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Renewable energy resources are essential for combating climate change. However, their use, production and
collection have environmental impacts and climate change effects also affect them. The unique contributions
were that the risks of climate change to renewable energy resources were addressed, which is addressed rarely
before. Climate change, marked the increase of Greenhouse gases (GHGs), affects ground heat source, Asphalt/
concrete-covered areas and borehole energy at about 0.5 risk levels. Toxicity emerges as the primary environ-
mental impact from ground heat sources (0.7), asphalt/concrete-covered areas (0.6), borehole energy (0.9), and
sediment heat energy production (1.6). Bioenergy sufficiency and cost affect bio-oil (2.25), biodiesel (1.9),
bioethanol (2.4), biogas (2.3), forest biomass (2.3), and algae (2.3) at varying risk estimate levels. The most
prevalent impact, observed across all bioenergy and biomass energy sources, is on biodiversity. Extreme weather
phenomena impact ground wind energy (2.7), offshore wind energy (3.4), solar panels and collectors (1.3), and
hydropower (1.2) at varying risk estimate levels. Ground and offshore wind energy have effects on birds and
other animals at levels of about 1.3 and 1.1, respectively. Field-based biomass energy is affected by climate
change more than other renewable energy resources. Ground heat sources were the least-affected type of
renewable energy and the type with the fewest effects on the environment was solar energy/collectors. The
significance of the study is that it helped to make it clear that renewables are safe for the environment. This study
assists renewable energy sustainability by creating attractiveness and awareness of its risk-free facts to society.
One of the novelties of the study is that new renewable energy sources were included - sediment heat, asphalt
heat and water heat exchangers. The research concludes that even if the risks of renewable energy are much
lower than fossil fuels, they are still significant and cannot be ignored.

1. Introduction

Risk can be defined as the possibility of the occurrence of a haz-
ardous event that affects the achievement of objectives (Misra, 2008).
Usually, risk causes negative impacts. Decision-making also is affected
by the severity and characteristics of risk (Misra, 2008). According to
Yaghlane et al. (Yaghlane et al., 2015), risk analyses have become much
more important due to the increase in industrial accidents. However,
this risk analysis article is not about industrial processes, but rather
specific renewable energy resources that are affected by climate change,
useful equipment for these resources and the risks of their utilisation to

the environment. Risk can be environmental, economic, technological or
social (Borghesi and Gaudenzi, 2013). In terms of environmental risk,
the loss can consist of a naturally maintained environment becoming
more polluted and insufficient for its ecosystems to survive. In economic
terms, risk can include the loss of money. Technological risk can
encompass loss of methods for producing products from the environ-
ment, such as energy available for collection or extraction falling
dramatically due to a technology shortage. This is particularly relevant
because technological advancements are essential for improving the
efficiency and economics of renewable energy processes and for
restricting CO5 growth (Olabi and Ali Abdelkareem, 2022). Social risk,

Abbreviations: CHP, Combined heat and power; COVID-19, Coronavirus disease; GHG, Greenhouse gas; GHGs, Greenhouse gases; LCA, Life Cycle Assessment; PBR,

Photobioreactor; PV, Photovoltaic cells.
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on the other hand, includes the loss of an ideal living environment or
social status. For example, climate change causes risks to our only living
planet, which in turn implies risks for effective social survival. The
future consequences of risk may be negative (hazard risks) or positive
(opportunity risks) or could lead to uncertainty, and the lack (partial or
total) of information (Borghesi and Gaudenzi, 2013). Climate change
causes uncertainty for the whole world and its inhabitants.

According to (Misra, 2008), the steps in the risk management process
are:

. Identification of risk in a selected domain of interest;

. Planning the remainder of the process;

. Mapping out the social scope of risk management, the identity and
objectives of stakeholders, and the basis upon which risks will be
evaluated constraints;

. Defining the framework that will be used in the activity and an
agenda for identification;

. Developing an analysis of risks involved in the process;

. Mitigation of risks using available technological, human and orga-
nizational resources.

