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Ground-mounted solar energy installations, including photovoltaics (PV)

and concentrating solar power (CSP), can have significant environmental,

ecological, and sociocultural e�ects via land-use and land-cover change

(LULCC). Research in disciplines ranging from engineering to environmental

policy seeks to quantify solar energy-land (SE-land) interactions to better

understand the comprehensive impacts of solar energy installations on

society. However, increasing evidence shows that scholars across research

disciplines employ disparate metrics to quantify SE-land interactions. While

solar energy deployment helps to achieve progress toward sustainable

development goals (SDG 7- a�ordable and clean energy), the inconsistent use

of metrics to describe SE-land interactions may inhibit the understanding of

the total environmental and ecological impacts of solar energy installations,

potentially causing barriers to achieve concurrent SDG’s such as life

on land (SDG 15). We systematically reviewed 608 sources on SE-land

relationships globally to identify and assess the most frequent metric

terms and units used in published studies. In total, we identified 51

unique metric terms and 34 di�erent units of measure describing SE-

land relationships across 18 countries of author origin. We organized

these findings into three distinct metric categories: (1) capacity-based (i.e.,

nominal), (2) generation-based, and (3) human population-based. We used

the most frequently reported terms and units in each category to inform a

standardized suite of metrics, which are: land-use e�ciency (W/m2), annual

and lifetime land transformation (m2/Wh), and solar footprint (m2/capita).

This framework can facilitate greater consistency in the reporting of SE-

land metrics and improved capacity for comparison and aggregations of

trends, including SE-land modeling projections. Our study addresses the need
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for standardization while acknowledging the role for future methodological

advancements. The results of our study may help guide scholars toward a

common vernacular and application of metrics to inform decisions about solar

energy development.

KEYWORDS

land-use and land-cover change, renewable energy, electricity, energy transition,

solar energy, metrics

Introduction

Rapid, global development of renewable energy, especially

solar energy, is increasingly playing a pivotal role in mitigating

climate change and meeting Sustainable Development Goal

(SDG) 7 (the equitable access to affordable, reliable, sustainable,

and modern energy) of the United Nations 2030 Agenda for

Sustainable Development (UN General Assembly, 2015). While

transitioning from fossil fuels to renewable energy is necessary

to address climate change and adhere to international climate

accords, solar energy can have impacts—both positive and

negative—on the environment (Stoms et al., 2013; Hernandez

et al., 2014a, 2019; Walston et al., 2018; Rabaia et al., 2021).

To avoid negative environmental and ecological impacts and

maximize beneficial outcomes, decision makers may need to

proactively manage solar energy-land (SE-land) relationships

to support progress toward other SDGs (e.g., SDG 15: Life on

Land) that seeks to protect terrestrial ecosystems (UN General

Assembly, 2015; Fuso Nerini et al., 2019; Hernandez et al.,

2020b).

Globally, solar energy is expected to outpace new fossil

fuel-based generation technologies and grow six-fold between

2018 and 2030 and sustain an 8.9% annual growth rate through

2050 (IRENA, 2019; IEA, 2021). Annually, 83 gigawatt (GW) of

utility-scale photovoltaic (PV) solar energy (i.e., at least 1 MW)

is expected to be installed between 2022 and 2025, mainly in

China, the United States, and Europe (IEA, 2020). There are

currently 5.2 GW of concentrating solar power (CSP) installed

or under construction globally (Murphy et al., 2019), with an

expected growth rate of 0.4 GW per annum between 2022

and 2025, occurring mainly in China, Chile, the United Arab

Emirates, and Morocco (IEA, 2020).

Current methods used to quantify relationships between

solar energy and land often are inconsistent (Horner and Clark,

2013), creating challenges for decision makers in project review

and design phases and also larger climate change mitigation

strategies, such as concurrently meeting SDGs (Horner and

Clark, 2013; Fritsche et al., 2017). Inconsistent measurements

of the impacted area of a solar energy installation may obstruct

communication of land-use requirements for solar energy

development in the published literature and in the dissemination

of research results to policy makers. In contrast, the use of

standardized metrics to describe SE-land relationships may

facilitate greater certainty, consistency, and accuracy in the

quantification of solar-energy impacts on the environment

(Grubert et al., 2020).

A metric, defined broadly as a standard of measurement,

in the context of SE-land interactions relates a fixed area of

land to a unit of energy, power generation, or energy demand

(Denholm and Margolis, 2008; Fthenakis and Kim, 2009). The

metric may document either the total amount of land altered

from a reference state, or the land occupied by solar energy-

related infrastructure. Solar energy-land metrics may also

embody the duration of occupation of the solar energy-related

infrastructure (Fthenakis and Kim, 2009). Further, metrics

relating land-use to energy generation (watt hours [Wh]) relative

to metrics relating land-use to installed capacity (watt [W]) are

not directly comparable without considering other attributes

influencing system performance (Horner and Clark, 2013) (e.g.,

system capacity factor, efficiency, climatic factors). Thus, power-

land interactions and energy-land interactions require distinct

metrics to avoid confusion and misrepresentation of findings

(Horner and Clark, 2013).

