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Environmental monitoring at geologic CO2 storage sites is required by regulations for the purposes of environmental protection and emissions accounting in the case of leakage to surface. However, another very important goal of environmental monitoring is to assure stakeholders that the project is monitored for safety and effectiveness. With current efforts to optimize monitoring for cost-effectiveness, the question remains: will optimization of monitoring approaches degrade stakeholder assurance, or do heavily-instrumented sites communicate higher risk to a stakeholder? We report the results of a stakeholder survey in Gulf Coast states of the US where carbon capture and storage (CCS) is developing quickly. We rely on a 2 by 2 factorial experiment in which we manipulate message complexity (complex v. simple) and social norm (support from scientists v. support from community members). Subjects were randomly assigned to one of four conditions: 1) complex message with scientist support; 2) complex message with community member support; 3) simple message with scientist support; or 4) simple message with community member support. In addition to the experimental stimuli, subjects were also asked about their need for cognition, attitudes toward science and scientists, attitudes about climate change and support for carbon capture and storage (CCS). Our sample is drawn from residents in states bordering the western Gulf of Mexico (Texas, Louisiana, Florida) where CO2 geologic storage is being planned both onshore and offshore. The results offer important implications for public outreach efforts to key stakeholders.
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1 Introduction

Carbon capture and storage (CCS) is a technology that can slow global climate change by drastically and permanently keeping industrial CO2 emissions from reaching the atmosphere. In CCS, CO2 is scrubbed out of the flue emissions of large industrial smoke stacks, transported to a suitable site, and then injected into deep geological formations for permanent storage and disposal. It is an effective and proven technology but will require upscaling by two orders of magnitude to meet global emissions reduction targets (IPCC, 2023). Until recently, the technology had not expanded rapidly enough, due in part, to a lack of policy needed to accelerate its deployment. However, at the writing of this manuscript, policy drivers are newly in place and accelerating CCS projects forward at an unprecedented rate in the United States. The Biden administration’s Infrastructure Investment and Jobs Act (IIJA), also known as the Bipartisan Infrastructure Bill (BIL), has included significant funding (billions of $USD) for CCS demonstration and pilot projects and development of direct air capture (DAC) hubs. The bill also contains funding to support the development of CO2 transport and storage infrastructure. Additionally, the Inflation Reduction Act (IRA) passed in 2022, expanded the 45Q tax credit for CO2 storage in geological formations, providing a business case for CCS projects to move forward.

The most economical CCS projects for first-movers are those where sources are in proximity to storage, thus minimizing the need for transport. In the United States, such an area exists in the Gulf of Mexico (GoM) region, where research has shown that some of the most voluminous high-quality storage potential can be found both onshore and offshore (Meckel and Trevino, 2015; DeAngelo et al., 2019; Ringrose and Meckel, 2019). This region also hosts some of the highest CO2 emissions in the country, with Texas as the highest emitting state (663 MMT in 2021), Florida as the third highest (226 MMT) and Louisiana as the sixth highest (189 MMT) (U.S. Energy Information Administration, 2021). Thus, in the GoM region, the largest emitting states are also in proximity to some of the largest storage potentials, and projects are moving into the region, both onshore and offshore. There are currently approximately 60 large-scale projects being planned in the onshore of Texas and Louisiana (Clean Air Task Force data base). In the offshore, the Texas General Land Office (GLO) awarded its first lease for CO2 storage in the Texas State waters of the Gulf of Mexico in September 2021. By 2023, the GLO had awarded six additional leases for offshore carbon storage. Also in 2023, Louisiana agreed to the development of an offshore CO2 storage hub in the waters off Cameron Parish.

Thus, projects are moving into the region before many local stakeholders have even heard of CCS technology and the lack of familiarity and understanding is fueling opposition in some areas. Misconceptions about risk, scale, effectiveness and environmental impacts of CCS are commonplace. Many stakeholders have previously experienced the effects of environmental inequity from other industries and are leery about yet another large-scale technology in their communities. To address long-standing environmental injustices of the past, the U.S. Office of Fossil Energy and Carbon Management (2023) at the Department of Energy is therefore emphasizing concepts of 1) community engagement, 2) diversity equity and inclusion, and 3) workforce development in areas where projects are being sited. Also being planned is a “responsible carbon management initiative” with the purpose to “recognize and encourage project developers and others in industry to pursue the highest levels of safety, environmental stewardship, accountability, community engagement, and societal benefits in carbon management projects” (Office of Fossil Energy and Carbon Management, 2023).

This concept of environmental justice in the USA is also increasingly being applied by CCS project developers in Europe, within a “Responsible Research and Innovation” (RRI) framework. The RRI concept originated in Europe, influenced by the concept of “real-time technology assessment” (Guston and Sarewitz, 2002) that encourages scientific research to contextualize the impacts of technology development on society, societal values, and the environment (Stilgoe, 2013). RRI and environmental justice both encourage high ethical standards, gender equality, environmental integrity and engagement of communities directly affected by a technology such that they fully understand the implications of the application of that technology.

One of the most important aspects linking stakeholders to CO2 storage projects is monitoring. Monitoring ensures that CO2 is retained in the subsurface and indicates that the environment and health and safety are being protected (Dixon and Romanak, 2015; Romanak and Dixon, 2022). Monitoring is required throughout the stratigraphy of a storage site and in all phases of a project from characterization to post closure. Over the past decade, much of the research on geological CO2 storage has focused on developing reliable monitoring methods and approaches. After two decades of research and application of various monitoring technologies, current emphasis is on down-selecting tools and optimizing monitoring approaches for cost-effectiveness. However, one important goal of environmental monitoring is to provide assurances to stakeholders that resources (groundwater, soil, atmosphere, seawater, and human health and safety) are being protected. The safety of geological CO2 storage is of primary importance to stakeholders and environmental monitoring is a critical link between the public and the project. Given the sharp rise in CO2 storage projects being developed in the GoM region, we seek to understand; 1) how stakeholders may respond to optimization (e.g., simplification) of environmental monitoring plans and 2) under what circumstances might lay stakeholders prefer complex, data-rich approaches that are intellectually inaccessible to them and require them to trust scientists explicitly, as opposed to simple approaches that can be easily learned, understood, and even implemented by the stakeholder.