Fig. 1, which was originally presented in (ISO 0, 3100, 2015), shows
a diagram that presents the solutions proposed in the risk management
process.

Risk identification, risk estimation and risk evaluation are the most
important steps in risk analysis. Risk identification is a distinct activity,
which is a part of the risk assessment process (Borghesi and Gaudenzi,
2013). Furthermore, the full value of the risk identification procedure
comes from its comprehensive description of the risks identified (Piney,
2003). The whole process of risk identification for this research was
reported separately in the publication of Girgibo (Girgibo, 2022). Risk
estimation and analysis were performed by creating two tables: 1.
Climate change risks for renewable energy resources, and 2. Risks of
renewable energy use and production to the environment. The experts
consulted to estimate the risks were mainly from Finland, with the
majority from the region of the city of Vaasa, with one from Sweden.
They gave their estimations of risks on a scale from 0 (no risks) up to 6
(extremely high-level risks). After collecting these expert evaluations,
the average values of all evaluations were calculated. Risk evaluation
was carried out in two steps: 1. Eliciting expert opinions (Yaghlane et al.,
2015): the research used quantitative methods based on expert opinions,

i

Energy Reports 11 (2024) 1517-1534

meaning that experts were asked to quantify their judgments numeri-
cally. 2. The expert opinions are aggregated and averaged. The research
appreciates the help of the experts who provided their opinions and
assigned these opinions a risk level in the risk matrix.

Environmental risk can be defined as the potential or actual risks of
various phenomena to the environment and living organisms. These
effects can be due to emissions, resource depletion, effluents, wastes, et
cetera. The ideas concerning the topic of technological risks brought up
during the discussion with senior advisor were the following. The lack of
a systematic means of integrating renewable energy globally is a pri-
mary problem in promoting the use of renewable energy technology and
resources. Building infrastructure to buttress technology deployment
was supported in policy proposals for an energy transition towards net
zero emission resources (IEA, 2020). Environmental uncertainty and
carelessness are the main risks associated with the use of renewable
energy, in the sense of using environmental resources irresponsibly and
eventually depleting them. The risk in Finland would be the end of
forestry. The renewable energy market is new, which means there are
not as many risks as fossil fuel energy resources, which are more
developed. According to Wing and Jin (Wing and Jin, 2015), the sales
price in the market is guaranteed by policies for renewable energy re-
sources and grid access. New technology development leads to the
obsolescence of older technology, which implies lower efficacy
compared with newer versions (Gatzert and Kosub, 2016). Therefore,
the early planning of projects using new technologies with renewable
energy is risky, since equipment efficiency might develop further,
leading into diminished public acceptance of the project and potentially
less political support (Gatzert and Kosub, 2016). A major barrier to the
use of renewable energy sources are national policies and policy in-
struments, which also affect costs and technological innovations (Owusu
and Asumadu-Sarkodie, 2016). In addition, inaccuracy in early planning
regarding resource assessment and the supply of renewable energy
technology can also create risks (Gatzert and Kosub, 2016).

Risk matrices are a useful tool for risk assessment despite their lim-
itations (Landell, 2016). Therefore, the risk matrix method was sup-
ported by other methods in this analysis. On the other hand, the risks of
different renewable energy types have been addressed by some publi-
cations, including the following: Saner et al. (Saner et al., 2010) stated
that the impact of ground source heat pumps in a life cycle analysis can
be represented by CO, emission equivalence and that greenhouse gas
(GHG) emissions are not the only impact of geothermal energy.
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Fig. 1. A diagram presenting the solutions proposed for the risk management process. (The diagram was designed by Andrei Palomaéki at Studio Andrei. The original

source of the picture was (ISO 0, 3100, 2015)).
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Greening (Greening and Azapagic, 2012) published a comprehensive
analysis of different types of domestic heat pumps, covering their life
cycle environmental impacts and the potential implications for the UK.
Johnson (Johnson, 2011) showed that the footprint of heat pump re-
frigerants is a significant greenhouse gas pollution source. In 2012, a
quarter of total energy consumption in Finland was due to wood fuel
energy production (Energy and climate, 2014). This shows the impor-
tance of bioenergy in Finland. In addition, Energy and Climate (Energy
and climate, 2014) state that the growth plan was for 25 TWh shares of
Finnish electricity and heat production to come from forest chips by
2020.