When a range of metrics are used in science to describe

similar phenomena, it is common for scientists to call for

standardization to improve knowledge transfer and coordinate

interpretation of results (Fraser et al., 2013; Vetter et al., 2013;

Provencher et al., 2017). Furthermore, standardizing metrics by

topic area may also facilitate better documentation of metadata,

which can prove useful for aggregating trends in proximate

and related topics (Fraser et al., 2013). In fields experiencing

rapid growth, like solar energy, new metrics ought to evolve

in tandem with the progression of the research (e.g., see

Cagle et al., 2020; Hoffacker and Hernandez, 2020); however,

standardization remains an important consideration during

this phase (DeFries et al., 2015). For example, in the field of

land use and agriculture, (DeFries et al., 2015) proposed a new

metric to address the nutrient yield of crops in land-scarce

regions—a metric that quantifies how many adults can meet

their annual dietary reference intake for one year per hectare of

agricultural land (DeFries et al., 2015). Shortly after, (Gustafson

et al., 2016) led a consensus report and workshop to develop a
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standardized set of food systemmetrics for sustainable nutrition

security. Overall, these studies demonstrate how scholars have

responded to the need for new metrics and standardization

as new technologies or sub-disciplines emerge and

evolve, respectively.

Researchers have also identified the need to standardize

metrics because of too many metrics being used in a given field

of study. Grubert et al. (2020) documented the inconsistent

use of terms used to describe water quantity use in the

literature and recommended a mass flow-based approach to

overcoming conflicts related to definitions. Boyd and Banzhaf

(2007) standardized environmental accounting units within

an ecosystem services framework because a large number

of accounting units used throughout the literature inhibited

knowledge transfer in their field. To increase knowledge transfer

and common modeling efforts, Vallance et al. (2017) proposed

standardized metrics for solar energy forecasting. In this case,

metric standardization enabled the harmonization of data across

studies and provided a model for future research (Vallance et al.,

2017).

If ground-mounted installations are prioritized over solar

energy installations integrated with pre-existing infrastructure

(such as rooftops), land required by solar expansion may

provoke a fundamental shift in the spatiotemporal ways by

which society interacts with energy development (Tsoutsos et al.,

2005; Sullivan et al., 2012). Approximately 70% of all new solar

PV installations between 2021 and 2025 are expected to be

utility-scale, ground-mounted installations, mostly in China, the

United States, and Europe (IEA, 2020). In the United States

alone, it is estimated that over 800,000 km2 of additional land,

larger than the state of Texas, will be required for growing energy

demands and the associated increase in supply of renewables by

2040 (Trainor et al., 2016). Increasing data suggest that ground-

mounted solar energy is a relatively land-intensive energy

technology, specifically in terms of land transformation—the

area of land necessary to generate a quantity of energy over

a given period of time (Fthenakis and Kim, 2009; Lovering

et al., 2022). For example, Lovering et al. (2022) calculated

land transformation of real-world sites across all major sources

of electricity and found that ground-mounted PV has an

annual land transformation of 2,000 ha/TWh. For comparison,

Lovering et al. (2022) found that the annual land transformation

of ground-mounted PV is significantly greater than that of

coal (1,000 ha/TWh). As such, increasing rates of solar energy

development may create tensions between energy and land

needed for agriculture, conservation, cultural and historical

preservation, religious land rights, and urban development

(Mulvaney, 2013; Elborg, 2015; Capellán-Pérez et al., 2017;

Mancini and Nastasi, 2020).

In natural environments, solar energy has impacts on

host ecosystems and their services that humans depend on

(Tsoutsos et al., 2005; Armstrong et al., 2016; Moore-O’Leary

et al., 2017; Grodsky et al., 2021). Several studies have found

that ground-mounted solar energy, specifically PV, can impact

air temperature, photosynthetically available radiation, rate of

photosynthesis (Armstrong et al., 2016; Choi et al., 2020;

Guoqing et al., 2021). Additionally, solar energy can impact

plant diversity, abundance, and demography (Hernandez et al.,

2020a; Tanner et al., 2020), and soil moisture creating unique

microclimates under and around solar arrays (Tanner et al.,

2020, 2021). For example, Grodsky and Hernandez (2020)

found that development decisions for a 392 megawatt (MW)

concentrating solar energy power plant in the Mojave Desert

reduced cover and structure of desert perennial plants and

their ecosystem services and facilitated the growth of invasive

grass species. In addition to effects on local ecosystems within

and near solar energy installations, the continued global

deployment of solar energy technologies may increase habitat

loss risks in wilderness areas globally (Rehbein et al., 2020).

Changes in the land-use and land-cover (LULCC) of an area

impacted by solar energy development can be a driver of

habitat loss and fragmentation with knock-on effects on the

movement and migration of wildlife (Houghton et al., 2012;

Hernandez et al., 2015; van de Ven et al., 2021). Recent research

has also demonstrated that LULCC can cause significant

carbon emissions due to a shift in ecosystem services and

biogeochemical cycling (De Marco et al., 2014; UN General

Assembly, 2015; Baruch-Mordo et al., 2019).

Land-use decision makers, practitioners, and developers

may benefit from a uniform and standardized understanding

of the spatial consequences of solar energy development such

that the land-sparing outcomes of non-conventional recipient

environments, such as the built environment and contaminated

lands are fully understood (Hoffacker et al., 2017). Additionally,

the strategic colocation of solar energy with pre-existing land

uses, such as agriculture and human-made water bodies,

can add to the sustainability of solar energy by supporting

additional ecosystem services (Hernandez et al., 2019; Cagle

et al., 2020; Exley et al., 2021). Strategically engineering solar

energy technologies to collocate with preexisting land uses

and functions can increase the sustainability of a solar energy

system and add benefits in addition to energy production

(Hernandez et al., 2019). Additionally, to attain a comprehensive

understanding of an energy generation technology’s full life

cycle impact, specific land-energy metrics must be employed by

researchers (Jordaan et al., 2017). Greater metric specificity than

simply land area impacted is necessary to understand the larger

impact of energy generation on a given landscape (Dorning et al.,

2019).

