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Keywords: This study reviews 285 full-text articles on renewable energy’s impact on biosphere integrity, and group them
R_e“e'wabl_e energy according to how biosphere integrity is defined and measured in three broad approaches: biodiversity (i.e., the
flngermy richness and abundance of species), topography (i.e., land use patterns and fragmentation) and productivity (i.e.,
ndicator

nature’s provision of ecological services). The resulting typology for renewable energy’s impacts on biosphere
integrity enables this study to examine the literature in a systematic way and suggest directions for future
research. It has been shown that the number of such studies has escalated in recent years, and the studies cover a
representative coverage of renewable energy technologies; yet 80 per cent of these studies are conducted in Asia,
Europe, and North America, leaving other regions underexplored. Categorizing the 285 articles according to the
typology, this study find that the focus is to a greater extent on the effects on the richness and abundance of
species (50 per cent), followed by the effects on land use patterns and fragmentation (35 per cent) and nature’s
provision of ecological services (15 per cent). Moreover, although specific technologies seem to require specific
biosphere integrity indicators, there is a tendency that studies of renewable energies as a group use generic
indicators like ecological footprint. This study ends by discussing the need for proxy indicators for each of the
three categories (biodiversity, topography, productivity) to better examine the complexity and interactions of
ecosystems. Finally, this study discusses the implication for future development and use of biosphere integrity.

Rapid review
Systematic review
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1. Introduction

The aim of this article is to review how and to what extent the
research literature on renewable energy has studied and quantified
impacts on the environment. By “literature on renewable energy” this
study refers to peer review articles of technologies or projects con-
cerning the production, or consumption of one or more renewable en-
ergy sources (hereafter only renewables). By “impacts on the
environment” this study refers to loss of biosphere integrity as suggested
by the planetary boundary approach.

There are three reasons why this aim is important. First, the UN
sustainable development goal (SDG) no. 7 calls for a substantial increase
of the share of renewable energy in the global energy mix (e.g., UN
General Assembly, 2015). Second, renewable energy inevitably de-
mands large areas, which subsequently leads to loss of biosphere
integrity (IPBES, 2019). Consequently, there will be more loss of
biosphere integrity through change of land use patterns and fragmen-
tation. Third, there is a need to identify potential indicators to know
when renewable energy projects critically impact biosphere integrity
(Oparaocha et al., 2022). Presently, according to the UN, there is a
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knowledge gap on what indicators are used in the research literature.
This review contributes to filling that gap.

According to the planetary boundary approach, the planet faces two
core planetary boundaries: loss of biosphere integrity and climate
change (Rockstrom et al., 2009; Steffen et al., 2015). Each of these core
boundaries has ‘the potential on its own to drive the Earth system into a
new state should they be substantially and persistently transgressed’
(Steffen etal., 2015, p. 1). Renewable energy’s impact on climate change
has been studied extensively by the research community since the first
IPCC report was launched in 1990 (e.g., Olabi and Abdelkareem, 2022;
Owusu and Asumadu-Sarkodie, 2016). It is uncertain how and to which
extent renewable energy’s impacts on biosphere integrity has received
similar attention. This review aims to provide additional insight into this
matter.

Having said this, this study acknowledges that these two core
boundaries (corresponds to SDG 13 for climate change and the SDGs 14/
15 for biosphere integrity) are equally important and moreover, inter-
linked. Thus, both need to be addressed simultaneously so that
addressing one boundary must not lead to negative consequences for the
other.
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Three key approaches to biosphere integrity stand out in the litera-
ture (Holden et al., 2018, p. 160). The first approach is connected to the
biosphere’s productivity, that is, nature’s provision of services. The best
known example is the ecological footprint which uses consumption as its
starting point, and translates it into the land and sea area required to
produce the consumed goods and absorb the resulting waste (e.g.,
Wackernagel and Rees, 1996). The second approach relates to the
Earth’s biodiversity, that is, the richness and abundance of species. One
example of this approach is to focus on threatened regions that are of
high endemic importance, that is, biodiversity hotspots (e.g., Myers
et al., 2000). The third approach links to topography, that is, land use
patterns and fragmentation. The idea is that reduction in protected areas
and fragmentation of such areas is the single greatest threat against
biosphere integrity (e.g., Wilson, 2016).

Although being an immaturely studied area, there are some notable
literature reviews on renewable energy’s impacts on biosphere integrity
(Gasparatos et al., 2017; Gibson et al., 2017; Jager et al., 2021;
McCollum et al., 2018). These four reviews all address important aspect
of the relation between renewable energy and biosphere integrity.
However, they review interlinkages, impacts, drivers, and mechanisms
involved in renewable energy’s nature impacts and do not review and
identify specific indicators.

Two other reviews focus on indicators. Dorning et al. (2019) review
indicators for comparing environmental effects across energy sources
and technologies, including renewables. Thus, in contrast to the reviews
above, it explicitly addresses the way such effects are identified and
measured using indicators. They review 179 papers that describe or
apply energy indicators to compare environmental effects of different
energy sources, and additionally includes indicators measuring social
and economic aspects where these are found in their sample of litera-
ture. They find 37 unique types of environmental indicators that are
used for comparing renewables. In addition, the authors provide the
number of unique indicators used for each indicator type, and calculate
a diversity index, indicating the variability of indicator use for
measuring the same type of environmental impacts across their review
sample.

Gunnarsdottir et al. (2020) review indicators for sustainable energy
development. Thus, they take a broader perspective than Dorning et al.
(2019), examining not only environmental effects across renewables,
but also effects on other SDGs. They start by identifying the character-
istics of a comprehensive and robust indicator set and use these char-
acteristics to develop six assessment criteria: transparency of indicator
selection and indicator application, conceptual framework, representa-
tive, linkages, and stakeholder engagement. They find a total of 57 in-
dicator sets that monitor progress towards sustainable energy
development or some aspects of it, and based on their evaluation criteria
recommend the indicator set Energy Indicators for Sustainable Develop-
ment (EISD) developed by multiple international organizations (Inter-
national Atomic Energy Agency et al., 2005).