According to Repo et al. (Repo et al., 2011), average emissions per
unit bioenergy energy production from Norway spruce stumps
decreased by about 20 % and bioenergy from branches decreased by
about 60 % compared with the overall fuel cycle emissions of natural
gas, after 50 years. ‘The idea of biofuels production from micro algae is
not new, but currently, it has received the keenest interests in an effort to
combat global climate changes. Most of the studies have been focused on
the following aspects: (1) the micro algae culture system, including
raceway, photo bioreactor (PBR) and fermenter; (2) collection,
screening and classification of micro algae, (3) molecular biology and
genetic engineering; and (4) system analysis and resource assessment.
The strengths of micro algae-based biofuels as the third-generation
biofuels are many’ (Zhu et al., 2014). Solar energy has the lowest
impact on total greenhouse gas emissions relative to the national
renewable energy targets of Finland (Sokka et al., 2016). The risks and
environmental impacts of renewable resources cannot be ignored even if
they appear to be small (Sokka et al., 2016). There are different types of
renewable energy risks: environmental, economic, social and techno-
logical. Economic and social risks were not addressed in depth in this
study. However, the environmental risks of renewable energy use and
production were one of the key contributions in this paper. The number
of researches who have addressed this issue is small. The other area of
contribution was that of the risks of climate change to renewable energy
resources. These are unique contributions that have not been addressed
much in other studies, even compared with the environmental risks of
renewable energy. The significance of the study is that aimed to help in
making sure renewables are safe for the environment leading and
helping renewable energy sustainability by creating attractiveness and
awareness of its risk-free facts to society.

Novelty of this research compared with the current status on the
investigated topics was done as follows based on former research pub-
lications. After reading of the 37 articles, most of them differed from the
current article in the way that they focused on fossil fuels or non-
renewables (In et al., (In et al., 2022); Moncada et al., (Moncada
et al., 2018); Su et al., (Su et al., 2023); Zhong et al., (Zhong et al.,
2023)), only on solar or wind energy (Costoya et al., (Costoya et al.,
2019), (Costoya et al., 2022); Fant et al., (Fant et al., 2016); Kosmadakis
et al., (Kosmadakis et al., 2021); Low & Honegger, (Low and Honegger,
2022); Mauleén & Hamoudi, (Mauleon and Hamoudi, 2017); Murphy
et al., (Murphy et al., 2020); Schinko & Komendantova, (Schinko and
Komendantova, 2016); Tariq et al., (Tariq et al., 2022); Zheng & Sha-
habi, (Zheng and Shahabi, 2023)), hydropower (Kumar et al., (Kumar
et al., 2021); Zhao et al., (Zhao et al., 2023)), wave energy (Galparsoro
et al., (Galparsoro et al., 2021); Ribeiro et al., (Ribeiro et al., 2021)),
bioenergy (Pereira et al., (Pereira et al., 2015); Welfle & Roder, (Welfle
and Roder, 2022)) or nuclear power (Bhattacharyya et al., (Bhatta-
charyya et al., 2022)). Many of them were also located in very different
country compared to Finland, like China (Gong et al., (Gong et al.,
2022); Linetal., (Lin et al., 2022); Yang et al., (Yang et al., 2016)), Brazil
(Dranka & Ferreira, (Dranka and Ferreira, 2018)), Russia and Ukraine
(Lorente et al., (Lorente et al., 2023)), Iran (Shahnazi & Alimo-
hammadlou, (Shahnazi and Alimohammadlou, 2022)), Malaysia (Ibra-
him et al., (Ibrahim et al., 2022)), Australia (Goddard & Farrelly,
(Goddard and Farrelly, 2018)) Africa (Sweerts et al., (Sweerts et al.,
2019)) or comparison of many countries (Marti et al., (Marti et al.,
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2022)). Focus of articles were also different, like finance and prices
(Polzin et al., (Polzin et al., 2019); Wang et al., (Wang et al., 2023); Xia
et al.,, (Xia et al., 2019)), investments and willingness to pay (Hojnik
et al., (Hojnik et al., 2021); Rahmani et al., (Rahmani et al., 2023)).
Methodology of the former studies were different too, focusing on sta-
tistical methods (Kouloukoui et al., (Kouloukoui et al., 2019); Santos
et al., (Santos et al., 2016)) instead of interviews, which were used in
this research.