Historically, environmental monitoring has relied on comparing soil CO2 concentrations measured during injection to the baseline CO2 concentration measured pre-injection. Any soil CO2 concentration greater than baseline would indicate leakage, unless the increase in CO2 could somehow be linked to environmental conditions. Natural soil CO2 is predominantly produced by root and microbial respiration which consumes organic matter and oxygen in the production of CO2 and energy. Respiration is highly dependent on temperature, moisture, barometric pressure, wind speed, oxygen and nutrient input. In order to determine if changes in CO2 concentrations represent natural variability or leakage, all of these parameters would need to be measured and the data plugged into complex algorithms to determine if environmental conditions are the driver. Complex algorithms are needed to compute thresholds based on observed environmental fluctuations. Time would be required to assess and analyze the data. The final answer on leakage would be shrouded in scientific process, and the scientist would need to be trusted. We question if a method such as this risks stakeholder assurance because it takes time to assess and is too technical for stakeholders to understand, or if it communicates a thoroughness in approach because multiple lines of data are being collected and assessed scientifically. An example of data streams for a baseline approach is shown in Figure 1 and this illustration is used as the technical stimuli representing “complex monitoring” (see Appendix 1).




Figure 1 | An example of the many data streams required to support the analysis of baseline CO2 concentrations for leakage identification.



An alternative approach to baseline methods that provides significant optimization of monitoring is the use of a stoichiometric method, known as a process-based soil gas approach (Romanak et al., 2012; Romanak et al., 2014). This approach, developed over the past decade, has been firmly adopted for terrestrial sites and is currently being amended and developed for offshore site monitoring (Uchimoto et al., 2018; Omar et al., 2021). A process-based soil gas method uses the stoichiometry of vadose zone geochemical reactions and ratios of the co-existing soil gases to determine processes affecting CO2 concentration, whether natural or from leakage (Figure 2). A trend that signifies respiration on a graph of O2 vs CO2 separates a potential leakage field (to the right of the respiration trend) from the field that represents natural processes (to the left of the respiration trend). It provides an instantaneous result using a method that is fully transparent with a graphical output that is instantaneously apparent to all. The only data that are required are from one simple gas sample per location. No supporting data are needed. Our study is motivated by question about whether local stakeholders would view this monitoring as too simple to be adequately rigorous or if they would appreciate being able to understand it and therefore take a degree of ownership in the results. The data stream for this type of approach shown in Figure 2 represents the illustration used as the technical stimuli representing “simple monitoring” (see Appendix 1).




Figure 2 | Example of a process-based approach to leakage identification which utilizes very little data and provides instantaneous graphical results that are easy for stakeholders to understand.



Thus as important as technological advances are to the large-scale development of CO2 storage, so is public acceptance of the technology (Leiss and Larkin, 2019). Political will, influenced by public attitudes and perceptions, must be strong to attract the necessary investments and to create new markets for CCS. Public trust in the context of CCS is a vital dimension that fuels political will. Literature in social science and cultural cognition points to the need of simple scientific messages (Kahan, 2010; Dowd et al., 2014) communicated by an individual or group that shares the same cultural values as the receiver (Cohen et al., 2007; Dowd et al., 2014). We are interested in how the design of monitoring programs for CCS are understood and perceived by stakeholders in the GoM region, and accordingly, designed a study to give insight into perceptions of two different types of environmental monitoring technologies: simple stoichiometric approaches versus more complex baseline approaches. We aim to answer the following questions: 1) are simple or more complex monitoring strategies preferred by individuals living in the gulf coast regions? 2) how do social norms and cultural cognition affect the responses, and 3) how does the group that endorses the monitoring system influence public acceptance?




2 Theoretical framework



2.1 Audience pre-dispositions

Individuals do not approach messages or communication in a uniform manner. Rather, their specific predispositions and orientations, such as prior knowledge, attitudes and beliefs, determine whether they pay attention to certain messages and how they process information. For this reason, our communication efforts do not focus on a broad or mass audience, but instead, target specific segments or groupings. This concept is substantiated by prior research on messages around CCS that has shown that audience segments evaluate CCS-related messages and their persuasiveness differently (Broecks et al., 2016).

The traditional approach to segmenting audiences has been to focus on socio-demographics, such as age, gender, race, etc. (Yankelovich and Meer, 2006). More recently, segmentation approaches have also incorporated psychographics, such as attitudes toward a phenomenon of interest (Hine et al., 2014), and behavioral data, such as communication exposure patterns (Lotenberg et al., 2011). This nuanced approach is seen as more robust and better at predicting related attitudes and behaviors (Yankelovich and Meer, 2006).

As such, we also adopt this more sophisticated approach to segmentation and draw on psychographic and behavioral factors that have been shown to be important in terms of CCS: attitude toward science, need for cognition, science media consumption and climate change beliefs. Individuals with positive attitudes toward science are more open to scientific content and more willing to participate in citizen science projects (Füchslin et al., 2019). In health contexts, trust in science has been shown to predict trust in technology (Rodriguez et al., 2008). Need for cognition (NFC) is also an important differentiating factor to understand how audiences engage with messages. Those who score high on NFC scales enjoy complex messages and effortful thinking whereas those lower on the scale avoid it (Cacioppo and Petty, 1982). Given that CCS is a complex phenomenon, the degree of cognitive effort that individuals bring to processing a message is important to understand. In addition to science attitudes, exposure to science-related media has also been shown to be an important factor in understanding complex science. Past research has shown that attention to science-related content is associated with greater scientific knowledge (Su et al., 2015). Lastly, climate change attitudes are an important differentiating point when it comes to CCS, given that CCS’s potential to mitigate the effects of climate change is one of the central arguments in favor of its widespread adoption (Broecks et al., 2016). In studies of Japanese and Australian publics, individuals who are more media savvy and who are more capable of processing information are likely to develop more positive attitudes toward CCS and be more accepting of it (Ashworth et al., 2006; Itaoka, 2006).