In the field of life cycle assessment (LCA), the terms

land transformation and land occupation are increasingly

documented as representing two distinct properties involved

with alterations to a given area of land. For example, land

transformation has been defined as the area of land modified

to meet an anthropogenic use and does not always include a

temporal scale associated with the impact. In contrast, land
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occupation, while also defined as the area of landmodified for an

anthropogenic purpose, commonly includes a temporal element

(Koellner et al., 2013). In LCA, both terms are normalized

over the output over the life of a facility, for example, the

lifetime electricity generated for a solar project. Despite efforts to

standardize these terms and their associated metrics, they have

not been used consistently in describing SE-land interactions

(Horner and Clark, 2013). While time is explicitly considered in

LCA—with occupation metrics and the lifetime of the facility as

a required input—the use and definition of the temporal aspect

of land use impacts associated with solar energy are often tacit in

similar fields of research when they should be explicit.

Useful scientific metrics enable practitioners to structure

and use data functionally across fields of study and with the

foundational capacity to inform science policy (Lane et al.,

2014). To address the uncertainty of standardized metrics used

to describe SE-land relationships, we performed a systematic

literature review. Systematic literature reviews are increasingly

used across environmental and ecological disciplines to increase

the comparability of findings across studies and disseminate

findings more consistently to a broader audience (Pullin and

Stewart, 2006). In this study, we sought to (i) identify themetrics,

including associated terms and units, used to describe SE-

land relationships in the literature; (ii) determine the frequency

of metric use across time, the geographic distribution of

term use, and which research subject areas report SE-land

metrics; (iii) identify distinct categories of SE-land metrics; and

lastly, (iv) use these results to inform a set of standardized

metrics to increase the overall quality of dissemination of

SE-land interactions in future scientific publications and

communications broadly. To the best of our knowledge,

this is the first large-n assessment of metrics used for solar

energy-land relationships.

Methods

We conducted a systematic literature review of peer-

reviewed journal articles, published conference proceedings,

book and book sections, and technical reports (hereafter

“articles”) containing text and/or data on land-related properties

of PV and CSP solar energy generation technologies. We

conducted the literature search in Elsevier’s title and abstract

database, SCOPUS, on December 20, 2019 and the corpus search

continued until March 15, 2020. We designed the literature

search to include the entire SCOPUS corpus, which has material

ranging from 1788-present and cited material ranging from

1970-present (Baas et al., 2020). Additionally, we evaluated

article references and metric citations from articles identified

in the systematic review for consideration in our corpus if

they were in accordance with inclusion and exclusion criteria

(see below). Among these additional articles, we specifically

identified technical reports, books, and book chapters.

Criteria for inclusion in the study included the following:

(i) all sources be in English, (ii) documents must document a

relationship between solar energy and land area using a metric,

and (iii) all sources selected describe solar energy ultimately

for electricity production and not heat generation (e.g., no

residential solar thermal water heaters). We defined a metric as

a standard of measurement using a term and unit combination

to describe the interaction between energy production and land

use. Similarly, we defined unique metrics as a metric that varies

in either metric term (e.g., land-use efficiency), unit (e.g., Wh),

or term-unit combination from other identified metrics. We

did not include volumetric power densities, such as W/m3 or

btu/ft3, in this analysis because they refer more commonly to

combustible fuel sources and are not applicable to the two-

dimensional plane of SE-land relationships.

We searched both solar energy-related (e.g., solar PV,

photovoltaics, and solar energy) and land-related terms

(e.g., land-use intensity, land use, and land-use efficiency)

simultaneously in a query sequence (Appendix A). As we

screened articles for inclusion in the final corpus (first by reading

the title and abstract, then the full-text), if a given article cited

metrics from an article not identified in the initial SCOPUS

review, the cited article was evaluated for inclusion within the

study based on the same inclusion criteria. The systematic

literature review in this study conforms to guidelines proposed

by the PRISMA (Preferred Reporting Items for Systematic

reviews and Meta-Analyses) statement. The PRISMA statement

is a 27-item checklist coupled with a 4-phase flow diagram

aimed at standardizing the methodology and reporting process

FIGURE 1

Flow diagram illustrating the PRISMA systematic review

exclusion process and the number of sources identified,

included, or excluded at each stage of the analysis (Moher et al.,

2009).
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of systematic reviews andmeta-analyses (Figure 1) (Moher et al.,

2009). Following the PRISMA flow diagram, we conducted an

in-depth analysis of the search results generated via the SCOPUS

database.

Once we excluded all irrelevant articles, we compiled a

database that included the following information for articles that

met criteria for inclusion: publication year, metric(s) reported

(term and unit), journal of article (or publishing body), country

or countries of study origin, subject area as defined by SCOPUS,

and whether articles were identified in the systematic search

or cited information (Appendix B). We gathered information

on the country of study origin by reviewing the listed

locations of all the authors for each article. Because the

country of study origin was based on author address listings,

articles often were associated with more than one country

of origin. We mapped the study origin at the country-level

using the map chart program within Microsoft Excel R© (version

2109). Data on the articles’ publication category (e.g., energy,

engineering, environmental science) and publication type (e.g.,

review, conference paper, or article) was also collected via

SCOPUS and represented visually using Tableau R© Public (ver.

2021.3) software.

The metrics identified in this study were classified into

three distinct categories based on the chosen metric unit

for analysis: capacity-based (nominal), generation-based, and

human population-based. Capacity-based metrics refer to any

SE-land metric relating a unit of land to a given unit of

electrical capacity from a solar energy installation (e.g., W/m2).