In addition, the novelty of this article is that the risk of climate
change on renewable energy was not addressed in the previous scientific
research and publication. The only environmental risk on renewable
energy was the website (Concerned Scientists, 2013). Except that there
has been significant publication how renewable energy is useful for
combat climate change e.g (EEA report, 2018; Hannah, 2011). and IPCC
reports, but not the risks of climate change to the renewable energy. In
additions, the other novelty of this study is building on Holma et al.
(Holma et al., 2018), the new renewable energy solutions which are the
water heat exchanger, the sediment heat production energy system and
the asphalt/concrete areas as a heat energy source, those were addressed
in this article. This research addresses two gaps: Firstly, the absence of a
scientifically based climate change risks analysis for renewable energy.
To the authors knowledge there have not been any scientifically based
climate change risks to renewable energy analysis. The previous publi-
cation Holma et al. (Holma et al., 2018) and Sokka et al. (Sokka et al.,
2016) results in their analyses on the use and production of renewable
energy risks to the environment have not include the new technologies,
which are presented in this article. Secondly, existing risk analyses [61
and 19] lack coverage for newer technologies, specifically sediment heat
energy and water heat exchanger.

The research questions addressed in this article are: 1. What and how
much are the risks of climate change to renewable energy resources? 2.
What and how much are the risks of renewable energy use and pro-
duction to the environment?

2. Methods

The detailed procedures of this research were published in Girgibo
(Girgibo, 2022). According to Misra (Misra, 2008), there usually are
three main stages involved in quantitative risk assessment: risk identi-
fication; risk estimation; and risk evaluation. A similar procedure to that
planned and used by Holma et al. (Holma et al., 2018), modified for this
paper’s expertise meetings, is described below. The method of expert
view was chosen because of Holma et al. (Holma et al., 2018) indication
that the process helps to assess risks in the field of renewable energy
with professional person knowledge one can quickly identify the asso-
ciated risks. This was true in this paper’s case because the current
research found similar results to that of Holma et al. (Holma et al., 2018)
even though both used different expertise to analyse the environmental
impacts of renewable energy use and production. Of the experts that
provided evaluations, thirteen were from Finland and one from Sweden.
These experts were divided roughly equally into three renewable energy
resources groups: geothermal energy, bioenergy and biomass, and solar
energy. More than 25 experts were contacted, but only 14 were able to
deliver their evaluations. The overall data collection time was more than
seven months since the first request was sent by email. The construction
of the whole experiment and study took more than two years and began
in March 2019. Similar evaluations were planned for both risks: 1) Risks
to renewable energy resources caused by climate change and 2) risks to
the environment caused by renewable energy production and use. Risk
analysis was performed by experts, who evaluated the risks on a scale
from 0 to 6, from ‘no risk’ to ‘very high risk’, as shown in the matrix of
the risk analysis table. The scale is as follows: 6 = extremely high risk,
4 = high risk, 2 = medium risk, 1 = low risk and 0 = no risk; empty
boxes were coded as zero risk (see Table 1 for similar explanations). All
risks analysed in this study are negative risks or threats, not positive
risks. However, the procedure consisted of the following steps:
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Table 1
Risk estimate levels used in this study.