2.2 Message complexity

Scientific information can be presented in a variety of ways, ranging from straightforward and simple, to detailed and complex. When communicating about important issues, the assumption is often that more is better – more facts, more information, more detail – yet this is not always the case (Green and Armstrong, 2015). Oftentimes, it depends on the context (Lewis and Eves, 2012) and the audience (Pogrebnyakov and Maldonado, 2018). For example, some audiences might feel more secure with extremely complex and scientific approaches versus simpler approaches. Those who enjoy effortful thinking or place a high value in science might prefer complex messages that are in-depth and detailed. Conversely, those who find cognitive effort onerous, who might not value science as much or pay as much attention to science-related media might prefer simpler approaches in which answers are immediate and the information is easily understood.

In the context of CCS, past research has shown that providing Dutch stakeholders with accurate and easily understood information about the technology leads to greater support (de Best-Waldhober et al., 2009). In the US, when publics are informed about CCS and its associated benefits and costs, they are more likely to support CCS as part of a comprehensive low-carbon energy plan (Schäfer et al., 2018). But the question becomes murkier when we take into account information about CCS monitoring activities. Although some argue that monitoring activities should be routinely shared with the public (Greenberg and Gauvreau, 2014), there is evidence to suggest that doing so can have the counter-intuitive effect of increasing perceptions of risk (Wiedemann et al., 2006). In their study of CCS monitoring activity, Seigo et al. (2011) found that individuals who were provided with more detailed information perceived CCS to be riskier and less beneficial than those who only received basic information.

We examine message complexity by manipulating the content and sophistication of information incorporated into messaging about a proposed CO2 monitoring system. The more complex message entails multiple datapoints and graphical elements whereas the simpler monitoring system message entails one graphical image.




2.3 Social norms

Social norms can also be a powerful factor in message acceptance (Maibach, 2019). Social norms signal to group members those behaviors, attitudes and beliefs that are accepted and preferred (Cialdini and Cialdini, 2007). In the context of novel or complex ideas, social norms are useful heuristics to indicate what kinds of adaptive behaviors or beliefs should be adopted in otherwise ambiguous contexts (Valente, 2012). For scientific information, potential sources run the gamut including scientists, academics, politicians, business leaders and friends. Scientists and experts are trusted sources for scientific information, but so too are people who are socially close, such as friends, or those who share in the same community, such as a place of worship or a civic group (Maibach, 2019).

Information source for CCS-related content has been shown to be an important element. Trust in the source of CCS information is a key factor influencing acceptance of CCS (Ashworth et al., 2010). Sources from environmental organizations, academia and research institutions are considered most trustworthy when communicating CCS (Ashworth et al., 2010).

Our study examines the role of social norms in the gulf coast region surveyed to see which referential group (academic and industry experts versus local officials and community leaders) holds more influence in audience processing of messages about CO2 monitoring programs.





3 A model of CO2 monitoring acceptance and CCS support

Exposure to a message does not always produce a direct effect on behaviors; rather, messages often operate via indirect or mediated paths (Shah et al., 2007). That is, a message might impact audiences indirectly as a result of related attitudes and pre-dispositions. For example, environmental concern and exposure to environmental media content work together to influence environmental behaviors (Holbert et al., 2003). In recognition of the mediated nature of communication, we draw on the Technology Acceptance Model (TAM) and the Theory of Planned Behavior (TPB) to understand how our audience segments respond to our messages about CO2 monitoring and the drivers of stakeholder adoption and support for CCS.

TAM and TPB are proven useful models to help explain public acceptance of new technologies as a result of various individual orientations, including attitudes toward the technology, perceived ease of use, perceived usefulness, self-efficacy and perceived behavioral control. In TAM, behavioral intentions to use technology are related to attitudes toward the technology as well as perceptions of how easy it is to use, termed the ease of use, and how useful it would be, labelled usefulness (Davis, 1989). For technologies that might seem complex or intimidating, attitudes toward the technology itself are strong predictors of the likelihood of adopting it (Bagozzi et al., 1992). TAM has been shown to usefully predict adoption of new technologies including solar panels (Fatoki, 2022) and sustainable transportation (Ahn and Park, 2022). Despite its robustness, TAM has been criticized for not accounting for social influence and facilitating conditions (Shachak et al., 2019). Specifically, TAM does not account for subjective norms, perceived behavioral control and self-efficacy. To broaden the robustness of TAM, it is often combined with the Theory of Planed Behavior (TPB).

TPB has been applied across numerous contexts to explain and predict human behavior (Ajzen, 1991) and adding it to TAM allows us to paint a more sophisticated understanding of those factors that predict CCS-related attitudes and behaviors. Subjective norms refers to the individual’s perception that people who are important to them believe the behavior under question is positive and should be adopted (Cheon et al., 2012). Self-efficacy describes an individuals’ confidence in their capacity to carry out a specific behavior, while perceived behavioral control reflects the individual’s belief that they actually have control over the specific behavior (Hansen et al., 2018). In the context of CCS, prior research has shown TPB is a useful model to explain various outcomes, including CCS acceptance, willingness to pay for CCS power, and information seeking about CCS (Kraeusel and Möst, 2012; Kahlor et al., 2020). In our study, we take a citizen science approach and our outcome of interest is the likelihood of stakeholders using the monitoring approach and the information it provides.

