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Endpoint impacts related to the transformation of land—including that related to energy infrastructure—have yet to be fully quantified and understood in life cycle assessment (LCA). Concentrated solar power (CSP) which generates electricity by using mirrors to concentrate incoming shortwave radiation onto a receiver, may serve as an alternate source of reliable baseload power in the coming years. As of 2019 (baseline year of the study), the United States (U.S.) had 1.7 GW of installed capacity across a total of eight CSP sites. In this study, we (1) develop an empirical, spatially explicit methodology to categorize physical elements embodied in energy infrastructure using a LCA approach and manual image annotation, (2) use this categorization scheme to quantify land- and ecosystem service-related endpoint impacts, notably potential losses in soil carbon, owing to energy infrastructure development and as a function of electricity generated (i.e., megawatt-hour, MWh); and (3) validate and apply this method to CSP power plants within the U.S. In the Western U.S., CSP projects are sited in Arizona, California, and Nevada. Project infrastructure can be disaggregated into the following physical elements: mirrors (“heliostats”), generators, internal roads, external roads, substations, and water bodies. Of these elements, results reveal that mirrors are the most land intensive element of CSP infrastructure (>90%). Median land transformation and capacity-based land-use efficiency are 0.4 (range of 0.3–6.8) m2/MWh and 40 (range of 11–48) W/m2, respectively. Soil grading and other site preparation disturbances may result in the release of both organic and inorganic carbon—the latter representing the majority stocks in deeper caliche layers—thus leading to potentially significant losses of stored carbon. We estimate three scenarios of soil carbon loss into the atmosphere across 30 years, based on land transformation in m2 per megawatt-hour (m2/MWh) and carbon stock in kilograms of carbon per megawatt-hour (kg C/MWh). Results reveal that potential belowground CO2 released may range from 7 to 137% of total life cycle CO2 emissions. While this study takes a simplistic approach to estimating loss of carbon, the broad methodology provides a valuable baseline for improving comparative analyses of land-related endpoint impacts across energy technologies and other product systems.
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Introduction

The electric power sector in the United States (U.S.) is undergoing a rapid transformation, with increasing integration of intermittent renewable resources like solar and wind energy into the grid. This growth in renewables has been possible because of technological advancements, supportive policies, and large declines in cost (Jordaan et al., 2022). Renewable resources offer clear climate and health benefits but have raised concerns regarding their scalability because of their variability (Bird et al., 2013; Ela et al., 2013). These benefits are often cited as a reason for continued generation of electricity from fossil fuels, which are seen to be more dispatchable and reliable. Solar thermal or concentrated solar power (CSP) generation, which generates electricity by using mirrors to concentrate incoming shortwave radiation onto a receiver, may prove to be an alternate source of reliable baseload power, especially when combined with thermal energy storage (TES) (Sioshansi and Denholm, 2010). A study by NREL that modeled grid conditions in California under varying levels of solar integration showed that deploying CSP with TES can push solar generation into periods of high net demand, thus reducing the amount of solar capacity that needs to be curtailed and providing faster ramping capability (Jorgenson et al., 2014). One additional CSP plant on the grid with 6 h of TES and capacity to provide just about 1% of additional solar generation, will reduce marginal annual curtailment of solar resources to 10% (Denholm et al., 2016). If more PV resources are added instead of CSP, the curtailment would be significantly higher in the absence of mitigation.

Globally, there are about 6.5 GW of operating CSP plants, with 2.4 GW concentrated in Spain (International Energy Agency, 2021). However, the majority of new CSP capacity since 2015 has been built in Morocco, Chile, and China. The Middle East and North Africa (MENA) region is also expected to be at the forefront of future CSP deployment (World Bank, 2021). As of 2019, the U.S. had around 1.7 GW of installed CSP capacity (United States Energy Information Administration, 2020a; second highest in the world after Spain), out of which around only 400 MW across two installations also had thermal storage capacities (United States Energy Information Administration, 2020b). All CSP capacity is concentrated in the Western U.S. — across California, Nevada, and Arizona—due to the region's higher solar potential (Roberts, 2018) and economic viability (i.e., places where direct normal irradiance is >5 kWh/m2/day; Lopez et al., 2012).