The risk analysis
was carried out by
who evaluated the

Range used for this research
in comparison with Holma
et al. (Holma et al., 2018)

Definition of range in
risk analysis in this
research (and in Holma

risk level et al. (Holma et al.,
2018))
6 Greater than 4.0 = Extremely Extremely high risk
significant (Extremely significant)
4 2.0 — 4.0 = Very significant High risk (Very
significant)
2 1.0 - 2.0 = Significant Medium risk (Significant)
1 0.0 — 0.95 = Somewhat Low risk (Somewhat
significant significant)
0 0.0 = Not significant No risk (Not significant)
1. Verbal discussions between the organiser group members and

others on both types of risks and impacts.

. Critical stage: determining the impacts and risks, with the overall
impacts determined via verbal evaluations.

. The group members identified both types of risks in identification
tables.

. The new risks identified were added to matrix tables for both risk
identifications.

. Panel discussion was not performed because of COVID-19
(Coronavirus disease). All members gave their rankings for the
risk matrix tables through email.

. All table data collected was calculated by the organisers.

. After the calculation, the experts received the risk analysis result
table by email.

. The organisers requested comments on the final risk table.

. Modification was carried out according to the comments.

10. The final table of risks will be sent to all experts by email. The

result will be used in this article in risk analysis as the result and
for further future analysis.

The panel discussion step could not be carried out due to the global
coronavirus pandemic, which also affected the Vaasa region. Therefore,
most face-to-face contacts were not used, but a few email discussions
were conducted. Afterwards, the experts were asked to evaluate the risk
analysis matrix and to send their assessments by email to avoid face-to-
face contact. The result shows lower values, most between 0 and 1. This
was because the result represents average risk level values for experts
who replied for specific renewable energy types.

3. Results
3.1. Identification of risks

The whole risk identification process and results of this research
were reported separately in the publication of Girgibo (Girgibo, 2022).
The risks identified and used in the estimation had two classes: 1.
Climate change risks and 2. Risks of renewable energy use and pro-
duction to the environment. In the first category, the risks identified and
used in the estimation matrix were extreme weather phenomena; wind
speed; storms (wind speed and lightning); local or temporal air tem-
perature increases; global warming; ice melting, including melting of ice
in Greenland and polar areas and melting of permafrost in Siberia; in-
creases in greenhouse gases (GHGs); precipitation increase; severe
drought; sea level rise; water temperature increases; high waves; the
thickness of ice in the sea and lakes, concretely the disappearance of sea
ice; bioenergy sufficiency; the cost of bioenergy; the effects of land up-
lift; new plants in fields (invasive species); new insects in fields (invasive
species); new trees in forests, with growing areas to the north and insects
in the forest, including two generations in summer.

For the second (renewable energy risks to the environment) the
research used similar risks (two new risks added in this research
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‘lowering of groundwater level’ and ‘effects on birds and other animals’)
to those that Holma et al. (Holma et al., 2018) identified: climate
change, ozone depletion, acidification, tropospheric ozone formation,
particulate matter formation: public health effects, eutrophication,
toxicity, the impacts of biodiversity, soil depletion and soil quality,
water use/water footprint, land use (land area as a resource), lowering
of groundwater level (this groundwater risk identified was not included
in Holma et al. (Holma et al., 2018)), abiotic resource depletion (metals,
minerals, fossil fuels), radiation, plant pests and disease, and effects on
birds and other animals. The easiest definition of toxicity is the quality of
being very harmful or rapidly unpleasant. The similarity in these iden-
tifications helped us to compare this research results with those of
Holma et al. (Holma et al., 2018), as presented in the discussion section
of this article.

3.2. Estimation and analysis of risks

In the next subsections, the estimates for the risk levels of and to all
types of renewable energy are presented. These results describe the
average risk estimate levels based on expert opinions.