TAM and TPB have been combined effectively to predict behaviors in multiple contexts, including internet banking (Safeena et al., 2013), purchasing energy-efficient appliances (Hua and Wang, 2019), and the use of renewable energy (Alam et al., 2014). Building on this work, we also synthesize the TAM and TPB to understand and predict behaviors and attitudes related to CO2 monitoring and CCS. See Figure 3.




Figure 3 | Proposed model of CO2 monitoring acceptance and CCS support.






4 Methods



4.1 Data collection

Our sample consisted of American adults aged 18 and older living in Texas, Florida and Louisiana. These three states were chosen because they are close to existing or proposed CCS facilities. We hired the global market research firm YouGov to collect data. Compared to other market research companies, YouGov consistently ranks as the most reliable and representative (Zack and Kennedy, 2015; Clement, 2016).

An attention check was included to screen out inattentive subjects. Midway through the survey, one question asked them to select “somewhat agree” as their response. Only those who responded correctly were included in the final sample of 997 subjects (Texas = 328; Louisiana = 336; Florida = 333). Our sample was 44% male and 56% female. The average age was 47 and the modal response for education was high school graduate (40.3%). In terms of race, 56.7% were white, 18.6% were Black or African American, 20.3% were Hispanic, and the remainder were Asian, Native American or a combination of two or more races.




4.2 Procedure

To test our hypotheses, we conducted a 2 (CO2 monitor system message: simple v. complex) x 2 (social norm: academic and industry expert. community leader) factorial between-subjects experiment. Subjects received an email inviting them to complete the survey, which started with an introduction about the purpose of the study and some baseline questions about attitudes toward science, climate change beliefs, need for cognition, science media consumption, and attitudes toward CCS. Subjects were then presented with the experimental stimuli (see Appendix), which was a message depicting the output of a CO2 monitoring system that was either complex (i.e. it included a large quantity of data and graphs) or simple (i.e. it contained a simple graphical depiction) and that was endorsed by either an academic and industry expert or a community leader. Subjects were randomly assigned to one of four stimuli (simple CO2 monitor with academic and industry endorser; simple CO2 monitor with community leader endorser; complex CO2 monitor with academic and industry endorser; or complex CO2 monitor with community leader endorser). After the stimuli, subjects answered questions about ease of use, usefulness, self-efficacy, behavioral control, attitude toward the CO2 monitor, intent to use the monitor and support for CCS.




4.3 Measures



4.3.1 Manipulation check

To confirm our experimental stimuli manipulated our desired factors effectively, we carried out two manipulation checks. To check the first factor, subjects were asked on a 5-point, semantic differential scale (simple – complex; easy to understand – hard to understand; easy – difficult; straightforward – confusing; uncomplicated – complicated; direct – convoluted) to rate the monitor system they were presented with. Those in the complex condition rated the monitoring system as more complex (M = 3.53, SD = 1.12) than those in the simple condition (M = 2.9, SD = 1.14); t(995) = -8.56, p <.001. To confirm the source of the endorsement was successfully manipulated, we asked subjects whether the monitoring system was endorsed by an academic/industry expert or a community leader (X2 (1, N = 997) = 225.0, p <.001). Both manipulation checks indicate our experimental stimuli were successful at manipulating the two factors of interest.




4.3.2 Random assignment

Assuming random assignment to condition was successful, subjects in each group should not differ significantly in terms of demographic characteristics. We ran t-tests and chi-square tests to confirm the experimental groups did not differ according to age, gender, ethnicity, education, income or political ideology. Random assignment was successful.





4.4 Independent variables

Details for all measures are listed in the Appendix.



4.4.1 Attitudes toward science

This was measured on a 5-point scale using Füchslin, Schäfer and Metag’s (2019) 10-item scale (M = 3.84, SD = .80; α = .90). Sample items include “Science and research play an important role in my life”, “In general, I trust science”, and “Science should have no limits to what it is able to investigate.”




4.4.2 Climate change beliefs

This was measured with three items drawn from previous literature (Leiserowitz, 2006; Moon et al., 2020). Sample items include “Climate change is a serious problem” and “CO2 that is emitted from power plants and industrial sources has been scientifically linked to climate change” measured on a 5-point scale (M = 3.85, SD = 1.21; α = .91).




4.4.3 Need for cognition

We used six items measured on a 5-point scale from Cacioppo and Petty (1982). Sample items include “I would prefer complex to simple problems” and “Learning new ways to think doesn’t excite me very much” (M = 3.26, SD = .70; α = .66).




4.4.4 Science media consumption

We drew on previous literature (Runge et al., 2018; Schäfer et al., 2018) to develop 8 items that captured the frequency with which subjects consumed science-oriented media content. Sample items, measured on a 5-point scale, include watching science documentaries, viewing science-themed entertainment shows, or reading science blogs (M = 2.57, SD = .85; α = .85).





4.5 Key variables



4.5.1 Perceived CCS benefits

This scale relied on five previously used items (Seigo et al., 2014). Sample items include perceived benefits to oneself, to one’s community, and to one’s state (M = 3.45, SD = 1.25; α = .95).




4.5.2 CCS awareness

Three items from Milfont (2012) were used to tap awareness of CCS, including “I had heard about carbon capture and storage before today” (M = 2.30, SD = 1.37; α = .90).




4.5.3 CCS trust

To measure individual’s level of trust in institutions to safeguard CCS projects, we adapted Seigo et al. (2014) scale. It included four items, such as trust in state government agencies, trust in energy companies and trust in third parties (M = 2.86, SD = 1.07; α = .84).