The CSP technology types deployed in the U.S. are parabolic trough and power tower. The U.S. includes six operating CSP plants, four parabolic trough, and two power tower systems (Table 1). CSP plants with parabolic troughs include several hundred curved mirrors (“troughs”), placed in parallel rows to concentrate the sun's heat onto a receiver tube. The tube contains a high temperature heat transfer fluid, which absorbs the sun's energy, reaches temperatures around 750°F, passes through a heat exchanger to heat water and produce steam, which in turn, drives a conventional turbine to generate electricity. A power tower configuration, on the other hand, utilizes a central receiver system, located at the top of a high tower and automated, moving mirrors (“heliostats”) track the sun and focus its energy up to the tower. This focused energy is then used to heat a transfer fluid, which reaches temperatures around 1,000°F to turn a conventional turbine. The higher operational temperatures reached in the power tower configuration allow for greater efficiencies than other CSP technologies.


TABLE 1 Concentrated Solar Power (CSP) plants in the United States (U.S.).
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While CSP does provide a low-carbon alternative to fossil-fueled electricity generation, the development of these power plants can cause negative impacts via site preparation (e.g., bulldozing, soil grading), which consequentially, can affect or even remove the supply of ecosystem services (ES) and biodiversity within a site (Grodsky and Hernandez, 2020; Grodsky et al., 2021). Such outcomes conflict with the UN Sustainable Development Goals (SDGs), particularly SDG 15, which seeks to promote the sustainable use of terrestrial ecosystems and prevent biodiversity loss (United Nations, 2015; Hernandez et al., 2020). For example, recent studies have revealed that global bee diversity is greatest in arid lands in the eastern and western hemispheres, and especially in North American hot deserts (Mojave, Sonoran, and Chihuahuan) (Michener, 2007; Minckley and Radke, 2021).

Ecosystem services are the benefits that natural systems provide that support human health and well-being (Costanza et al., 2014), such as carbon sequestration and nutrient recycling. When demand for these services exceeds supply by virtue of disturbances, land-use and land-cover change, or other modifications to natural capital, the demand can pose risks for human well-being and hence, it is necessary to assess these impacts. Life cycle assessment (LCA) is recognized as a standard approach for quantifying environmental impacts of various products and processes from materials extraction to waste disposal, or from cradle to grave (ISO, 2006). Conventional LCA has four main steps, starting with the goal and scope definition, followed by the inventory analysis, impact assessment, and interpretation. In LCA, impacts are understood either at the “midpoint” or the “endpoint” stages, and the latter are relatively less understood and studied (Figure 1). While midpoint impacts focus on singular environmental issues, endpoint impacts are represented as aggregated indices that combine individual metrics, such as in the case of human health (e.g., respiratory diseases and other health impacts), natural environment (e.g., impacts to ecosystems), and the depletion of natural resources (e.g., reduced stocks of fossil fuels and other resources). In this analysis, we focus on land transformation and the associated carbon implications, which represents the conversion of land from one type to another for the purposes of generating electricity using CSP. Our results are presented on the basis of the functional unit of a megawatt hour (MWh), considering the operational lifetime of CSP power plants. Our approach and findings provide an important benchmark for calculating mid-point indicators related to land and relating them to endpoint impacts, in this case, an important ecosystem service (i.e., soil carbon loss).
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FIGURE 1
 Impact categories in LCA (Jordaan, 2021). Within prior LCA literature, methods to quantify midpoint impacts are more developed than those that quantify the aggregated indices captured by endpoint indices.


Past LCA studies centered on CSP technologies have primarily focused on estimating greenhouse gas (GHG) emissions released across life cycle stages, from materials extraction through waste disposal (Norton et al., 1998; Weinrebe et al., 1998; Lechón et al., 2008; Viebahn et al., 2008; Burkhardt et al., 2011, 2012). In a systematic review, Burkhardt et al. (2012) found that life cycle GHG emissions from CSP generation ranges from 10 to 80 g CO2e/kWh without storage, and 20–34 g CO2e/kWh with storage. While life cycle emissions are generally well-characterized, we have yet to find a study that robustly quantifies emissions associated with land-use change for CSP from a life cycle perspective.