This review builds on and extends these reviews but differs in four
respects. First, this study focuses on studies that address biosphere
integrity only. Second, this study places more emphasis on the review
methodology for searching, screening, and extracting data from the
literature. Third, this study has a larger literature sample, including 285
articles published up to March 2022. Fourth, this study develops a ty-
pology for categorizing the indicator usage into three key approaches,
depicting which aspects of biosphere integrity that are studied.

Thus, the specific research questions in this article are:

e How do studies of renewable energy’s impact on biosphere integrity
vary across time, geography, renewables, and biosphere integrity
approaches? (Sections 3.1-3.2).

e Which impact categories and specific indicators have been used to
measure impacts on biosphere integrity across renewables? (Section
3.3-3.4).
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The rest of this article is organized as follows.

In section 2, this study presents the methodology. In section 3, this
study presents the results from the review. In section 4 this study
concludes.

2. Methodology

This study have reviewed the literature using a rapid review
approach (Garritty et al., 2021), which consists of six steps: (i) defining
the review question and search query, (ii) searching for literature, (iii)
screening the title and abstracts, (iv) screening the full texts of articles,
(v) extracting data from the final sample of articles, and (vi) analyse the
extracted data from each study.

Hamel et al. (2021, p. 80) defines rapid review as a knowledge
synthesis methodology, accelerating the process of a traditional sys-
tematic review by limiting some parts of the review process. The limi-
tations are decided by the authors of this study. Following the guidance
on rapid reviews, this study has delimited the scope of this review in five
ways. First, this study has limited the literature search to one database
for peer-reviewed articles. This study has considered the articles that
resulted from the final search query. This study has not included grey
literature or supplemental searching. Second, this study has limited the
title and abstract screening to 20 % parallel screening by the 1st and 2nd
authors, while the remaining 80 % have been screened by the 1st author.
In cases where the 1st author was unsure about inclusion, the 2nd author
was consulted. Third, the 1st author has screened 100 % of the full texts.
In cases where the 1st author was unsure about inclusion, the 2nd author
was consulted. Fourth, the 1st author extracted the data in accordance
with the data extraction form that all authors defined in collaboration.
In cases where the 1st author was unsure about data extraction, the 2nd
author was consulted. Fifth, critical appraisal of the included articles has
not been conducted. Critical appraisal has been deemed less relevant,
since this study does not aim to provide an assessment of how renewable
energy impacts biosphere integrity, but rather describe how these im-
pacts have been measured in the literature sample.

2.1. Step 1: Defining the review question and search query

The three key concepts in the research question which shape the
search query are renewable energy, biosphere integrity, and indicator.
Renewable energy includes solar, hydro, bio, wind, geothermal, wave,
tidal, and aggregated. By aggregated this study means studies using
aggregated measurements on renewables, for example measurements on
the total amount of renewable energy generation or share of renewable
energy in total primary energy consumption. Biosphere integrity in-
cludes productivity, biodiversity, and topography approaches. Indicator
includes indicator, index, indices, and metric. Documentation of the
search query development is provided in the supplementary materials.

2.2. Step 2: Searching for literature

This study limited the search to be done in the literature database
Scopus, only including document types categorized as article or review,
and categorized with English as language. The search topics were
combined into multiple different search queries, using operators made
available by Scopus for making more concise searches in accordance
with the scope of this review. Through an iterative process of examining
the results from searches and feedback between the authors and a con-
sulted literature searching expert at the authors’ institution library, the
individual search queries and the resulting combinations were refined.
Final search query is presented in the following paragraph:

TITLE-ABS-KEY (((renewable OR green OR sustainable OR wind OR
solar OR bio OR hydro OR water OR tidal OR geotherm* OR biomass)
PRE/O (energ* OR power OR electric*)) OR hydropower OR wind-
power OR solarpower OR hydroelectric* OR bioenergy) AND TITLE-
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ABS-KEY ((nature OR biodivers* OR biospher* OR ecolog* OR eco-
syst* OR land) W/15 (index* OR indicator* OR indice* OR metric*))
AND (LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, “re”))
AND (LIMIT-TO (LANGUAGE,“English”)).

The final search was conducted in Scopus on March 9th, 2022, with
932 resulting publications (records) after duplicate removal. See sup-
plementary materials for access to the search results and documentation
of developing the search query.

Search results were uploaded using CADIMA (Kohl et al., 2018). This
study used the built-in functionality of detecting and removing duplicate
articles,' resulting in 932 publications to be screened by their titles and
abstracts.

Before the screening process, a consistency check was conducted on
20 publications, where the 1st and 2nd authors independently classified
the same randomly selected sample of articles to uncover conflicting
understanding of the criteria, and/or the need to either add more criteria
or refine the existing criteria. After reviewing the random sample,
CADIMA calculated the Kappa-value, which is a measurement on inter
reviewer agreement, to be 0,32. The resulting Kappa-value indicated
some flaws in the mutual understanding of the criteria. Therefore, 1st
and 2nd authors reviewed the classifications together and adjusted the
criteria to better fit the scope of this article, and the mutual under-
standing of these criteria.