Generation-based metrics convey the actual or theoretical

electrical generation per unit of land for a given solar energy

installation (e.g., m2/Wh). Finally, human population-based

metrics refer to metrics that convey the amount of land

necessary to supply power to a defined group of human

individuals in a given area based on localized energy demand

(e.g., m2/capita).

To determine which metric terms and units to suggest as

the standard metrics for different categories, we assessed the

metric term and unit use based on the frequency of occurrence

within the full-text of each article. We counted unique metric

terms and units a maximum of once per article and categorized

them into one of the three SE-land metric types. If one metric

was described with the term “PV Energy Density” and another

metric described a similar term, such as “Energy Density”,

these terms were counted as the same term. Additionally, the

units of metrics were combined if the unit was described

with directly proportional measures. For example, the units of

m2/MW, m2/kW, and m2/W were all counted under the unit

m2/W. The term with the most frequent use across the entire

corpus of articles was selected as the standardized term for

each category. Similarly, the metric unit of measurement with

the most frequent use was selected as the standardized unit for

each category.

Results

Out of the 608 articles returned from the initial gathering

phase of the systematic literature review, we identified

80 articles that met inclusion criteria, with 55 articles

coming from the systematic literature review in SCOPUS

and 23 additional articles that were cited by articles in the

initial corpus (Figure 1). We identified articles in 18 distinct

research disciplines, including environmental science, business,

management and accounting, and engineering (Figure 2A).

Out of the 80 articles, we found that the majority of the

articles (n = 66) were peer-reviewed journal publications,

six technical reports, three books or book chapters, and

five conference proceedings (Figure 2B). The earliest explicit

mention of land and solar energy interactions was in 1977

when (Pohl, 1977) compared the average electricity production

of solar energy with a light water nuclear reactor technology.

We found a large gap in the literature from 1980 to

2002; we identified only three articles that met the criteria

for our analysis (Figure 2C). Publications documenting SE-

land relationships began to increase in frequency in 2002;

however, we noticed a rise in articles from 2008 onward,

with the greatest number of articles published in 2017

(Figure 2C).

We recorded 75 unique metrics across a total of 101

documented uses. Metrics consisted of 51 distinct terms and 43

units, which could each be classified into one of three categories:

generation-based, capacity-based, and human population-based

metrics (Tables 1, 2). The 51 terms reflect a combination of

analogous terms identified in the review. In addition to a

range of metrics used, we found multiple instances of metrics

describing SE-land interactions across more than one category.

Specifically, nine of the 51 terms were used in more than one of

the three categories (Table 3).

We found that country of study origin was highly skewed

among articles, with most articles (n= 51) published by scholars

and institutions in the United States. In total, we found 18

different countries of study origin and none were from South

America or China; only one article had a study origin from

the continent of Africa (Figure 3). Of the articles published

in academic, peer-reviewed journals, we identified articles in

22 different academic journals (Figure 4). More articles (n

= 13) were published in Renewable and Sustainable Energy

Reviews than any other journal. Journals ranged from land-

use and policy-centric journals, such as Land Use Policy, to

applied engineering journals, such as Environmental Research,

Engineering and Management (Figure 4). We found that articles

in the corpus presenting human population-based metrics are

mainly found in policy-oriented journals (e.g., Energy Policy).

We also found thatmostmetrics, both terms and units, represent

less than five percent of the overall metric use in the SE-land

corpus (Table 3).
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FIGURE 2

Bibliometric attributes of articles using solar energy-land (SE-land) metrics, including: (A) subject areas of the articles as categorized by the

SCOPUS database, where “mult.” represents multidisciplinary sciences and “biochem*” represents biochemistry; size of circle is relative to the

frequency of use of SE-land metrics in a category; (B) percentage of studies by type of publication; and (C) publication frequency of SE-land

metrics across time.

We found the most common metric term and unit used

to describe capacity-based SE-land relationships is land-use

efficiency measured in W/m2 (n = 6). The most common

metric term and unit used to describe generation-based SE-

land relationships is land transformation measured in m2/Wh

(n = 9) (Figure 5). Lastly, the most common metric describing

human population-based SE-land relationships is solar footprint

measured in m2/capita; however, the sample size was low (n =

2) (Figure 5).We propose these threemetrics as the standardized

metrics for each of the three respective categories for all future

analyses describing SE-land relationships (Figure 5).

Discussion

We systematically evaluated the metrics employed by

scholars globally to describe SE-land relationships and found

not only an extraordinary number of documented terms and

units but also a lack of consistency in their use. The inconsistent

use of solar energy-land metrics is likely not limited to this

single technology but may also characterize metric use in

other emerging sustainable technologies. For example, Ahi

et al. (2016) performed a bibliometric analysis of energy-related

metrics in sustainable supply chains, and after identifying over

100 metrics, they found that most were used only once or twice

and only three metrics were used 10 times or more. Similarly,

we found that most metrics, both terms and units, represent

less than five percent of the total metric use documented in

the literature (Table 3). Our analysis may serve as a model to

assess energy-land interaction metrics more broadly and how

we, as scholars, can use a corpus of representative articles to

standardize metrics in a systematic way.

An increasing concern among scholars is that the relatively

large land footprint associated with a renewable energy

transition seeking to meet the United Nations’s SDG 7 (the

equitable access to affordable, reliable, sustainable, and modern

energy) may interfere with progress toward SDG 15 (the

protection, restoration, and promotion of terrestrial ecosystems)

(UN General Assembly, 2015). Indicators for SDG 7, such

as 7.b.1 (installed renewable energy-generating capacity in

developing countries), assess progress as a function of installed

watts per capita, potentially overlooking the associated land

footprint necessary for the deployment of a given capacity.