Relevant research has quantified the land-use efficiency (capacity deployed per square meter, W/m2) and lifetime land transformation (quantified in m2/MWh), the latter being a metric more commonly employed in LCA that considers all operating years of the plant. On a nameplate capacity basis, Hernandez et al. (2014) estimate land-use efficiency of CSP plants in California to be 33.9 W/m2 ±7.9 (95% CI; Hernandez et al., 2014). On a generation basis, Fthenakis and Kim (2009) estimate that life cycle land transformation for parabolic trough CSP plants with no storage is 0.366 m2/MWh and 0.552 m2/MWh for solar tower CSP plants over a 30-year plant lifetime, while Klein and Rubin (2013) estimate land transformation associated with CSP plants with energy storage to range from 0.230 to 0.270 m2/MWh. Lovering et al. (2022) conducted a study of 10 CSP power plants across two countries and found median annual land transformation for CSP is 1,300 ha/TWh/y. To our knowledge, no prior study has adopted a comprehensive life cycle approach, including quantifying land-energy relationships and impacts on belowground carbon losses, associated with CSP power plants.

CSP plants are typically sited in desert ecosystems and/or biomes. Deserts are places receiving < 250 mm of precipitation and are major carbon sinks representing 35.5% of the global carbon stock (Eswaran et al., 2000). Carbon uptake by desert soils is estimated to be 0.37–0.68 Pg C/yr (Evans et al., 2014). Notably, carbon in desert ecosystems is present as two types: organic carbon and inorganic carbon, the later made up of two sub pools (Titus et al., 2002; Schlesinger et al., 2009). The first sub pool is derived from parent rock material (i.e., lithogenic) while the second sub pool is biogenic, derived from the formation via precipitation of carbon from biogenic sources and coupled with biological activity in the rhizosphere (Cerling, 1984; Schlesinger, 1985; Martin et al., 2021). Warm deserts, the ecosystem type of deserts in the Western US where CSP power plants are also sited, are estimated to contain ~200 billion metric tons of organic carbon and 800–1,700 billion metric tons of inorganic carbon (Thomey et al., 2014). Organic carbon predominantly exists in the relatively shallow soil layers (~0.3 to 1 meter deep), while inorganic carbon is typically found in deeper layers below one meter in depth (Fierer et al., 2003; Rumpel et al., 2012). This inorganic carbon is found as caliche (a form of calcium carbonate) and recent studies suggest it is more dynamic than previously thought, increasing rapidly with hydrological inputs and high partial pressure of soil CO2 (pCO2) values generated by the respiration of desert plant roots (Magaritz and Amiel, 1981; Gao et al., 2017). Overall, losses of vegetation and subsequently organic and inorganic carbon from deserts can potentially decrease some of the value in avoided GHG emissions that CSP confers (when substituted for fossil fuels), by releasing stored soil carbon into the atmosphere and potentially reducing the ability of deserts to sequester carbon in the future (Allen et al., 2013).

The goal of our research is to develop a systematic, replicable life cycle approach to quantifying land-use changes and soil carbon losses, the latter representing an important ecosystem service. Importantly, we quantify land transformation (on a generation basis) due to its relevance to LCA but we also quantify the land-use efficiency (power density, on a capacity basis) to ensure broad relevance to those interested in land-energy interactions. Our objectives were to: (1) develop an empirical, spatially explicit methodology to categorize physical elements embodied in energy infrastructure using a LCA approach; (2) use this categorization scheme to quantify land- and ecosystem service-related (i.e., losses in soil carbon) endpoint impacts, owing to energy infrastructure development and as a function of electricity generated (i.e., megawatt-hour, MWh); and (3) validate and apply this method to CSP power plants within the U.S. Together, our objectives confer the unique opportunity to determine how land-use and land-cover change (LULCC) attributed CO2 emissions may augment total non-LULCC life cycle emissions. The U.S. is a model system for testing and applying this methodology because CSP power plants in the US are all sited in desert ecosystems (predominantly in the Mojave and Sonoran deserts). These deserts harbor remarkable geobiological diversity (Pietrasiak et al., 2014) and are integral soil carbon sinks but are also increasingly under the threat of climate change (Bai et al., 2014; Persico et al., 2022). Anticipating adverse impacts to desert soil carbon owing to ground-mounted solar energy development may help guide siting decisions emphasizing emission reductions associated with land-use and land-cover change (DeMarco et al., 2014; Hoffacker and Hernandez, 2020).