Before continuing, addressing some important choices regarding the
final search query used for providing the literature sample are in order.
In the final search query, this study chose to drop the word “environ-
ment”. The reason behind this choice is that “environment” are very
often used for depicting greenhouse gas emissions, which fall outside the
scope of this review. While this study has focused on including a vari-
ation of search words that adequately captures the literature on
biosphere integrity impacts from renewable energy, there is a risk that
relevant literature has been excluded from the search result. A different
search query would likely provide a different literature result. This study
has worked systematically to both include a high share of relevant
literature according to the review criteria, while also limiting the
amount of results, adhering to the rapid review methodology of a time
and resource efficient review process. See supplementary materials for
documentation on how the search query was developed.

Fig. 1 shows a flowchart documenting the screening process.

2.3. Step 3: Screening the titles and abstracts

The screening of the 932 publications was conducted by the 1st and
2nd authors. Each title and abstract were evaluated against two selec-
tion criteria: (i) Extraction or utilization of renewables as main subject
and (ii) Indicator for quantifying impacts on nature. For articles to
continue from the title and abstract stage to full text-stage, they had to
be categorized as “yes” or “unclear” on both criteria. If either of the
criteria were set to “no”, the article was excluded. This process resulted
in exclusion of 455 articles. Data containing excluded and included
publications are provided in the supplementary materials.

2.4. Step 4: Screening the full texts

The 477 publications deemed as relevant after screening the titles
and abstracts were then screened by their full text by the 1st author. In
addition to the selection criteria described above, exclusion was made if

1 Note that the high number of duplicate publications is a result of a technical
limitation of CADIMA. The originally uploaded search query only contained
publications classified as articles. After a discussion, the authors decided to
include reviews. Deleting the first search result was not possible, so the authors
conducted the final search including both articles and reviews, uploaded this
result to CAIMDA, and used CADIMA to remove the duplicate publications
already included in the original search result.
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the full text was not available through the authors’ affiliated institution
literature access agreements, not written in English, the publication was
evaluated to be a duplication of another publication already included in
the review, or the publication did not provide any data on the indicator
(s) being used to quantify impacts on nature. After the full text
screening, the final sample consisted of 285 full-text publications.

In the literature sample of included full text publications, the 5
journals with the highest number of publications are Ecological Indicators
(n = 28), Journal of Cleaner Production (11), Science of the Total Envi-
ronment (10), Environmental Science and Pollution Research (9), and Sus-
tainability (8).

In the following sections this study use “number of studies”, which
not necessarily aligns with the number of publications. The number of
studies in the figures vary depending on the data which have been the
basis of the figures presented. This is a consequence of the data
extraction, where multiple renewables may have been studied in the
same publications, in addition to including multiple biosphere integrity
approaches. These potential combinations of renewables and biosphere
integrity approaches, result in multiple studies registered on the same
publication, delimited by a semicolon. Code for converting the dataset
from publications to studies per row are provided in the supplementary
materials.

2.5. Step 5: Extracting data from the final sample of publications

During the extraction, this study categorized articles according to
their year of publication, geographical study area, renewables, and
biosphere integrity approach. The biosphere integrity approaches were
further specified into multiple impact categories and specific indicators.
This study used a combination of ‘theoretical’ and “inductive” thematic
analysis during the data extraction (Braun and Clarke, 2006). The three
main biosphere integrity approaches were theoretically given from the
research questions, whereas the impact categories and specific in-
dicators emerged inductively during the extraction of data in form of an
open coding (Maguire and Delahunt, 2017). Taken together, the the-
matic analysis results in a typology for renewable energy’s impacts on
biosphere integrity. A copy of the data extraction form is provided in the
supplementary materials.

Data extraction was done using the Covidence systematic review
software (2022). This process involved exporting the included full-texts
from CADIMA as a single RIS-file and importing it into Covidence.
Around 75 % of the article full texts were manually uploaded into
Covidence, using the files retrieved from CADIMA. The final 25 % were
retrieved by Covidence using its automatic full-text import functionality
(version 2.0).

Note that the term “footprint” is often used interchangeably with
land-use. This study has been aware of this issue during data extraction.
However, there exist a risk for misinterpreting the naming used on the
studied indicators and their meaning in the reviewed studies.

2.6. Data handling

All data handling and analysis were performed using the R Statistical
Software, R version 4.2.2 (R Core Team, 2022), using packages provided
by the Tidyverse (Wickham, 2022). All figures have been created using
the ggplot2 package (Wickham et al., 2022).

2.7. Limitations of the study

The included 285 articles are a result of the specified search query.
Inevitably, relevant articles — some important — will be missing from the
search. This study has, however, not performed an additional “snowball
search” to complement the query. Although such additional search
would have included more articles, it would not — this study argues —
changed the trends, shares, and typology presented in Figs. 2-5, which
were the main concern.
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Fig. 1. Flow chart of the screening process.

3. Results and discussions

This study presents the results from the review in five parts. The first
part shows the increase in studies over time and what geographical
areas/regions these studies cover. The second part shows how studies
vary across (i) renewables and (ii) biosphere integrity approaches. The
third part shows how studies of renewable energy vary across biosphere
integrity approaches typology. The fourth part presents a typology for
renewable energy’s impacts on biosphere integrity, which includes
impact categories and examples on specific indicators. The fifth part
elaborates on the specific indicators used by the different renewables.

3.1. Year of publication and geographical orientation

Fig. 2a shows a remarkable absence of studies before 2008. From
2008 onwards the number of studies increases steadily with a particu-
larly strong increase from 2020. Thus, it took almost two decades before
the renewable energy research environment responded on the challenge
raised by the 1992 Convention on Biological Diversity launched at the
United Nations Conference on Environment and Development (the Rio
“Earth Summit™). Note the bar for 2022 only includes publications until
March 9th, 2022, and should not be interpreted as a change in the yearly
publication trend.