In land-scarce nations, reaching a high level of renewable

generation may require increasing amounts of forested land

or areas of high biodiversity, impacting progress toward SDG

15 (Obane et al., 2020). Indicators for SDG 15 include 15.1.1

(forest area as a proportion of total land area) and 15.3.1

(proportion of degraded over total land area), both of whichmay

be affected by large, ground-mounted solar energy development.
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TABLE 1 Classification of metric units documented in the literature on solar energy-land relationships.

Capacity-based

metric units

Count Generation-based

metric units

Count Population-based

metric units

Count

W/m2 18 m2/Wh 21 m2/capita 4

m2/W 8 km2/TWh 4 W/inhabitant 1

acres/MW 6 kWh/m2/yr 3

MW/km2 6 ha/billion kWh/yr 2

ha/MW 3 kWh/m2*yr 2

km2/W 3 m2/yr/GWh 2

MW/ha 1 Wh/m2 2

GJ/ha/yr 2

acres/GWh 1

acres/GWh/yr 1

GWh/acre/yr 1

km2/TWh/yr 1

kWh/ha 1

kWh/m2/day 1

m2/MWh/yr 1

TWh/yr 1

kCal/m2 1

M2/GJ 1

MJ/m2 1

BTU/ft2/yr 1

BTU/km2 1

Total (count) 45 51 5

Unique units 7 21 2

Total unique units 30

The metric units are categorized into capacity-based (relating rated power output and land area), generation-based (relating total energy supplied and land area), and human population-

based (relating solar energy production to population energy consumption) metrics. The units of metrics were combined if the unit was described with directly proportional measures. For

example, the units of m2/MW, m2/kW, and m2/W were all counted under the unit m2/W.

In summary, standardized metrics that contextualize solar

energy development as a function of land area are necessary

to understand and anticipate reciprocity between SDG 7 and

SDG 15.

When several metrics are used to describe the same

phenomena in a field, standardization can be a means to reduce

the vague and inconsistent presentation of research in the future

and to align future research directives (Vetter et al., 2013).

For example, we found that capacity-based units (m2/MW)

and generation-based units (m2/MWh) were interchangeably

used to define the term ‘land-use energy intensity’ (Table 3).

However, the two units are not easily interchangeable without

additional information such as a performance-calculated

capacity factor and local irradiance conditions. Using capacity-

based and generation-based metric interchangeably can also

lead to inaccurate results as there may not be a direct

correlation between the land-use efficiency (capacity-based) and

land transformation (generation-based) of all operational PV

installations (Figure 6). Specifically, the energy generated from

a given solar energy installation is dependent on a combination

of design considerations and local climatic and irradiance

conditions. Generalizing results solely from peak capacity-

based ratings may under- or overestimate land transformation

values (Dabou et al., 2016). As seen in Figure 6, out of six

randomly selected PV installations chosen in California, the

facility (CALRENEW) that generates the most energy per square

meter on an annual basis also has the least efficient land footprint

on a rated capacity basis. While this can be explained by the

greater annual irradiance received at the CALRENEW site, it

demonstrates the importance of understanding the definition of

capacity-based and generation-based metrics and the potential

implications that may arise from conflating the two categories

of metrics.

Along with the conflation of metric units with the same

metric terms in the literature, we also identified the inconsistent

transfer of metric terms themselves across the literature.

Specifically, we found publications using SE-land relationship

findings from previous works that define the same metrics
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TABLE 2 Solar energy-land metric terms by total count and category type.

Metric term Total term count Capacity-based

metric count

Generation-based

metric count

Population-based

metric count

Accumulated power generation 1 1

Alternative energy potential 1 1

Annual yield 1 1

Area occupied 2 2

Area required for solar 3 2 1

Capacity density 1 1

Capacity per inhabitant 1 1

Capacity spatial density 1 1

Cap.-weighted average area req.* 1 1

Conversion factor 1 1

Direct land use 1 1

Direct-operational land use 1 1

Efficiency of land use 1 1

Electricity production 1 1

Energy density 3 3

Energy output 1 1

Energy productivity 1 1

Energy yield 1 1

Geographic potential 1 1

Gross energy density 2 1 1

Indirect land impacts 1 1

Installation density 1 1

Land area transformation 2 1 1

Land footprint 2 1 1

Land occupation 3 1 2

Land occupation fraction 2 1 1

Land requirement 2 2

Land-resource requirement 2 2

Land transformation 10 1 9

Land use 8 6 2

Land-use efficiency 10 6 4

Land-use energy intensity 3 1 2

Land-use factor 1 1

Land-use footprint 2 2

Land-use intensity 2 1 1

Land use requirements 2 1 1

Land-use value 1 1

Land-use intensity of energy 1 1

Natural land transformation 1 1

Plant footprint 1 1

Power density 6 6

Power output 2 2

Power potential 2 2

Power production 1 1

PV system yield 1 1

(Continued)
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TABLE 2 (Continued)

Metric term Total term count Capacity-based

metric count

Generation-based

metric count

Population-based

metric count

Solar electric footprint 1 2

Solar footprint 1 1

Solar PV potential 1 1

Spatial footprint 1 1

Total end-use energy demand 1 1

Unique metric terms 28 32 4

Total (term count) 101 48 49 5

Total unique terms 50

*Cap.-weighted average req.= Capacity-weighted average area requirement.

with unique variations of the metric term from the original

publication. For example, the findings of (Ong et al., 2013),

a technical report demonstrating average land-use patterns for

various-sized PV and CSP installations, have been cited by

multiple publications that use various different metric terms to

describe the original SE-landmetric used in the report (capacity-

weighted and generation-weighted average area requirements)

(Ong et al., 2013; Calvert and Mabee, 2015; Capellán-Pérez

et al., 2017). By not using consistent metric terms as stated

by the original article, unnecessary ambiguity is immediately

introduced to the literary corpus as the same findings have now

been associated with disparate terminology.