Our approach to quantifying land- and ecosystem service-related impacts (i.e., scenarios of soil CO2) of energy infrastructure is broadly applicable to all electricity generation technologies and across different types of biomes that may contain unique levels of organic and inorganic soil carbon. Additionally, while this study seeks to improve upon estimation of land transformation and its potential impacts on soil carbon losses, we recognize that there might be upstream / indirect land transformation life cycle metrics that future studies can seek to incorporate.



Methodology

By quantifying the impacts of land transformation on an important ecosystem service (soil carbon losses), we seek to improve the methodology for land-related endpoint impacts of concentrated solar power generation. This entails development of key land-related metrics that include estimates of potential impacts of LULCC on loss of soil carbon.

As we focus primarily on improving the impact assessment stage of LCA, our scope comprises site-level construction, operation, through decommissioning for each of the plants in our analysis (Figure 2). The functional unit of this study is one MWh of electricity generated. We contribute a novel approach that encompasses manual spatial annotation of the facilities and site areas for the eight CSP sites in the U.S. using a geographic information system (GIS). We then calculate the land area for each site and use these results to estimate the land and carbon loss effects using a life cycle approach. Upstream processes, such as extraction and manufacturing, as well as the end-of-use process of disposal are not included within the systems boundary to emphasize our contribution to life cycle impact assessment of estimating land transformation and soil carbon losses from CSP infrastructure. We also report in this study the land-use efficiency of CSP due to its relevance for those more broadly interested in land-energy interactions. For example, Cagle et al. (2021) identified two key metrics for describing land-solar energy relationships: land transformation and land-use efficiency (or capacity-based power density).
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FIGURE 2
 Process flow with system boundary. Our analysis contributes an improved understanding of land-related impacts owing to the construction-to-decommissioning life cycle of CSP power plants, including soil carbon loss. Upstream processes are not included to emphasize the estimation of direct land transformation but can be factored into future studies.


Each of the eight CSP sites in the U.S. were considered in this study. Out of these eight sites, six are parabolic-trough and two are power tower. All sites are sited within three Western US states: Arizona, California, and Nevada (Figure 3).


[image: Figure 3]
FIGURE 3
 Location of CSP sites. There are eight concentrating solar power sites in the United States, in the states of California, Nevada, and Arizona. Two are power tower (brown) and six are parabolic trough (red).


Prior to manual spatial annotation, we identified seven distinct elements of CSP infrastructure (Table 2): mirrors/heliostats, generators, internal roads, external roads, substations, water bodies and overall project site area using a method of manual image annotation of aerial imagery (Table 2 and Appendix A). Specifically, the land area occupied by each of these elements, for each CSP site, was estimated in square meters (m2) using high resolution aerial imagery from the National Agriculture Imagery Program (NAIP, < or equal to 1-meter ground sample distance resolution) (Earth Resources Observation Science Center, 2018). Estimation was based on user-based annotation of the NAIP images using ArcMap 10.7.1. Image annotations were created by delineating each of the different infrastructural elements (Figure 4).


TABLE 2 Elements of Concentrating Solar Power (CSP) infrastructure.
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FIGURE 4
 Image annotation—before and after of Genesis Solar. (A) Aerial imagery of Genesis Solar from the National Agriculture Imagery Program. (B) Manual annotation of image performed in to identify and estimate land area occupied by different elements of concentrating solar power (CSP) infrastructure (ArcMap, ArcGIS Desktop 10.8.1). Image annotation legend—Olivenite Green—Mirrors; Light Blue—Water bodies; Ginger Pink—Internal Roads; Red—External Roads; Lapis Lazuli—Generator; and Solar Yellow—Genesis Solar CSP Project Site as a whole.


We used data from these measurements to quantify the land-use efficiency, land transformation, and three scenarios of soil carbon loss.


Land transformation (generation-based metric)

[image: image]

We calculated annual generation as a 3-year average of real-world net generation of CSP power plants in 2017, 2018, and 2019; data were obtained from EIA Form-923. We assumed a 30-year power plant lifetime and therefore multiplied the 3-year average of real-world, observed generation by 30 to obtain the lifetime generation for each plant.



Land-use efficiency/power density (capacity-based metric)

[image: image]

Installed capacity (W) data were also obtained from EIA-Form 860 and used to calculate the land-use efficiency (W/m2), which provides comprehensive annual generator-level information for all power plants in the U.S. In the interest of developing credible land-related metrics for CSP technologies, we report another capacity-based land requirement metric [i.e., the inverse of land-use efficiency or area (m2)/installed capacity (W)] to ensure results are presented for different uses and interpretations.