4.5.4 Perceived ease of use

This was measured with one item adapted from the literature (Taylor and Todd, 1995; Chen et al., 2007): “I think the CO2 monitoring approach would be easy to use” (M = 3.18, SD = 1.06).




4.5.5 Perceived usefulness

Also adapted from previous literature (Moore and Benbasat, 1991; Chen et al., 2007), sample items include “Using the CO2 monitoring approach would improve my understanding of CCS” and “The CO2 monitoring approach would make CCS less confusing” (M = 3.37, SD = .98; α = .90).




4.5.6 Behavioral control

We used three items adapted previous scales (Taylor and Todd, 1995; Cheon et al., 2012). Sample items include “I have sufficient knowledge to use this CO2 monitoring approach” and “I am capable of using this CO2 monitoring approach” (M = 2.87, SD = 1.13; α = .90).




4.5.7 Subjective norms

This was measured with three items drawn from Cheon et al. (2012). Sample items include: “Most people who are important to me would think that the CO2 monitoring approach is fine to use.” and “Most people who are important to me would be in favor of using the CO2 monitoring approach” (M = 3.28, SD = 1.05; α = .94).




4.5.8 Self-efficacy

This was measured with three items drawn from Cheon et al. (2012). Sample items include: “I would be confident about using this CO2 monitoring approach” and “Using this CO2 monitoring approach would not challenge me” (M = 3.22, SD = 1.04; α = .87).




4.5.9 Attitude toward the monitor

This was measured using a 5-point, semantic differential scale (bad – good; negative – positive; unsatisfactory – satisfactory; unfavorable – favorable; unpleasant – pleasant) drawn from Hensel and Bruner (1992) (M = 3.41, SD = .99; α = .92).




4.5.10 Intention to use

This was measured with two items adapted from previous literature (Taylor and Todd, 1995; Yu et al., 2005; Cheon et al., 2012). Sample items include “I would like to use the monitoring approach in the future if I had the opportunity” and “There is a high likelihood that I would use the sensor and the monitoring approach within the foreseeable future” (M = 3.16, SD = 1.25; r <.001).




4.5.11 Support for CCS

This was measured with two items asking subjects how strongly they support or oppose CCS and how strongly their community would support or oppose CCS (M = 3.33, SD = 1.04; r=.60, p<.001).






5 Analysis and results



5.1 Audience segmentation

The first step in our analysis was to develop the clusters that would define our audience segments. Using TwoStep cluster analysis in SPSS (Tkaczynski, 2017), we are able to segment our sample into meaningful groups, providing more nuanced understanding of how audiences think and feel about the CO2 monitoring system than if we assumed our sample all behaved in a uniform manner. TwoStep cluster analysis, which is well suited to exploratory studies and larger sample sizes, has been used in a number of domains, including tourism, health and psychology (Hsu et al., 2006; Fillman et al., 2013; Griffin et al., 2014).

To create our audience segments, we used science values, need for cognition, science media consumption and climate change beliefs as input variables. The TwoStep cluster analysis returned two clusters (see Table 1). A contributing variable is said to be important in predicting the cluster if its average silhouette measure of cohesion and separation is greater than 0.2. For our four variables, each predictive importance (in brackets next to each variable) is greater than 0.2, meaning they are all important components of our cluster. As part of the validation process (Rundle-Thiele et al., 2015), we ran t-tests to confirm that each variable was significantly different from each other between cluster. As reported in Table 1, our four segmenting variables differed significantly across the two clusters, the difference was significant between both groups on science values, need for cognition, science media consumption, and climate change beliefs. Based on this, it was determined that the two-cluster solution was validated for this study.


Table 1 | Cluster solution.



Both clusters are similar in size. Based on the means of each variable, we defined the first cluster as having a Lower Science Orientation (LSO) and the second cluster as having a Higher Science Orientation (HSO). Compared to those in the LSO, those in the HSO cluster are more likely to view science as more central and important to their daily lives; to think climate change is a serious issue that needs to be resolved; to consume a greater amount of science-themed media content; and to report greater enjoyment and need for complex thinking over simple thinking.




5.2 Segment attitudes toward carbon capture and storage

To examine our two segments and their general attitudes toward CCS, we first carried out a MANOVA to determine if overall attitudes toward CCS were affected by science orientation segment. A MANOVA revealed there was a statistically significant main effect for science orientation segment on CCS awareness, CCS benefits and trust in CCS institutions F(3, 993) = 89, p <.001; Wilks’ Λ = .756.

Follow up t-tests showed the HSO segment was more aware of CCS than the LSO segment [t(995) = -8.152, p<.001], saw CCS as more beneficial than the LSO segment [t(995) = -15.58, p<.001], and was more trusting of institutions to monitor CCS projects than LSO segments [t(995) = -10.90, p<.001]. See Table 2 for mean scores. Given the different attitudes toward CCS across our two segments, it makes sense to compare these two groups in their attitude and behavioral responses related to the CO2 monitoring system.


Table 2 | Mean scores and standard deviations on CCS attitudes by science orientation segment.






5.3 Testing our model of CO2 monitoring acceptance and CCS support

To test the model, we ran a series of MANOVAs and linear regressions to examine the mediating role of the TAM and TPB variables on acceptance of the CO2 monitor and CCS support. This was done by first using the experimental stimuli (message: simple v. complex; and social norm: academic/industry v. community/local official) and science orientation segments to predict the TAM and TPB outcomes, which were then added to the model to predict attitude toward the CO2 monitor and intention to use it.



5.3.1 Predicting TAM and TPB outcomes of CO2 monitor type

To examine whether the independent variables predicted the five TAM and TPB variables, a MANOVA was carried out. There was a statistically significant main effect for CO2 monitor type on the combined dependent variables, F(5, 989) = 3.11, p <.01; Wilks’ Λ = .984. There was a statistically significant main effect for science orientation segment on the combined dependent variables, F(5, 989) = 37.55, p <.001; Wilks’ Λ = .84. The effect of social norms on the combined dependent variables was not significant, F(5, 989) = 0.59, p >.05; Wilks’ Λ = .997.