In this study, we demonstrate the urgent need to differentiate

between metrics used to describe SE-land relationships and

present three unique metric categories: capacity-based,

generation-based, and human population-based metrics.

Explicitly differentiating between these categories and assigning

a standard metric within each category allows for increased

compatibility of findings across studies and avoidance of

previously expressed difficulties in aggregating metadata across

the literature (Horner and Clark, 2013; Hernandez et al., 2014b).

Through this category-specific separation of SE-land metrics,

the demonstrated benefits and limitations of the three categories

of analysis may be better understood and employed across the

field of study.

Capacity-based metrics

Capacity-based metrics used to describe SE-land

relationships allow for comparisons of maximum theoretical

(nameplate) power output over a given unit of area, thus

enabling direct comparison of multiple generation technology

scenarios and different deployment scenarios of the same

technology (Hernandez et al., 2014b). For example, fixed-tilt

solar PV arrays with different packing factors (area of solar

panels relative to direct land area) can have drastically different

land-use efficiencies even if the array has the same number of

panels (Pasqualetti andMiller, 1984; Ong et al., 2013; van de Ven

et al., 2021). Additionally, capacity-based metrics are helpful

in developing efficiency targets for new and proposed projects

(Ong et al., 2013). The capacity of a proposed solar energy

system tends to determine the overall cost of an installation,

typically in the unit of $/WDC (Feldman et al., 2015). A

consistently quantified capacity-based SE-land metric can thus

assist in estimating system cost and necessary land acquisition

for projects during the development stage.

We found the most common metric used to describe

capacity-based SE-land relationships to be land use efficiency

measured in W/m2 (Figure 5). The use of the term land-use

efficiency separates capacity-based metrics specifically related

to SE-land interactions from similar metrics used in previous

literature with various meanings, namely the power density

metric. Historically, the power density metric (typically in

W/m2) is a performance measure for the gravimetric density

of energy converters, the installed capacity per rotor-swept

area of wind turbines, the electrical output per unit area of a

particular solar PV cell, and various other electrical engineering

applications (Smil, 2015; Mittapally et al., 2021). Specifically,

the power density metric, in the context of solar PV literature,

regularly refers to the surface area of the cell converter surface

itself, not the additional spatial considerations in a solar energy

installation, such as panel (or heliostat) row spacing, balance-

of-system equipment, and maintenance roads (Smil, 2010; Ann

et al., 2020). Creating a capacity-based metric specifically for

quantifying SE-land interactions reduces the risk of confusion

between one of the multiple applications of the power density

metric, such as the land-use considerations of solar energy and

the converter-level efficiency of certain solar technologies.

Generation-based metrics

In addition to capacity-based metrics, generation-based

metrics can be used for comparisons of multiple land use impact

categorizations, specifically by relating the required amount
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TABLE 3 Classification of units of measure for all solar energy-land metric terms.

Metric term Capacity-based units Generation-based units Human population-based

units

Accumulated power generation kWh/m2*yr

Alternative energy potential BTU/km2

Annual yield kWh/m2

Area occupied m2/W

Area required for solar acres/MW; km2/W acres/GWh

Capacity density MW/km2

Capacity per inhabitant W/inhabitant

Capacity spatial density ha/MW

Capacity-weighted average area

requirement

acres/MW

Conversion factor ha/MW

Direct Land-Use m2/MWh/yr

Direct operational land use m2/MWh

Efficiency of land-use W/m2

Electricity production kWh/ha

Energy density GWh/acre/yr; kWh/m2/yr, Gj/ha/yr

Energy output Gj/ha/yr

Energy productivity kWh/ m2/yr

Energy yield MJ/m2

Geographic potential W/m2

Indirect land impacts m2/GWH

Installation density MW/km2

Land footprint m2/GWh m2/capita

Land occupation m2/kW m2/kWh; m2/yr/GWh

Land occupation fraction LUs/LUa m2/yr/GWh

Land requirement W/m2 km2/TWh

Land resource requirement ha/billion kWh/yr

Land transformation km2/GW; m2/Gj m2/GWh; m2/MWh

Land use acres/MW; m2/kW; ha/MW; W/m2 acres/GWh/yr; m2/GWh

Land use efficiency MW/km2 ; W/m2 km2/TWh; TWh/yr; m2/GWh; Wh/ m2

Land use energy intensity m2/MW ha/TWh/yr; m2/MWh

Land use factor MW/km2

Land use footprint m2/kWh

Land use intensity km2/TWh/yr

Land use requirements acres/MW m2/capita

Land use value km2/GW

Land-use intensity ha/MW

Land-use intensity of energy ha/TWh/y

Natural land transformation m2/MWh

Per-capita solar footprint m2/person

Plant footprint m2/GWh

Power density W/m2 ; MW/km2

Power output W/m2

(Continued)
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TABLE 3 (Continued)

Metric term Capacity-based units Generation-based units Human population-based

units

Power potential MW/ha; W/m2

Power production W/m2

PV system yield kCal/m2

Solar electric footprint m2/person

Solar footprint m2/kW

Solar PV potential kWh/m2/day

Spatial footprint km2/TWh

Total end use energy demand BTU/ft2/year

Each metric unit of measure is classified into capacity-based, generation-based, or human population-based unit categories.