Loss of soil carbon

We estimate carbon loss by multiplying the carbon stock in the soil (kg C/m2) with the results from lifetime land transformation that we previously calculated (m2/MWh).

[image: image]
 

Soil carbon scenarios

Carbon in desert ecosystems is neither spatially homogenous nor temporally static. Hence, estimates of soil carbon loss must account for spatiotemporal variation in the presence of organic and inorganic carbon. This study used estimates provided by Evans et al. (2014) for organic C: 0.9–1.1 kg C/m2. A large part of the inorganic carbon in the desert ecosystems in these states, found as caliche, was formed more than 20,000 years ago during the ice ages; however, recent work reveals that these deposits may not be stable, particularly under anthropogenic disturbances (Allen et al., 2013; Gao et al., 2017). Schlesinger (1985) estimates the amount to be 4–8.4 kg C/m2. Across all scenarios, we use an average of the ranges of organic carbon and inorganic carbon stocks to multiply with land transformation numbers to get the (belowground) soil carbon loss.

Organic carbon is predominantly released as CO2 from the soil when vegetated land is first transformed (i.e., biomass is decomposed and then carbon becomes mineralized); however, rates of inorganic carbon loss are less certain but equally important to climate stability (Gao et al., 2017; Martin, 2017). Analysis of the Environmental Impact Reports [EIR] of the CSP sites reported in this study reveal that during site development, land is typically first transformed via soil grading. Specifically, once access to the site has been established (e.g., through road construction), areas within the site facility are staked and signed, and grading occurs over an extensive portion of the site—typically 70% of the entire area of the facility since CSP installations need to be sited on flat areas with slopes of 3% or less (Hernandez et al., 2015). Grading typically commences with rough grading activities, including grubbing, clearing (including removal of vegetation), moisture conditioning, bulk grading, and initial compaction. These first ground-disturbing activities prepare the site for storm water drainage, construction, and equipment foundation pads. The preliminary grading is designed to ensure that run-off from solar fields is directed into an appropriate drainage channel(s). Limiting the amount of the site that must be graded may help in limiting the amount of stored carbon that is released.

An important metric to consider when trying to estimate carbon loss then is the depth of soil disturbed during site development. Our review of the sites' EIRs reveal that the depth of disturbance is different across the seven elements of infrastructure. For example, the depth of soil dug to install and/or construct the generator(s), substation(s), and water bodies is relatively great—up to 2.5 m compared to other elements like mirrors. Given that organic carbon and inorganic carbon typically occupy unique depths of desert soil composition and occur in widely varying quantities, we undertook a scenario-based analysis to estimate soil carbon that could be released when land is transformed to serve as recipient environments for CSP infrastructure (Table 3).


TABLE 3 Scenario analysis—Desert soil carbon is complex and heterogenous.
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We validated our findings by comparing our results to land-related impacts reported in environmental impact reports (Environmental Assessment, 2010; Final Environmental Impact Statement, 2010a,b; Staff Assessment Environmental Impact Assessment, 2010; Final Environmental Assessment, 2011), which have been previously used to estimate land-related impacts in peer-reviewed journal articles (Hernandez et al., 2014).




Results

Estimates of area (km2) of CSP reveal two key findings. First, in absolute area (km2), solar tower-based CSP sites directly impact more total land than parabolic trough-based sites: solar tower sites (Ivanpah and Crescent Dunes) directly impact 11.5 km2 of total land area on average and range from 10.3 to 12.7 km2. By contrast, parabolic trough sites directly impact 4.3 km2 on average, and range from 1.3 to 7.4 km2 (Figure 5A). Second, mirror fields were determined to be the most land intensive element of CSP infrastructure and directly impact a total of 5.8 km2 on average (Figure 5A). Excluding mirrors, water bodies, and generator(s) directly impact the most land-−0.1 km2 each on average, respectively (Figure 5B). Across all sites, Ivanpah infrastructure requires the most land and represents 12.7 km2 of LULCC from desert scrub (in line with prior results from Grodsky and Hernandez, 2020). Nevada Solar One, is the smallest in area, with infrastructure directly impacting ~1.3 km2.


[image: Figure 5]
FIGURE 5
 Direct land impacted by Concentrating Solar Power (CSP) infrastructure (in km2). (A) Area occupied by each element of infrastructure for all sites-mirrors directly impact the most land relative to other elements. Average across all sites was 6.1 km2. (B) Area occupied each element of infrastructure, excluding mirrors.