It is worth noting that the historical development of publications
seems to have three “peaks” (Fig. 2a). The first peak coincides with the
UN initiated Millennium Ecosystem Assessment (MEA), launched in
2005. The MEA raised serious concern over increased ecosystem

degradation and biodiversity losses (Millennium Ecosystem Assessment
(Program), 2005). The second peak coincides with the 2012 United
Nations Conference on Sustainable Development (“Rio + 207), which
commissioned the sustainable development goals (UN General Assem-
bly, 2012). The third peak coincides with the Global Assessment Report
on Biodiversity and Ecosystem Services launched in 2019 by the Inter-
governmental Science-Policy Platform on Biodiversity and Ecosystem
Services (IPBES, 2019).

It is reasonable to assume that these three events spurred attention
also in the global research environments. Hence, a plausible, yet spec-
ulative, explanation is that peaks in the literature are triggered by these
high-level, scientific-political events.

Fig. 2b shows that the majority of studies focuses on renewable en-
ergy in Asia and Europe, followed by Northern America, Latin America
and the Caribbean, and Africa. This coincides with the distribution of
renewable energy generation worldwide (BP, 2022; IRENA, 2022). Few
studies have a generic (no geographical focus) or global (includes all
countries). Thus, the literature on renewable energy’s impact on
biosphere integrity is dominated by a country/regional focus rather than
being generic in nature.

3.2. Renewables and main biosphere integrity approaches over time

Fig. 3a shows the trends of studies in this study sample per renew-
ables per year, excluding geothermal and wave/tidal energy. Hydro
power is the most studied renewable energy technology with a total of
137 studies, followed by bio energy (n = 79), wind energy (n = 59), solar
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Fig. 2. Number of publications published per year (a) and number of publications per studied pre-defined region (b).

energy (n = 38), renewable energy aggregated (n = 22), wave/tidal
energy (n = 11), and geothermal energy (n = 9). This order coincides
well with the ranking of renewable energy generation by source globally
(IEA, 2021). The reviewed studies hardly include traditional bioenergy,
and when excluding traditional bio energy, hydropower is by far the
largest modern renewable source followed by wind, solar and other
renewables (the category “other” includes geothermal, biomass, waste,
wave and tidal) (Ritchie et al., 2022).

Yet, this study sample has a relatively high share of bioenergy studies
compared with the share of modern bioenergy in the global energy mix
(20 per cent versus 10 per cent). This study sample also has a slightly
higher share of wave/tidal and geothermal energy studies compared
with the share of these technologies in the global energy mix (3 per cent
versus 1,5 per cent). Taken together, however, the sample seems
representative.

Fig. 3a shows that while the number of studies on hydro power has
increased over time, there has been a more recent surge in the number of

wind energy, solar energy and aggregated renewable energy studies.
This indicates an increased attention on assessing the impact of modern
renewable energy technologies on biosphere integrity. There are no
significant changes in the number of wave, tidal and geothermal energy
studies.

Fig. 3b shows the number of studies in this study sample per
biosphere integrity approach per year. Three important findings stand
out. First, the number of studies has grown considerably for all three
approaches. For example, the number of studies on biodiversity has
increased from two in 2007 to more than 30 in 15 years. Second, slightly
more than 50 per cent of the studies focus on biodiversity, followed by
topography (35 per cent) and productivity (15 per cent). Thus, the
majority of these studies examines the impacts on the richness and
abundance of species, followed by the impacts on land use patterns and
fragmentation and finally the impact on nature’s provision of ecological
services. Third, the increase in the number of studies that focuses on
biosphere integrity impacts has been particularly strong over the last
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Fig. 3. Trends in number of studies conducted per renewables per year (a) and per biosphere integrity approach (b).

few years. A plausible explanation for this interest is the global attention
raised by the 2019 IPBES report (IPBES, 2019).

The overall trend is that research on renewable energy projects and
technologies pay increasing attention towards their effects on biosphere
integrity. The reviewed studies from 2022 (up to March) show no
attenuation of this trend.

3.3. Biosphere integrity approaches across renewables

Fig. 4 shows the use of the three main biosphere integrity approaches
across renewables. The biodiversity approach is the most popular, and
the share of studies using this approach is close to or well above 50 per
cent for most renewables. This implies a trend where renewables’
impact on individual species and ecosystems receives most attention.
This trend is particularly strong for hydro power where almost 75 per
cent of the studies focuses on biodiversity.

There are two exemptions from this trend though. First, the main
parts of the studies on solar energy have focused on conditions related to
topography, that is, land use patterns and fragmentation. In parallel
with the strong increase in solar energy globally, there has been a
growing recognition that solar energy requires large areas. This recog-
nition also applies to wind power and bioenergy, but to a lesser extent to
water, tidal and wave power.

Second, nearly all studies on aggregated renewable energy use the

productivity approach. This contrasts with studies of specific renewable
energy technologies that seldom use this approach. Thus, while general
studies of how renewable energies prefer the use of productivity in-
dicators, studies of a particular renewable energy source open up for
indicators measuring biodiversity and topography.

3.4. A typology for renewable energy’s impacts on biosphere integrity

This study uses inductive thematic analysis to identify impact cate-
gories used in the analyses, and then allocate these and the corre-
sponding indicators to the three broad biosphere integrity approaches
defined initially. The resulting typology for renewable energy’s impacts
on biosphere integrity is presented in Fig. 5.

3.4.1. The biodiversity approach

Species means studies assessing the impacts from renewable energy
on specific species (e.g., Fernandes and de Souza, 2018; Illyova et al.,
2017; Palmeirim et al., 2017; Sutela et al., 2013; Tourinho et al., 2020;
Zhang et al., 2018). Some of the studies are mainly focusing only on
impacts on the selected species, while others are using impacts on
selected species as measurements on the ecosystem the species are a part
of, i.e., as indicator species.