FIGURE 3

Number of articles reporting a metric, specifically a term and unit, to describe solar energy-land relationships by country of corresponding

author origin (n = 18) in the SCOPUS database from 1977 to 2019.

of land for a unit of produced energy from a specific energy

generation source (Fthenakis and Kim, 2009). For generation-

based metrics, we propose the metric land transformation

with units m2/Wh as it was the most frequently used metric

term and unit identified in the literary corpus. Generation-

based metrics, unlike capacity-based metrics, can describe actual

energy generation from a solar energy installation from a

given unit of land as opposed to just a theoretical maximum

power output. Generation-based metrics can help to compare

the actual land transformation of a project in operation to

land transformation estimates during the planning, siting,

and permitting phases of other projects. Utilizing an energy

generation project’s actual performance can help to provide

more detailed and accurate insights when comparing across

technologies, assessing environmental impacts, and informing

future developments (Huso et al., 2021; Jordaan et al., 2021).

Factors impacting solar performance, both spatial and

climatic, demonstrate the important difference between

capacity-based and generation-based SE-land metrics. For

example, the solar technologies evaluated in this study have

lower land-use efficiencies (capacity-based measurement) than

conventional fossil-fuel energy generation technologies, thus
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FIGURE 4

Number of articles (n = 66) published in journals (total unique journals = 33) identified in the SCOPUS database as of February 26th, 2020 that

met inclusion criteria for this study. The category of “Other” represents number of individual journals in which one journal article reported solar

energy-land relationship metrics, specifically a term and a unit, in an article.

requiring more land to produce the same amount of energy

(van Zalk and Behrens, 2018). Understanding the factors

that affect a power plant’s land-use efficiency (W/m2) and

land transformation (m2/Wh) is critical to translate SE-land

interactions accurately and arrive at a well-informed decision

when comparing across technology types. Specifically, when

discussing solar energy, the capacity factor (CF) of the solar

technology deployed can have a significant impact on the

actualized energy generation of the installation. Without actual

generation data from a given solar installation, the generation-

based land use or land transformation can be calculated by

multiplying the theoretical capacity by a given capacity factor

(Equation 1).

CF =
Annual Energy Generation

(

kWhAC
)

Rated Capacity
(

kW
)∗

8760hrs
(1)

Capacity factor refers to the actualized energy generation

over a given year (kWhAC) versus the theoretical maximum

energy the facility could generate over the same amount of time

as a function of rated capacity. Understanding the importance

of a CF and the variation of capacity factors across geographic

areas and technology type is an essential consideration when

assessing the overall system’s energy output as a function of

its land-use efficiency. A fixed-tilt solar PV system may have a

greater land-use efficiency (45.4 W/m2) when compared to a

single-axis tracking solar PV system (40 W/m2); however, due

to the increased CF of a single-axis tracking systems, the single-

axis system can typically generate 25%more energy per installed

capacity than the fixed-tilt system, depending on local climatic

and irradiance conditions (Ong et al., 2013; Martín-Chivelet,

2016; Cossu et al., 2021). Understanding the differences between

capacity-based and generation-based SE-land metrics and the

application of each category for different analyses can help to

reduce the conflation of metric terms with units of measurement

in different categories.

A significant difference between capacity-based and

generation-based metrics is the inherent temporal aspect of

generation-based metrics that relate the energy generation time

period to the amount of land transformed. However, we found

that the methods of articles evaluating SE-land interactions

do not consistently present the time horizon for measuring

land transformation. For solar energy installations, the energy

generation timeline can significantly impact the associated land

transformation. For example, the annual land transformation

from a solar energy installation that has an expected lifetime

of 30 years can mislead the reader by orders of magnitude if

conflated with the lifetime land transformation of that same

solar installation. Due to the importance of the temporal

aspect of generation-based SE-land metrics, we propose

two standardized metrics in the generation-based category:

annual land transformation and lifetime land transformation
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FIGURE 5

Standardized solar energy-land metrics for capacity-based, generation-based, and human population-based applications, including their

definition and characteristics.
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FIGURE 6

The land-use e�ciency and land transformation of six randomly-chosen, operational large-scale solar PV installations within the state of

California, United States. Additional site information and installation details can be found in Appendix C.

(Equations 2 and 3).

Annual Land Tranformation

=
land area of solar energy installation (m2)

annual energy generation
(

WhAC
) (2)

Lifetime Land Transformation

=
land area of solar energy installation (m2)

lifetime energy generation (WhAC)
(3)

Annual land transformation

The metric of annual land transformation with regards

to SE-land interactions relates the actual or predicted energy

generation of a given solar generation facility over the course of

one year (Equation 2). The annual land transformation of a given

facility may be helpful when determining land requirements for

a solar facility in a given area as it demonstrates the actual output

of given solar technologies in that geographical area (Trainor

et al., 2016). Additionally, annual land transformation metrics

may be helpful when comparing solar energy technologies

to conventional fossil fuel technologies as annual energy

generation is a common method of reporting the performance

of an energy-generating facility (Jordaan et al., 2021). Annual

land transformation also uniquely demonstrates the relatively

constant land-use for equivalent annual solar energy generation

year after year, as opposed to the cumulative annual land use

required for extractive energy sources, such as coal and natural

gas (Trainor et al., 2016).