The median and mean land transformation is 0.4 and 1.3 m2/MWh, respectively, with results ranging from 0.3 to 6.8 m2/MWh (Figure 6). Crescent Dunes is an outlier (Figure 6 and Supporting Information) because net generation from the site has been underperforming across 2017–19 due to technical issues (Deign, 2020). Similar to land area occupied, water bodies and generator had the highest land transformation, next to mirrors (Appendix B).


[image: Figure 6]
FIGURE 6
 Land transformation of Concentrating Solar Power (CSP) infrastructure (m2/MWh generated). We calculated land transformation as area occupied over life cycle net generation for each CSP site and infrastructure element. Life cycle generation was calculated as average net generation from 2017 to 19 for 30 years. Average across all CSP sites is 1.3 m2/MWh.


Results for land-use efficiency (or “power density” based on capacity) ranged from 11.4 to 47.9 W/m2, with the Nevada Solar One site being the most efficient and Crescent Dunes being the least efficient (Figure 7). Median and mean land-use efficiency was found to be 37.0 and 35.5 W/m2, respectively.


[image: Figure 7]
FIGURE 7
 Land-use efficiency of Concentrating Solar Power (CSP) infrastructure (in Watts per square meter, W/m2). We calculated land-use efficiency as nameplate capacity over area occupied by infrastructure element across each CSP site. Average across all sites is 35.5 W/m2.


Results for the land area required to produce 1 W of energy from CSP plants ranged from 17 to 82 m2/W (Figure 8A). Crescent Dunes was an outlier. While its absolute land requirements are relatively larger to begin with by virtue of being a solar tower site, this metric is 2–3 times larger than other sites because of its relatively lower nameplate capacity of 125 MW. However, when land area for mirrors is removed from the equation (Figure 8B), the differences in land requirements for Crescent Dunes in relation to other sites become lower.
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FIGURE 8
 Land Area required to produce 1 W of energy (in m2/W). (A) Land requirements for each element of infrastructure across all sites. Unsurprisingly, mirrors require a lot of land. Average across all sites was 29 m2/W. (B) Excluding mirrors, water bodies (evaporation ponds to collect wastewater) and generator require the most land.


To validate our findings, we compare the reported total acreage from each site's EIR with our estimates (Table 4). In EIRs, total acreage represents the total land footprint that the developers estimate will be required for construction and operation of the plant and associated infrastructure, which includes all the elements of CSP infrastructure identified in this study and hence is in line with the systems boundary. The results we obtained for land area are under < 1% error, assuming the expected value for the five projects is the acreage publicly available in EIRs.


TABLE 4 Land-solar energy metrics calculated in our study, including total acreage that we compare with total acreage reported in Environmental Impact Reports (EIRs) to validate our results.
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Our scenario analysis of the impacts of carbon loss on total life cycle CO2 emissions exemplifies the importance of potential soil carbon releases in desert ecosystems (summarized in Figure 9). In Scenario 1, the assumption is that only the first meter of soil is disturbed during site development such that only organic carbon gets released. The average carbon loss in this scenario from all infrastructure components combined is 0.81 kg C/MWh, with results ranging from 0.27 to 3.56 kg C/MWh.
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FIGURE 9
 Scenario analysis results for soil carbon loss owing to CSP sites. Soil carbon is complex and heterogenous in deserts. Thus, we undertook a scenario analysis to estimate soil carbon loss based on estimates of organic (Evans et al., 2014) and inorganic carbon stock (Schlesinger, 1985) and land transformation numbers for each infrastructure across all sites. The scenario analysis was developed based on assumptions about the depth of soil disturbed during site development, which can vary within an individual site based on the infrastructure element installed. Scenario 1 accounts for loss of only organic carbon and assumes that only surficial soil layers are disturbed. Scenario 2 accounts for loss of organic carbon and inorganic carbon from 4% of occupied land area, assuming that greater depths of soil are disturbed for installation of evaporation ponds/generator/substation. Scenario 3 is the extreme case scenario that assumes loss of all soil carbon, i.e., all organic carbon and all inorganic carbon.