A series of t-tests on each of the five dependent variables was conducted as a follow-up test to the MANOVA for CO2 monitor type and science orientation segment. We ran one-tailed t-tests because, based on prior research, we expected the simple monitoring approach to be associated with more positive scores on our outcomes of interest, for example ease of use and self-efficacy. The norms condition was not included in the t-tests because the MANOVA did not indicate it was significant.



5.3.1.1 CO2 monitor type

There was a significant difference in the perceived ease of use for the simple CO2monitor (M=3.30, SD=1.05) and complex CO2 monitor (M=3.06, SD=1.06) conditions; t(995)=3.44, p <.001. For perceived behavioral control the difference was significant between the simple monitor (M=2.97, SD=1.15) and complex monitor (M=2.77, SD=1.10) conditions; t(995)=2.70, p <.01. There was also a significant difference in perceived subjective norms for the simple monitor (M=3.35, SD=1.06) and complex monitor (M=3.22, SD=1.03) conditions; t(995)=2.70, p <.05. In terms of perceived self-efficacy, there was a significant difference between the simple monitor (M=3.28, SD=1.06) and complex monitor (M=3.15, SD=1.02) conditions; t(995)=1.93, p <.05. There was no significant difference for perceived usefulness between the simple monitor (M=3.40, SD=1.03) and complex monitor (M=3.34, SD=0.94) conditions; t(995)=1.02, p >.05. See Table 3.


Table 3 | Mean scores and standard deviations on TAM and TPB variables by CO2 monitor type.






5.3.1.2 Science orientation segment

There was a significant difference in the perceived ease of use between the HSO segment (M=3.44, SD=0.94) and LSO segment (M=2.92, SD=0.94) conditions; t(995)=-8.89, p <.001. There was a significant difference for perceived usefulness for the HSO segment (M=3.77, SD=0.91) and LSO segment (M=3.02, SD=0.93) conditions; t(995)=-13.03, p <.001. For perceived behavioral control the difference was significant between the HSO segment (M=3.13, SD=1.13) and the LSO segment (M=2.63, SD=1.08) conditions; t(995)=-7.13, p <.001. When looking at perceived subjective norms, there was a significant difference between the HSO segment (M=3.69, SD=.98) and LSO segment (M=2.92, SD=.98) conditions; t(995)=-12.41, p <.001. Lastly, there was a significant difference in perceived self-efficacy for the HSO segment (M=3.61, SD=.96) and LSO segment (M=2.86, SD=.99) conditions; t(995)=-12.14, p <.001. See Table 4.


Table 4 | Mean scores and standard deviations on TAM and TPB variables by Science Segment.







5.3.2 Predicting CO2 monitor outcomes

The next step in the analysis was to examine how the experimental stimuli and the TAM and TPB variables influence our outcomes related to the CO2 monitor. The experimental stimuli and TAM and TPB variables were entered as predictors, first to predict attitude to the monitoring system. The next regression includes the same predictor variables but adds attitude toward the monitoring system to predict intention to use the monitor. Finally, to this block of predictors we add intention to use the monitor to predict support for CCS. We ran a series of hierarchical ordinary least squares (OLS) regressions, first on the sample as a whole, then according to our science orientation segments1. See Table 5.


Table 5 | Model of attitude toward the CO2 monitor, CO2 monitor use intention and CCS support.





5.3.2.1 Predicting attitude toward the CO2 monitor

The regression model predicting attitude toward the monitor performed well, accounting for 53.4% of the variance for the whole sample and 53.1% and 41.1% for the LSO and HSO segments, respectively. In terms of the experimental stimuli, monitor type was significant among the population as a whole (β = -.05, p<.05) and among the LSO segment (β = -.07, p<.05), with the simple monitoring system yielding more positive attitudes. Among the HSO group, sensor was not significant.

All the TAM and TPB variables were significant predictors of attitude toward the monitor. Among the whole sample, perceiving the CO2 monitor as easy to use (β = –.05, p<.05), more useful (β = .33, p<.001), believing important others valued the monitor (β = .26, p<.001), and feeling greater self-efficacy related to the monitor (β = .25, p<.001) resulted in more positive CO2 monitor attitudes. Interestingly, behavioral control was a significant predictor, but the relationship was negative (β = -.15, p<.001).

Examining our sample by individual segments, these variables all remained significant predictors (see Table 5), except for ease of use. Perceiving the monitor as easy to use (LSO: β = .10, p<.05; HSO: β = –.01, p>.05), as more useful (LSO: β = .33, p<.001; HSO: β = .27, p<.001), believing important others valued the monitor (LSO: β = .26, p<.001; HSO: β = .25, p<.001), and feeling greater self-efficacy related to the monitor (LSO: β = .22, p<.001; HSO: β = .27, p<.001), resulted in more positive monitor attitudes. As with the whole sample, behavioral control was a significant predictor among both segments, but the relationship was negative (LSO: β = –.14, p<.001; HSO: β = –.16, p<.001).




5.3.2.2 Predicting intentions to use the CO2 monitor

The regression model predicting intention to use the CO2 monitor performed well, accounting for 57.8% of the variance for the whole sample and 50.7% and 48.6% for the LSO and HSO segments, respectively. In terms of the experimental stimuli, monitor type was significant among the population as a whole (β = -.07, p<.05) with the simple monitor resulting in greater intention to use the monitor. But among the segments, after adding attitude toward the monitor as a predictor, monitor dropped out as a significant predictor among the LSO segment (β = -.01, p>.05) and the HSO segment (β = .00, p>.05).

