute a signal to a leak or to natural fluctuations.  

Similarly to soil gas detection, aquifer monitoring is a process that isotopic fingerprinting can 

complement if a leak is suspected, as it will more reliably decipher between natural and 

anthropogenic CO2.  

AIR 

Atmospheric Monitoring of CO2  

Atmospheric monitoring, like soil gas monitoring using CO2 detectors, offers a method to detect 

and measure CO2 levels directly. Installation of in-situ sensors at both the capture facility and at the 

injection site provides data that can be used to back up claimed injection rates and capture efficiency 

rates, while drone overflights of CO2 transport pipelines and storage reservoir monitoring areas can 

help pinpoint active leakage pathways or fugitive emission events.  

Carbon dioxide has absorption bands centered at 15, 4.3, 2.7, and 2 μm, making CO2 especially 

sensitive to mid-infrared spectroscopy. MIRA (mid infrared spectroscopy) analyzers used for in-situ 

or UAV-based CO2 detection can provide highly accurate, frequent readings of atmospheric CO2 

https://www.sciencedirect.com/science/article/pii/S1876610214022462
https://www.cell.com/heliyon/fulltext/S2405-8440(18)32460-5?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2405844018324605%3Fshowall%3Dtrue
https://www.cell.com/heliyon/fulltext/S2405-8440(18)32460-5?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2405844018324605%3Fshowall%3Dtrue
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providing near real-time insight into site conditions and emission events. Similar detectors have been 

incorporated into stationary, mobile, and airborne monitoring systems often combined with high-

resolution GPS technology to identify and measure methane (CH4) emissions in conventional oil 

and gas activities.   

UAVs serve as a vital link between ground surveys and conventional aircraft. While traditional 

aircraft can handle extensive equipment, they come with high costs and require substantial data 

processing. In contrast, UAVs provide a valuable alternative, despite their limited coverage 

capabilities.  

In 2021, the Subsurface Evaluation of CCS and Unconventional Risks (SECURe) a partnership 

formed by the European Union, published a paper on the applicability of UAVs for monitoring 

large-scale sites and the impact of remote sensing on decisions of baseline characterizations. 

Preliminary results of SECURe’s study indicate that the drone with a CO2/CH4 dual sensor 

successfully recorded gas emissions (see Figure 4). This is an important contribution to the SECURe 

assessment for overall UAV-based monitoring systems, suggesting that miniaturized UAV 

monitoring systems can be successfully deployed even for the detection of small and dispersed 

ground emissions as low as tens of g/m²/h.  

 

 
Figure 4: Left: Deployment of an atmospheric monitoring equipped drone. Right: Aerial image showing drone flight 

path, with each color-coded dot correlating to changing CO2 levels. (Image source) 

concentration data during flight  

UAV-based detectors offer mobility, flexibility, and the ability to cover challenging terrains, making 

them valuable tools for dynamic monitoring needs. Meanwhile, fixed-point detectors provide 

consistent, long-term data collection at specific locations, ensuring data continuity and precision. 

Optical sensors do, however, face limitations. There is significant variation in atmospheric CO2 

https://www.epa.gov/sites/default/files/2015-07/documents/subpart-rr-uu_tsd.pdf
https://www.epa.gov/sites/default/files/2015-07/documents/subpart-rr-uu_tsd.pdf
https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5d8a905b5&appId=PPGMS
https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5d8a905b5&appId=PPGMS
https://www.epa.gov/sites/default/files/2015-07/documents/subpart-rr-uu_tsd.pdf


9 

 

levels due to both natural and anthropogenic sources and sinks of gaseous carbon. Variations in 

plant cover, land use, and topography may create challenges in verifying CO2 leakage from the 

storage reservoir. The incorporation of tracer gases and/or integration of CO2 isotopic 

measurements is a means for CO2 detectors to differentiate between biogenic and anthropogenic 

sources of CO2, but both options come at a much higher price point and higher operational impact 

than traditional optical sensors.   

Conclusion 

The use of advanced Monitoring, Reporting, and Verification (MRV) technologies is essential in 

addressing the health, safety and environmental concerns of local communities in carbon capture 

and storage (CCS) projects. Emerging and established technologies in soil gas, vegetation, aquifer, 

and atmospheric monitoring are enabling dynamic and in-situ methods to ensure environmental 

preservation at CCS sites. Each technology faces limitations due primarily to the challenge of 

monitoring dynamic natural environments for a gas that occurs naturally.  These techniques for 

monitoring the shallow subsurface are most effective when used in tandem with deep subsurface 

monitoring and can be most successful when applied strategically based on unique site conditions. 

Monitoring shallow environments, though critical to ensuring environmental and community well-

being, can only offer retrospective insight; the emphasis should therefore be on proactive risk 

management to prevent potential hazards. 

The CCS sector is poised to benefit from greater transparency and improved economic and 

operational efficiencies as these monitoring technologies evolve and are more widely deployed. As 

of mid-2023 the International Energy Agency (IEA) identified 500 CCS projects globally, at various 

stages of development.  This ramping up of activity underscores the urgency of applying holistic 

monitoring approaches that can strengthen partnerships between project operators and 

communities. For operators, this means rethinking stakeholder engagement, and the role of 

monitoring technology as both a tool for ensuring community wellbeing and environmental 

preservation and as a means for communication, education, and outreach.  

  

https://www.iea.org/energy-system/carbon-capture-utilisation-and-storage#tracking
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