In Scenario 2, the assumption is that apart from all the organic carbon getting released, some inorganic carbon also gets released. This assumption is based on input from project Environmental Impact Assessments that reveal that for development of some infrastructure like the on-site water bodies (evaporation ponds to collect wastewater), generators and substations, depths below 1 m of the soil (and up to 2.5 m) are disturbed. On average across all sites, these specific elements of infrastructure occupy 4% of total land area. Building on Scenario 2 and using Schlesinger's estimate of soil inorganic carbon and land transformation numbers for all infrastructure, we calculate the potential soil carbon loss. Average carbon loss in this scenario is 1.01 kg C/MWh, with results ranging from 0.24 to 4.2 kg C/MWh.

Carbon stocks and cycles are dynamic, and it is possible for much of the inorganic carbon to also get released despite primary land transformation and soil disturbance being limited to the initial depths. Scenario 3 accounts for this extreme case, where all the carbon stock in the desert soil gets released, with results ranging from 1.97 to 25.65 kg C/MWh. Since inorganic carbon makes up a bigger portion of the desert soil carbon, the average carbon loss in this scenario is significantly higher when compared to other scenarios (5.85 kg C/MWh).

To estimate the land-based life cycle CO2 emissions and make these data comparable to life cycle emissions from CSP power generation reported in the published literature (non-land-use based studies), we multiply the results from soil carbon loss across the three scenarios by a factor of 3.67—the ratio of the atomic mass of carbon (12 atomic mass units [AMU]) to carbon dioxide (44 AMU).

Overall, results across the three scenarios reveal that the amount of CO2 released could be 7–137% of non-land-based life cycle CO2 emissions, on average (Figure 10). This range represents the percentage increase from average non-land-based CO2 emissions to the average (across all scenarios) land-based emissions of the lowest (Nevada Solar One) and highest emitting (Crescent Dunes) CSP plants, respectively. Crescent Dunes remains an outlier for previously described reasons. Excluding this site, the land-based life cycle CO2 emissions from the other sites are relatively moderate. When considering emissions from Scenarios 1 and 2 especially, land-based CO2 emissions associated with CSP development are only a small fraction of those from non-land-based CO2 sources. However, in the larger context of global climate change, it is important that even relatively minor land-based CO2 emissions are reduced. Their effects can be offset by smart siting of these power plants in ecoregions with lower endowments of carbon stock, in previously disturbed lands (e.g., salt-contaminated agricultural lands) where the soil carbon would have already been released and/or with active restoration of native desert plants. To optimize carbon-based outcomes, developers of these sites may seek consultation with desert soil scientists across the lifetime of the power plants, to aid ecosystem recovery and reversibility that reduces the potential for adverse ecological outcomes. For example, for operating CSP power plants, practitioners can assist in the selection of locally native and appropriate plant species that can be established in between the concentric rows of mirrors and with traits that do not pose trade-offs for generation through shading and that enhance the soil's ability to sequester12 carbon (Walston et al., 2018). This is in addition to offering other significant benefits (e.g., habitat for species, maintenance of biodiversity) through techno-ecological synergies (Hernandez et al., 2019) that can improve the overall efficiency of power generation in these sites.
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FIGURE 10
 Comparison of estimated land-based life cycle CO2 emissions to non-land-use based life cycle CO2 emissions in published literature. We sought to determine if land-based life cycle CO2 emissions from CSP technologies caused by release of carbon stored in the soil would outweigh the non-land-based CO2 emissions from CSP generation. The latter has been the main focus of published LCA literature while estimations of land-based carbon loss are a novel contribution of this study. Carbon in desert soil is complex and is comprised of both organic and inorganic carbon stocks. These carbon stocks not only occupy different depths in the soil profile but also differ in the quantities of their presence in the soil composition. As a result, there are uncertainties surrounding the amount of carbon that could get released during site disurbance for installation of ground-mounted CSP infrastructure elements. To account for these uncertainties, this study considered three scenarios of carbon release [Scenario 1 assumes release of all organic carbon found in the soil near the surface, Scenario 2 assumes release of all organic carbon along with inorganic carbon released from 4% of land area occupied only because of the installation of some infrastutcuure elements, Scenario 3 assumes release of all organic and inorganic carbon].