Among the sample as a whole all the TAM and TPB variables were significant predictors of intention to use the monitor except for ease of use. Among the whole sample, perceiving the monitor as more useful (β = .23, p<.001), behavioral control (β = .09, p<.001), believing important others valued the monitor (β = .26, p<.001), and feeling more efficacious about using the monitor (β = .21, p<.001) resulted in greater likelihood of using the monitor. Adding attitude to the monitor as predictor showed a significant relationship with intention to use the monitor (β = .13, p<.001).

Examining our sample by individual segments, these variables all remained significant predictors (see Table 5), except for ease of use. Perceiving the monitor as useful (LSO: β = .24, p<.001; HSO: β = .27, p<.001), reporting greater behavioral control (LSO: β = .08, p<.05; HSO: β = .14, p<.01), believing important others valued the monitor (LSO: β = .26, p<.001; HSO: β = .25, p<.001), and feeling greater self-efficacy related to the monitor (LSO: β = .16, p<.01; HSO: β = .25, p<.001), resulted in greater likelihood of using the monitor. Adding attitude to the monitor as a predictor showed a significant relationship with intention to use the monitor (LSO: β = .17, p<.001; HSO: β = .09, p<.05).




5.3.2.3 Predicting Support for CCS

The regression model predicting support for CCS performed well, accounting for 69.2% of the variance for the whole sample and 69.8% and 60.3% for the LSO and HSO segments, respectively. In terms of the experimental stimuli, sensor type dropped out as a directly significant predictor among the sample as a whole and among the science orientation segments.

Among the sample as a whole, three of the TAM and TPB variables remained significant predictors of support for CCS. Among the whole sample, perceiving the monitor as useful (β = .09, p<.001), believing important others valued the monitor (β = .27, p<.001), and feeling more efficacious about using the monitor (β = .08, p<.01) resulted in greater support for CCS. Adding attitude to the monitor as predictor showed a significant relationship with CCS support (β = .28, p<.001), as did adding intention to use the monitor as a predictor of CCS support (β = .19, p<.001).

Examining our sample by individual segments, the patterns among both segments differed. Among the LSO segment, perceived usefulness (β = .08, p<.001), reporting greater behavioral control (β = .06, p<.05), believing important others valued the monitor (β = .23, p<.001) and feeling more efficacious about using the monitor (β = .31, p<.001) were associated with greater CCS support. Among the HSO segment, only two of these remained significant predictors of CCS support: perceived usefulness (β = .10, p<.05) and believing important others valued the monitor (β = .33, p<.001) were associated with greater CCS support. Feelings of greater behavioral control and self-efficacy were not significant predictors of CCS support. Among both segments, a more positive attitude toward the monitor (LSO: β = .31, p<.001; HSO: β = .25, p<.001) and greater intention to use the monitor (LSO: β = .22, p<.001; HSO: β = .14, p<.001) resulted in greater CCS support.







6 Discussion

Public perception is a key element of successful deployment and use of CO2 storage technologies. We set out to understand how residents in Texas, Louisiana and Florida – potential sites for geological CO2 storage – react to different environmental monitoring approaches. We focus here on three main results: 1) keep it simple: the simple, intuitive approach to CO2 monitoring is preferred for our sample as a whole and for the segment we classify as having a “low science orientation”; 2) effects are mediated: rather than operating in a direct effects model, in which the message has a direct and uniform impact on audiences, the impact of simple, intuitive messaging works via attitudes such as ease of use and self-efficacy; and 3) audience segmentation matters: segmenting stakeholders along four important constructs offers an additional layer of insight to understand stakeholder attitudes and behavioral intentions around CCS and CO2 monitoring.

First, the format of the CO2 monitor is important. Rather than providing stakeholders with complex, detailed outputs to convey data about CO2, it is better to provide simple, more direct and easily understood CO2 monitoring outputs. The simple CO2 monitoring system is seen as easier to use than the complex system, while also fostering greater feelings of self-efficacy, behavioral control and the belief that important others value the technology. These factors are, in turn, important predictors of positive attitudes toward the CO2 monitor; and, as a result of a more positive CO2 monitor attitude, individuals are more likely to use the monitor and then to support CCS.

Wallquist et al. (2010) point out the need for simple images and figures to garner public understanding and support among citizens. Further, they point out to avoid unnecessarily complex images which could do more harm than good and promote an increased perception of unwarranted risk. Our results lend support for this advice, as the simple image in our experiment yielded the more positive outcomes. Additionally, the results point to important boundary effects when it comes to providing stakeholders with information about CCS. Specifically, while prior research shows that giving audiences accurate information about CCS bolsters support for the technology, our results indicate what kind of information that should be. Rather than offering detailed, complex content that can inadvertently elicit perceptions of risk (Seigo et al., 2011), our data indicate the information should be accurate and simple. We argue that by offering stakeholders simplified information about CCS monitoring, the industry can adhere to best practices that call for routine information sharing (Greenberg and Gauvreau, 2014) without provoking related issues of risk or perceptions that the technology is not beneficial (Wiedemann et al., 2006).

These findings are especially important when we look at the two different audience segments. Those with a lower science orientation indicate a significantly stronger preference for the simple monitoring approach. Our data show this LSO segment is less aware of CCS, less likely to view it as beneficial, and less likely to trust the technology. However, presenting them with an easy to process monitoring approach offers the possibility of circumventing these concerns. As our model shows, the simple monitoring approach results in more positive attitudes toward the monitoring system, which in turn yields greater support for CCS and likelihood of using the monitor.