Ecosystems means studies assessing impacts from renewable energy
on a collection of species and their habitat, or on a collection of species
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constituting a community (e.g., Oliveira et al., 2019; Pan et al., 2013;
Quadroni et al., 2017; Santos et al., 2010). This study use of ecosystem
applies if a study is focusing on a systemic impact, with a wider scope
than only individual species.

Environmental quality means studies measuring pollution or alter-
ations of living conditions which are expected to affect the studied
environment (Amor et al., 2010; Fajardy et al., 2018; Haas et al., 2014;
Nukazawa et al., 2020; e.g., Wang et al., 2022). Example of studies in
this study sample are studies analysing measurements of heavy metals
concentrations in water streams or reservoirs connected to hydropower
plants, and studies measuring hydrological alterations because of hy-
dropower production.

3.4.2. The productivity approach

Footprints means studies translating consumption of resources into
the need for land, carbon sequestration and/or water usage to provide
the resources needed to fulfil the specified consumption or production.
These measurements are usually referred to as ecological- and/or water
footprints (e.g., Alfalih and Hadj, 2022; Altintas and Kassouri, 2020;
Koseoglu et al., 2022; Pata, 2021; Pata et al., 2021; Wackernagel and
Rees, 1996).

Ecological services mean studies quantifying the resources and regu-
lating services that nature provides to humans. By studying the potential
consequences of renewable energy development on the ecological ser-
vices, this analysis can uncover potential costs measured in monetary
values, which can further aid in a cost-benefit analysis (e.g., Liang et al.,
2016; Pittock et al., 2017; Souter et al., 2020; Wang et al., 2010).

3.4.3. The topographic approach

Land use efficiency means studies on land use from renewable energy
generation. These measurements are usually denominated as the
amount of energy produced per unit of area (e.g., Bonamente et al.,
2015; de Faria and Jaramillo, 2017; Laha and Chakraborty, 2021;
Nasouri and Delgarm, 2022; Nock and Baker, 2019; Popescu et al.,
2020). Exactly how land use is defined varies across studies, where some
account for the physical area the infrastructure covers, while others
include the regulated energy production area.

Land use suitability means studies assessing landscape indicators
relevant for the placement of renewable energy infrastructure (Li, 2018;
Naseri et al., 2021; Nguyen et al., 2021; Omitaomu et al., 2015; Rosch
et al., 2013). For example, instead of quantifying the impacts on land
use, these studies incorporate indicators that are relevant when esti-
mating the potential for renewable energy generation in a particular
location. These types of studies are usually at the border of this review
scope, since these suitability considerations usually are focusing more
on practical aspects of placement, like slope of the mounting surface for
solar PV-panels, or avoidance of farmland to avoid expropriation. This
study has not included studies that only have evaluated land-use effects
on visual properties (scenic effects).

3.5. Impact categories and specific indicators across renewables

Fig. 4 shows how biosphere integrity approaches vary across re-
newables. Fig. 5 shows that each approach contains several impact
categories and gives examples of specific indicators. In this section this
study elaborates on impact categories and specific indicators used for
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Fig. 5. A typology for renewable energy’s impacts on biosphere integrity. The figure shows examples of specific indicators, see text for a full description. Meth-

odology is indicated on the right side.

each renewable energy source. This study has chosen not to elaborate on
the studies categorized with tidal/wave and geothermal, since the
number of studies within these categories are low. However, note that
the wave/tidal studies are often overlapping with the offshore wind
studies.

3.5.1. Hydro power

For the studies on hydro, the biosphere integrity approaches were
categorized as follows: 72 % on biodiversity, 8 % on productivity, and
20 % on topography (Fig. 4).

In the biodiversity approach, the set of indicators named Indicators
of Hydrological Alteration (IHA) are most used within this study sample
(Armanini et al., 2014; Gunawardana et al., 2021; Li et al., 2018; Lu
et al., 2018; Yan et al., 2021). These indices measure the environmental
quality, i.e., abiotic factors affecting living conditions for species found
in the water stream and accompanying vegetation, like minimum and
maximum flow rate, and changes in flow rate at different temporal
resolutions. Within the flow index studies, quite a few assess the sig-
nificance of temporal resolution on the flow data, where some settle for
monthly averages, other argue for using daily averages, or even hourly
flow data (Bejarano et al., 2017; Bevelhimer et al., 2015; Haas et al.,
2014; Meile et al., 2011). Some also focus on the difference in using a
fixed minimum ecological flow, and a dynamically set minimum flow
which is set relative to the natural flow above the reservoir (Gorla and
Perona, 2013; Lu et al., 2018; Luo et al., 2021; Niayifar and Perona,
2017). For hydropower with reservoirs, this is especially relevant, as the
generation of power directly influence the flow rate downstream,
potentially resulting in ecologically harmful curtailment of the water
flow during times of low electricity generation, and in too large flow
during periods of hydropeaking because of high price periods or other
events necessitating high electricity generation. Balancing the economic
benefits of high production during high price periods, and ecological
effects downstream are a key issue for reducing the trade-offs between
renewable energy production and biosphere integrity impacts.

Indicators used on the productivity approach are diverse. In some

studies, ecosystem services are valuated, like impacts on fishery pro-
duction (Pittock et al., 2017), and benefits from flood control (Hurford
et al., 2020; Liang et al., 2016). Other studies provide numbers on the
ecological footprint from hydropower, comparing it to other energy
technologies (Bieksa et al., 2021; Huijbregts et al., 2008; Jess, 2010;
Pata and Aydin, 2020).