Conclusion

The goal of this study is to estimate the impact of LULCC on an important ecosystem service in the construction-to-decommissioning life cycle of CSP generation in the portion of the Western Interconnection located in the U.S. In doing so, the analysis has three key contributions. First, we advance LCA methodology with a systematic approach to quantifying the land transformation and potential carbon loss impacts of the eight operational CSP plants in the U.S. Secondly, results were also leveraged to estimate the land-use efficiency of the plants (i.e., capacity-based power density), providing an important baseline for those more broadly interested in land-energy relationships. Third, using this granular approach to delineation and real-world generation data, we have demonstrated how geographic technologies and LCA, respectively, can be combined to produce the most accurate estimates of land-energy metrics for CSP plants to date, and notably for estimating their land-based CO2 emissions associated with LULCC.

Our results demonstrate that prior studies have underestimated the life cycle land transformation of CSP. Land transformation estimates in this study are on average 32% are higher than those quoted in Fthenakis and Kim (2009). The differences can be attributed to the application of image annotation as a methodology to more accurately the capture area occupied by each of the eight sites in operation in the U.S. and the use of more updated generation numbers in this study. A more recent study by Wu et al. (2021) utilized economic input-output based LCA to estimate the supply chain land transformation. Combined with the site, life cycle land transformation was estimated to be 6.9 m2/MWh from a power tower CSP plant in China, driven upwards by the supply chain impacts. Studies have not yet confirmed the supply chain effects for the case of the U.S. and warrant a thorough examination of much more disaggregate sectors than those examined for the sectoral case in China. Future research should seek to establish whether such supply chain impacts can be confirmed for the case of US CSP plants and more broadly.

Finally, we developed a state-of-the-art methodology to estimate potential carbon loss impacts owing to LULCC. In doing so, we found that land-based CO2 emissions represent a moderate contribution to life cycle emissions, ranging from 7 to 137% of previously reported non-land-based life cycle CO2 emissions. Specifically, CSP emissions attributed to LULCC range from 5 to 25 kg CO2/MWh across the three scenarios. These results underscore the need to comprehensively quantify and measure soil carbon losses associated with different soil treatments, particularly during the construction phase of solar projects. While we note that the land-based CO2 emissions associated with CSP have been overlooked to date, the life cycle emissions, on average, represent only 12 and 5% of natural gas and coal, respectively (United States Energy Information Administration, 2021), pointing to the immense benefits of such projects relative to fossil fuel-based options. Land use-change emissions for coal and natural gas are dwarfed by the combustion of the fossil fuels; for example, land-related emissions have been estimated as < 1% of life cycle emissions associated with combined cycle gas-fired electricity generation (Skone et al., 2014). Regardless, soil carbon losses are impactful to desert ecosystems and their geobiodiversity, highlighting the limitations to present methods of valuing fragile ecosystems.

This study has taken a novel and simple approach to estimating loss of soil carbon. However, it is important to note that carbon cycles in deserts are dynamic across spatiotemporal scales and highly coupled to soil water content, rhizosphere conditions (especially soil pCO2), and other biogeochemical properties. The initial carbon released at the time of land transformation may not be a true representation of emissions bound to occur over the lifetime of the power plant during land occupation. Future research may aim to capture a more accurate description of organic and inorganic soil carbon uptake, sequestration, and losses via in-situ, field-based measurements of soil properties across gradients of site disturbance compared with control sites and across the infrastructural elements described in this study. Nevertheless, this study seeks to broaden the horizon of LCA by estimating impacts of LULCC on one regulating ecosystem service (i.e., soil carbon). This approach can be adopted to study the impacts of LULCC on other ecosystem services as well. Importantly, the methodology illustrated in this study can also be applied to understand the land use impacts of different energy technologies across varied ecosystems with different levels of carbon stock.

The findings of this study can be used by solar developers, regulatory authorities and other stakeholders when making siting decisions. Results could potentially have implications on the future of CSP, as well as on how land is understood and integrated within LCA. Further, between 2015 and 2021, no new CSP plants were installed (United States Department of Energy, 2021). However, as the U.S. looks to transition to a low-carbon economy, CSP may prove itself as an indispensable, baseload resource, and consequently, there will be an increasing need for smart siting decisions that have the least impact on ecosystems and their services, which humans depend on.

Solutions such as increasing the land-use efficiency of each installation—e.g., decreasing spaces between rows of CSP mirrors-and prudent siting decisions that incorporate environmental trade-offs and techno-ecological synergies present critical opportunities to reduce impacts of solar developments (Hernandez et al., 2015).
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