Second, intentions to use the CO2 monitor and support for CCS are not directly affected by our message stimuli, but are mediated via the attitudes related to the technology’s use, its social acceptance and feelings of individual ability and self-efficacy. For intentions to use the CO2 monitor, the complexity of the monitor (simple or complex) drops out of the model as a significant predictor once attitude to the monitor is added. Instead of operating directly, the CO2 monitor operates via attitude toward the monitor. Likewise, support for CCS is not directly affected by the CO2 monitor format, which drops out of the model as significant when intention to use the CO2 monitor is added as a predictor. Again, it is through the attitude toward the monitoring system and the intention to use the monitor that greater CCS support is generated.

Our results build on previous work that highlights how communication is a mediated process (Holbert et al., 2003; Shah et al., 2007). When individuals develop attitudes and beliefs about new and emerging technologies like CCS, they do so not in isolation, but take into account subjective norms, trust, and perceived benefits (Hobman and Ashworth, 2013). Our results extend previous work showing that the decision to adopt technology, especially for technology that might seem complex or intimidating, is strongly related to attitudes toward the technology (Bagozzi et al., 1992). That is, a more positive attitude toward the technology is directly related to the likelihood of using it. Our model shows that the simpler approach yields more positive attitudes toward the monitor along with perceptions about its ease of use and usefulness, and beliefs about social norms and self-efficacy. This suggests that in addition to opting for the simple CO2 monitor system, downstream outcomes, like perceptions of ease of use, usefulness and self-efficacy ought to be emphasized and highlighted because these are important predictors of support for the CO2 monitor and CCS support.

Third, audience segment matters. By incorporating constructs that prior research has shown to be important in evaluating new technologies and complex scientific issues, our results demonstrate that audiences can be usefully and effectively segmented into two groups based on high and low orientations to science. We call these groups Higher Science Orientation (HSO) and Lower Science Orientation (LSO). The two segments differ in their attitudes toward CCS. The HSO group is more aware of CCS, sees it as more beneficial and is more trusting that CCS can be regulated and monitored than the LSO segment. As well, it is among the higher science orientation segment that we see greater ease of use, usefulness, feelings of self-efficacy, behavioral control and beliefs that important others value the CO2 monitoring technology.

These findings support prior work that calls for the inclusion of psychographic variables in audience segmentation work (Hine et al., 2014). It is important to go beyond basic demographics to understand how predispositions, like need for cognition and appreciation of science, influence attitudes and beliefs about new and emerging technologies. Our findings build on work in the context of CCS that shows audiences evaluate CCS-related messages differently, depending on the pre-existing attitudes and beliefs (Broecks et al., 2016). These insights offer important guidance on how to communicate with key stakeholder groups, which we discuss in the next section.




7 Implications for policy and practice

Given the differences in the LSO and HSO groups’ attitudes toward CO2 monitoring, it is important to tailor stakeholder engagement about CCS in ways that best speak to each segment. As a result, multiple messages that clarify CCS technology and CO2 monitoring systems should be developed with the different segments in mind. For the LSO group, messages that require less cognitive effort, that focus less on the scientific value of CCS, and that place less emphasis on climate change as a reason for adopting the technology might be more effective among this group. As well, the LSO segment’s preference for media content that is less science-focused can help guide decisions about which channels to focus on broadcasting and promoting these messages. For example, instead of newspaper articles or science documentaries, messages might be more effective if placed in non-traditional formats, such as primetime television shows or social media channels like Instagram and TikTok. Given our LSO’s lower likelihood to consumer science-oriented media content, including information about CCS technology might be better received via these less didactic channels.

Among the HSO group, given their higher scores on beliefs that people who are important to them would value the CCS monitor, outreach efforts could benefit from leveraging these social ties. Communication that emphasizes and strengthens these social norms could help further support for CO2 monitoring and CCS adoption. Relatedly, the HSO segment reported greater feelings of self-efficacy around CO2 monitoring. By harnessing this sense of strength and ability, outreach efforts that take advantage of HSO perceptions that they are capable and effective could also bolster related support attitudes.

Among LSO stakeholders, the leverage point rests with improving perceptions about the CO2 monitor’s usefulness and ease of use. Since subjective norms and self-efficacy are lower within this group, harnessing these two attitudes might not be as effective. Instead, the opportunity lies with outreach and engagement that highlights the simplicity of the technology and its utility to the community.

These results underscore that communication of CO2 storage monitoring schemes could highly benefit from an underlying social understanding of citizen values and social norms in Texas, Louisiana and Florida. For example, considering that the simple monitoring scheme is preferred in general by the entire citizen sample, this should be the preferred method of monitoring in this context, ceteris paribus. The different monitoring preferences in our results show the need for broad stakeholder engagement at the stage of designing and choosing monitoring strategies. This motivates the need for interdisciplinary teams and underlines the role that social science should play in helping to facilitate these dialogues and to contextualize and make sense of concerns and expectations of citizens.

In addition, our results reflect critical RRI and real-time technology assessment principles of anticipation and stakeholder engagement (Guston and Sarewitz, 2002; Stilgoe, 2013) and the need to dialogue with both science and industry experts and community leaders before disseminating information to citizens. This implies that radically interdisciplinary teams, where natural science integrates with social science and the humanities, thereby extending peer communities (Funtowicz and Ravetz, 1991) should collaborate with community leaders in the communication and dissemination of innovative CCS monitoring schemes. These collaborations could be pivotal to laying the groundwork for successful Carbon Capture and Storage investments and projects.
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Footnote

1There is some debate about employing parametric tests like OLS regression when using Likert-type questions. However, past research shows the risk of errors or biases in estimates are not a concern when the scale has more than four answer categories and the sample size is greater than 300 (Hagen and Pijawka, 2015; Taylor et al., 2006; Kim and Kim, 2020; Liao et al., 2022).
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Appendix

Experimental stimuli showing complex monitoring message and scientist social norms (left panel) and simple monitoring message and community social norms (right panel).
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