Quantifying topography impacts are either related to general land-
use numbers for hydropower (Zarco-Gonzalez et al., 2021), or on the
landscape impacts from damming hydropower, using metrics used to
quantify landscape fragmentation (Diaz et al., 2019; Liu et al., 2013;
Ouyang et al., 2009). Furthermore, studies on landscape fragmentation
can either focus on measuring fragmentation in general, or dive deeper
into the understanding of how the fragmentation affect the ecosystem in
question, for example through the establishment of artificial islands and
the isolation of species (Palmeirim et al., 2017). These types of studies
have been categorized with both biodiversity and topography ap-
proaches. Another interesting approach is to analyse the overlap be-
tween existing and planned renewable energy infrastructure, including
hydropower, and protected areas (Popescu et al., 2020).

3.5.2. Bio energy

For the studies on bio, the biosphere integrity approaches were
categorized as follows: 50 % on biodiversity, 18 % on productivity, and
32 % on topography (Fig. 4).

In the biodiversity approach, an emphasis is put on assessing
development in biodiversity metrics when arable land is transformed to
growing bioenergy crops (Chiatante et al., 2019; Haga et al., 2020;
Haughton et al., 2016; Langeveld et al., 2012; Nunez et al., 2020). A
common focus for these studies is on converting marginal lands,
generally defined as unproductive farmland, to grow bioenergy crops.
This assessment is usually carried out by counting species present in the
research area, and then calculates a biodiversity metric, like the Shan-
non diversity index (Chiatante et al., 2019). Short rotational crops (SRC)
are often presented as a promising bio energy crop type which has
favourable attributes for biodiversity (Haughton et al., 2016; Langeveld
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et al., 2012; Petzold et al., 2014). Studies on forest ecosystems are also
well represented in the study sample, where the main focus are directed
towards the biodiversity effects of utilizing harvest residues for energy
purposes, and the importance of dead wood in the forest for local
biodiversity in general, or for selected species that also may be included
as indicator species (Akujarvi et al., 2021; Grodsky et al., 2020; Sullivan
et al., 2011; Verkerk et al., 2011). The most cited publication overall in
this study sample is the study by (Alkemade et al., 2009), which describe
a model for analysing effects on the biodiversity from a range of drivers,
including growing bioenergy fuels. They use the indicator named mean
abundance of original species relative to their abundance in undisturbed
ecosystems (MSA) and calculate this by using numbers on marginal ef-
fects on MSA from different land-use types detected in the literature.
Specifically for bioenergy, the authors model a scenario where bio-
energy fuel from forests is provided for climate mitigation, and the ef-
fects this has on land-use and the MSA. A newer application of the MSA
indicator is conducted in (Nunez et al., 2020).

In the productivity approach, the studies are evenly distributed be-
tween the footprints and ecological services categories. There are no
obvious indicators used in the ecosystem service studies, which includes
(Guo et al., 2016; Krause et al., 2017; Matthies et al., 2016; Meyer et al.,
2015). For the footprints studies, some provide inference between bio-
energy and footprint indicators on a national level, including ecological
footprint (Alfalih and Hadj, 2022; Bieksa et al., 2021; Shah et al., 2021),
while others apply ecological footprint calculations in life cycle assess-
ments of bioenergy (Huijbregts et al., 2008).

Considering the topography studies on bioenergy, 92 % focus on
land-use efficiency, and the remaining 8 % study land-use suitability.
Given the wide-ranging possibilities for bioenergy regarding both en-
ergy sources and energy carriers, the studies are diverse in their scope.
Some study the land use effects of growing biomass on croplands, both
productive and unproductive (Dolan et al., 2022; Evans et al., 2010; Leal
et al., 2013; Miyake et al., 2015; Rosch et al., 2013). When crop grown
biomass are considered, land use change (LUC) effects are an important
topic. These effects are included in the studies by (Leal et al., 2013; Tan
et al., 2009; Untenecker et al., 2017). When considering the potentials
for carbon capture and storage, bioenergy carbon capture and storage
(BECCS) are a known alternative. In light of land-use change, this has
been studied by (Fajardy et al., 2018; Hanssen et al., 2022). (Hanssen
et al., 2022) have linked the calculated land use to global terrestrial
vertebrate species richness, combining the biosphere approaches of
biodiversity and topography.

3.5.3. Wind energy

For the studies on wind, the biosphere integrity approaches were
categorized as follows: 53 % on biodiversity, 15 % on productivity, and
32 % on topography (Fig. 4).

The biodiversity studies within wind energy differs between the
onshore and offshore variants. Onshore wind studies are focusing on
bird collisions (Battisti et al., 2020; Bose et al., 2018; Cole and Dahl,
2013), and also on potential impacts on ecosystems which are close to
the wind power infrastructures (Patru-Stupariu et al., 2019; Santos et al.,
2010; Winder et al., 2014). Offshore wind studies, on the other hand, are
focusing more on the artificial reef effects that the foundations of the
wind turbines introduce, and the possible implications these structures
have on the affiliated ecosystem and species during operation (Nogues
et al., 2021; Pezy et al., 2020; Raoux et al., 2017; Reubens et al., 2013),
and some also incorporate potential effects restricted fishing will have
around the offshore wind infrastructure. More specifically, a special
interest is directed towards the changes in food webs and the affiliated
trophic level compositions (Pezy et al., 2020; Raoux et al., 2019; Raoux
etal., 2017). These studies apply ecological network analysis, and model
possible outcomes based on the model’s knowledge on species in-
teractions. An indicator used to assess these effects are changes in the
mean trophic level (MTL) (Raoux et al., 2019, p. 8). Note that many of
these studies rely on modelling, and not measurements on offshore wind
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infrastructure currently operating. One study has performed measure-
ments on artificial structures offshore which is intended to mimic
offshore wind infrastructure, calculating the Shannon diversity index for
assessing the biodiversity effects (Bender et al., 2020).