Lifetime land transformation

Our findings are relevant to the field of LCA, where SE-

land interactions are examined over the life of a particular

project. The lifetime land transformation of a solar energy

installation is different from the annual land transformation in
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that it represents the land transformed divided by the cumulative

energy generation over the lifetime of a solar energy installation

(Equation 3). A lifetime land transformation metric also allows

for the consideration of repowering the same land parcel with

updated technologies at the end of a previous solar installation’s

useful life. As opposed to the annual land transformation, which

provides SE-land interaction information on a specific annual

timestep of a solar energy installation’s generation as it compares

to affected land area, the lifetime land transformation metric

relates the entirety of energy generation of a given solar energy

installation to its land area.

The lifetime land transformation metric may allow for fairer

and more consistent comparisons of solar energy installations

and other energy generation technologies on strictly a land-

energy basis. Fossil fuel-fired power requires the conversion

of new land for fuel extraction over the lifetime of the power

plants. Fuel extraction sites—particularly natural gas wells—

often remain unreclaimed (Haden Chomphosy et al., 2021).

Shorter timescales thus discount the land benefits of solar power,

which may not require new land transformation over time.

Lifetime results may better inform stakeholders and decision-

makers on actual land area requirements for a given project and

their long-term effects.

Human population-based metrics

Human population-based metrics are used far less

frequently than metrics in the capacity-based and generation-

based categories. The most frequently used metric is utility-scale

solar footprint with the unit m2/capita (Table 1, Figure 5).

Most human population-based metrics that we identified in

this study consider local energy demand, local irradiance and

climatic conditions, and annual solar energy generation as a

function of land area (Denholm and Margolis, 2008). By doing

so, the land-related attributes of a solar energy installation can

be related to the human population of a given area. Human

population-based metrics may help address the need for

an increase in social science engagement with solar energy

development issues, including the fields human geography and

land-use planning (Walker and Cass, 2007; Sovacool, 2014).

Human population-based metrics may also be more relatable to

broader audiences outside of engineering, helping the layperson

to connect the inextricable relationship between solar energy

and land. More research is needed to both quantitatively and

qualitatively explore relationships between people with energy

production across all disciplines.

Challenges and opportunities for the
future of solar energy-land metrics

Since 2000, there has been significant progress toward

incorporating accurate land calculations in the field of,

specifically around energy-land interactions. Particularly, LCA

analyses incorporating land-related relationships are commonly

associated with the terms: land transformation and land

occupation (Jordaan et al., 2021). We did identify land

transformation as the most frequently used generation-based

metric, but we explicitly distinguish two forms of the term:

annual and lifetime. The metric land occupation, which we

identified throughout our corpus but was not identified as the

most used, also accounts for temporal aspects of land use. We

acknowledge that these two terms, land transformation and

land occupation, are likely proportionally more frequently used

within the field of LCA than the metrics we identified across the

entire interdisciplinary corpus.

While we recommend the use of the terms land-

use efficiency and land transformation, it is critical to

differentiate these types of intensity-based metrics—those

quantified by directly relating land area to capacity or

generation, respectively—with those that focus solely on the

absolute amount of land area converted for an installation

(e.g., footprint). While intensity-based metrics are immensely

valuable, the absolute area of land converted to energy–

or any human-dominated land-use–is also useful, especially

for conservation science, in which area-based metrics are

considered highly effective and are commonly employed.

Lastly, the rise of dual-use SE-land occupation, such as the

co-location of PV with agriculture or livestock grazing (known

as agrivoltaics and rangevoltaics, respectively), presents a unique

challenge for SE-land metrics (Amaducci et al., 2018). While

our metrics, as is, do not fully encapsulate the impacts (and

benefits) of co-location, ourmetric system serves as a foundation

on which future metrics can be derived andmodified to meet the

rapidly evolving needs of this opportunity.

Conclusion

The global increase in solar energy, and the area of

land associated with its development, has stimulated increased

interest and research in the field of SE-land interactions. As

the field of research on SE-land interactions continues to grow

expeditiously, we identified an obvious need for common,

standardized metrics to assess these interactions. We also

provide clear evidence that the study of SE-land interactions is

an interdisciplinary pursuit. Thus, the need for standardization

is necessary for the dissemination of findings across the various

disciplines contributing to this field.

Standardized metrics and language to describe SE-land

relationships may unite studies across a wide range of disciplines

and allow for transparent dissemination of both previous and

future findings. Following a systematic literature review of the

current use of SE-land relationship metrics, we classified SE-

land relationship metrics into capacity-based, generation-based,

and human population-based metric categories and propose

standard metrics, both metric term and unit, for each category.

Frontiers in Sustainability 15 frontiersin.org

https://doi.org/10.3389/frsus.2022.1035705
https://www.frontiersin.org/journals/sustainability
https://www.frontiersin.org


Cagle et al. 10.3389/frsus.2022.1035705

Specifically, we propose land-use efficiency (W/m2) for capacity-

based, both annual and lifetime land transformation (m2/Wh)

for generation-based, and solar footprint (m2/capita) for human

population-based metrics. The proposed standardized metrics

offer a uniting solution across all disciplines researching

and reporting on SE-land relationships. Overall, the metrics

proposed in this study may help to provide greater insight

and understanding toward the various categories of SE-land

interactions and the difference in utility provided by each

category of SE-land relationships. Future research should

utilize and expand on these standardized metrics to improve

the accuracy of assessments and analyses describing regional,

national, and global SE-land relationships.
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