There are 10 studies applying productivity approaches, where 6 of
these apply footprint measurements to compare wind energy with other
energy technologies, without specifying onshore and offshore technol-
ogies (Bieksa et al., 2021; Browne et al., 2010; Huijbregts et al., 2008;
Jain et al., 2020; Jess, 2010). The ecosystem service methods are applied
on the remaining 4 studies, where the most concrete example is the
study by (Cole and Dahl, 2013) providing calculations on monetary
compensations for white-tailed eagle collisions at an onshore wind-
power plant at Smgla, Norway.

Topography measurements are a common metric when wind power
is discussed, and this is also prevalent in this study sample. Among the
wind energy studies on topography, nearly all of them are applied to
onshore wind or on the generic wind option. These studies usually use a
measurement on land-use to compare wind power with other energy
sources and technologies, relying on secondary sources for providing the
land-use measurements (Copp et al., 2022; de Faria and Jaramillo, 2017;
Grachev, 2018; Hong et al., 2014; Laha and Chakraborty, 2021). Some
notable studies are the literature review conducted by (van Zalk and
Behrens, 2018, p. 146), which presents statistical distributions on
measurements of selected indicators used in the literature for comparing
energy technologies, including land-use. (Diffendorfer et al., 2019; Guo
et al., 2020; Jones and Pejchar, 2013) provide a more holistic view on
land-use by using landscape metrics to study the ecological effects
onshore wind infrastructure impose on the landscape, accounting for
landscape fragmentation effects and the implications that can have on
impacted ecosystems. Lastly, (Popescu et al., 2020) conducted a GIS-
analysis for detecting overlap of existing and planned wind power
infrastructure with areas of significance for biodiversity in the Canadian
province of British Columbia.

3.5.4. Solar energy

For the studies on solar, the biosphere integrity approaches were
categorized as follows: 36 % as biodiversity, 11 % as productivity, and
53 % as topography (Fig. 4).

For the biodiversity approaches on solar energy, environmental
quality is the main impact category, with 16 studies across all catego-
rized solar technologies. Among these 16 studies, a high share consists of
life cycle analysis (LCA) studies, which usually apply measurements of
contamination for assessing impacts on biosphere integrity, called mid-
point indicators. An LCA can also include impact assessments on end-
point indicators, which aggregate the impacts from the mid-point
phase into cause and effects categories often named human health,
ecosystem quality and resource depletion. A selection of studies from
this study sample applying LCA methodologies are (Amor et al., 2010;
Guarino et al., 2020; Rashedi and Khanam, 2020; Ratner and Lychev,
2019). In light of the LCA focus above, one interesting study by (Huij-
bregts et al., 2008), which has been referred to previously in this review,
compares an LCA impact assessment method (Ecoindicator 99) with
ecological footprint (EF) calculations. This approach is interesting since
they compare two of this study’s defined biosphere integrity approaches
(biodiversity and productivity). One main finding is that the numbers
from EF and LCA usually coincide with each other, but that the calcu-
lated ecological footprint are less impacted in cases where “relative high
mineral consumption and process-specific metal and dust emissions” are
involved compared to the LCA calculations (Huijbregts et al., 2008, p.
1). In the ecosystem impact category, no studies are conducted on spe-
cific solar energy infrastructure, but are more general in their assess-
ment of trade-offs between biosphere integrity and solar energy
infrastructure. A common focus of these studies is on reducing these
trade-offs (Agha et al., 2020; Haga et al., 2020; Hernandez et al., 2019).

Productivity is the biosphere integrity approach with the lowest
share among the solar energy studies. The main focus among these
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studies is on applying footprint measurements in projections of solar
energy development, and compare these with other energy sources or
technologies (Bieksa et al., 2021; Jain et al., 2020; Krotscheck et al.,
2000). The study by (Prinsloo et al., 2021) differs some from the others
in the footprint category, where they focus on developing a framework
for evaluating floating solar photovoltaic infrastructure, like benefits on
ecosystem services of reduced evapotranspiration from water reservoirs.

Topography is the biosphere integrity approach with the highest
share of studies among solar energy studies. Within the topography
approach, 81 % focus on land-use efficiency, and the remaining 19 %
study land-use suitability. One unique possibility for solar energy, both
photovoltaic and heat, is the flexibility of placement. These possibilities
are also investigated in the literature sample, including (Bonamente
et al., 2015; Hernandez et al., 2019; Nordberg et al., 2021). Acknowl-
edging the possibilities for using solar power plant areas for other ac-
tivities, (Nordberg et al., 2021) describe an indicator for quantifying
land sharing named land equivalent ratios (LERs) on an area combined
with both agriculture, conservation, and solar electricity generation. A
higher LER translates to a more efficient use of the land area in question,
compared to only using the area for a single purpose, for example
agriculture. So, with a LER higher than 1, the solar power plant is ex-
pected to increase the crop yield or improve the living conditions for the
species targeted for conservation. Another category of studies in this
review sample conduct scenario analysis on a future energy system for a
specified area, usually on a country level (Copp et al., 2022; Hong et al.,
2014; Jia et al., 2016; Laha and Chakraborty, 2021; Nock and Baker,
2019). In these studies, land use is included as a relevant indicator for
evaluating the different energy scenarios.

3.5.5. Renewables aggregated

Renewables aggregated means studies that use an aggregated indi-
cator for quantifying renewable energy in general. There is no focus on
specific energy sources or technologies. All included studies in this study
sample use data on national levels, attempting to assess a statistical
inference on whether renewable energy impact biosphere integrity, and
the strength of this impact.

For the studies on renewables aggregated, 92 % used indicators
categorized as productivity approaches, biodiversity and topography
were each included in 4 % of the studies (Fig. 4).

The most common indicator for measuring impacts on biosphere
integrity is ecological footprint (EF), which this study has categorized
within the productivity approach, illustrated in Fig. 5. To provide a
sample from the review, Altintas and Kassouri (2020), Koseoglu et al.
(2022), Zhang et al. (2020), Wang and Dong (2019) all use ecological
footprint as the dependent variable for their selected samples of studied
countries, and include measurements of renewable energy, for example
share of renewable energy in primary energy consumption, or share of
renewable energy capacity in total energy generating capacity as an
explanatory variable.

One notable exception is the study conducted by Bhuiyan et al.
(2018) which is categorized with all three biosphere integrity ap-
proaches of biodiversity, productivity, and topography. They include
measurements on forest area (topography), aquaculture production
(productivity), and the Global Environment Facility (GEF) benefits
biodiversity index (biodiversity) within a panel data regression analysis
on selected Asian countries.

Renewable energy aggregated is the energy category with the most
uneven distribution between studies of biosphere integrity approaches,
and the highest share categorized as productivity approach. This study
finds two notable reasons behind this distribution. First, when estab-
lishing causational relationships between variables in statistical anal-
ysis, it is necessary to provide a plausible link between the variables in
question. Ecological footprint is derived from national accounts and are
therefore intricately linked to the consumption of resources. This is also
the case for renewable energy consumption. Second, numbers on
ecological footprint are available for many nations and across long time
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series, making it easily available and versatile for applying various
statistical methods.

4. Conclusions

This study review 285 full-text articles on renewable energy’s impact
on biosphere integrity, and show how these studies vary across time,
geography, renewables, and, most importantly, choice of biosphere
integrity measurement approaches. This study shows which impact
categories and specific indicators have been used to measure impacts on
biosphere integrity across renewables. Moreover, this study group these
in three broad biosphere integrity measurement approaches: biodiver-
sity, topography, and productivity. The conclusions from this review
are:

e Time: The number of articles on renewable energy’s impact on
biosphere integrity has increased steadily since 2008. The increase
has been particularly strong after 2020.

Geography: Nearly 80 per cent of the publications have used Asia,
Europe, and North America as study areas.

Renewables: Hydro is most studied with a total of 137 publications,
followed by bio (n = 79), wind (n = 59), solar (n = 38), renewable
energy aggregated (n = 22), wave/tidal (n = 11), and geothermal (n
=9). This order coincides well with the ranking of renewable energy
generation by source globally.

Biosphere integrity approach: Slightly more than 50 per cent of the
studies focus on biodiversity, followed by topography (35 per cent)
and productivity (15 per cent) (Fig. 4). Thus, the focus is more on the
effects on the richness and abundance of species and less on the ef-
fects on land use patterns and fragmentation. Only a small fraction of
the studies focuses on nature’s provision of ecological services.
Impact categories: For each biosphere integrity approach, this study
has identified relevant impact categories (se typology in Fig. 5). The
biodiversity approach includes the impact categories species, eco-
systems, and environmental quality. The productivity approach in-
cludes the impact categories footprints and ecological services. The
topographic approach includes the impact categories land use effi-
ciency and land use suitability.

Specific vs. generic indicators: Generic indicators are seldom used in
analyses of one specific renewable energy technology. Rather, these
analyses often use specific indicators tailored to elicit the technol-
ogy’s particular impacts on biosphere integrity. The exemption is
studies of renewables as a group (aggregated). Here ecological
footprint is by far the most common indicator and serves as a generic
indicator for assessing renewables’ impact on biosphere integrity.

Overall, this review shows that the research literature on renewable
energy pays considerable attention to biosphere integrity impacts. The
number of studies grows year by year and most of the renewables’ im-
pacts on biosphere integrity are covered by specific indicators. There is,
however, little consensus on a shortlist of standardized indicators used
across all renewables; and some argue we should not expect one due to
the complexity in the impacts across time, place, and scale (Oparaocha
et al., 2022).

Yet, we need to address and better understand these complexities,
and this includes finding methods to quantify the complexity and in-
teractions of ecosystems. A sensible first step would be to increase the
use of proxy indicators for the impacts of renewables on biosphere
integrity (Oparaocha et al., 2022). Obviously, specific indicators are
needed for assessing the local impacts of concrete renewable energy
projects. The proxy indicators are mainly needed to compare the impacts
on biosphere integrity across renewables. One proxy indicator for all
impact categories seems like a stretch, but one proxy indicator for each
of the three biosphere integrity approach categories seems reasonable.
These proxy indicators should meet all relevant criteria for indicators (e.
g., Holden et al., 2018, pp. 120-121), and, moreover, build on the
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decade-long knowledge on renewables’ impacts on biosphere integrity
presented in this review.

Although contested, ecological footprint is currently the dominant
proxy indicator for productivity. However, ecological footprint is not an
adequate proxy for the two other categories: biodiversity and topog-
raphy. Thus, finding proxy indicators that compare impacts on biodi-
versity and topography across renewables is an important line of further
research.

Finally, this study would like to draw attention to two important
policy implications of this review. First, all renewables inevitably
require large land areas and thus potentially impact biosphere integrity
negatively. It is therefore of outmost importance that renewables’
negative impacts on biosphere integrity are taken into account in all
relevant planning and concession processes to mitigate these impacts.

Second, SDG no. 7 aims at substantially increase the share of re-
newables in the global energy mix. All policies that support this aim
must, however, assess interactions with other SDGs. Of particular in-
terest is the positive interactions (synergies) with SDG 13 on climate
change and the above-mentioned negative interactions (trade-offs) with
SDG 14 and 15 on life on land and below water (biosphere integrity).
Thus, renewable energy policies must encourage renewables to combat
climate change while simultaneously mitigate negative impacts on
biosphere integrity. There is definitely no room for trading off biosphere
integrity to meet other SDGs.
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