3.2.1. Geothermal energy risk analysis

3.2.1.1. Ground source heat. The risks of climate change to ground
source heat were the lowest for all the geothermal energy types analysed
here. The estimated risk level due to increased greenhouse gases was the
highest, at about 0.5. The rest of the risk levels were below 0.5, with
most being zero (see Fig. 2 for further information). Thus, one can
conclude that ground source heat is the most promising among
geothermal energy types since it will not be substantially affected by
climate change effects.

The risks of the use and production of ground source heat mainly
involved soil depletion and effects on soil quality, land use, and the
groundwater level. The risk estimates for toxicity and soil depletion and
soil quality were about 0.6 and 0.7, respectively. The risk estimates for
land use and the groundwater level were 0.6 and 0.5, respectively. The
remainder of the risk estimates were below 0.4, with some even being
zero. Except for the risks of the use and production of shallow
geothermal sources in terms of toxicity, land use, soil depletion and
groundwater, the remainder of the risks are among the lowest compared
with the other geothermal energy types analysed here (see Fig. 3 for a
detailed understanding).

3.2.1.2. Asphalt/concrete-covered areas. The highest risks from climate
change risks to renewable energy for asphalt/concrete-covered areas
came from precipitation (rainfall) effects, with a risk level estimate of
about 0.9. The increase in greenhouse gases had the second-highest
estimate for asphalt areas, at about 0.5. Extreme weather phenomena,
severe drought (lack of rain) and global warming were next, with
roughly similar risk estimates of 0.4, 0.4 and 0.3, respectively. The rest
of the risk level estimates were approximately zero, or at least below 0.2.
The use of asphalt/concrete-covered areas for heat energy production
seems to be the most promising strategy, in terms of climate change
risks, aside from ground source heat (Fig. 2 for detailed results).

The use and production of asphalt/concrete-covered areas for heat
energy production have some of the lowest risk level estimates. How-
ever, they have the highest estimated risk of producing toxicity, about
0.6. The mid-level risks, at around 0.3, were associated with climate
change, particulate matter formation, public health effects, soil deple-
tion and soil quality changes, land use and abiotic resources. The other
risks generated by the use and production of asphalt energy were very
low and indeed approximately zero (Fig. 3). This analysis shows that
asphalt heat energy use and production was one of the safest technol-
ogies under consideration as an energy resource, in terms of its risks to
the environment.
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Fig. 2. Graph showing risk estimate level of climate change risks to geothermal energy types.

3.2.1.3. Borehole energy. Two types of geothermal borehole energy
were analysed: boreholes with and without energy storage. The results
are presented in the following sections:

3.2.1.3.1. Without energy storage. The climate change risks to
geothermal boreholes without energy storage were found to be lower
than the risks to geothermal boreholes with thermal energy charging.
Among climate change risks, the highest were due to increased green-
house gases for borehole energy without energy storage, with an esti-
mated risk level of 0.5. Extreme weather phenomenon had a risk level of
0.4 for this energy type. Global warming, the melting of permafrost,
increased precipitation and severe drought were estimated as having
risk levels around 0.3, with the other risks being lower. In a general
comparison between the two borehole types, boreholes with thermal
energy charging were estimated to face more risks due to climate
change.

Both borehole types have similar environmental use and production
risks, based on this study’s analysis. The main differences were in soil
depletion and soil quality, and in toxicity. The borehole without energy
storage charging was estimated to have a lower risk level for soil quality,
soil depletion and toxicity levels. Soil depletion and soil quality risks
were much lower for the borehole without energy storage charging (see
Fig. 3 for detailed results).

3.2.1.3.2. With thermal energy charging. Among geothermal energy
types, the borehole system with thermal energy charging has the third-
highest risks due to climate change, while among the risks of climate
change, increases in greenhouse gases represent one of the highest risks
for the largest number of geothermal resources. In borehole energy with
thermal energy charging, the increase of greenhouse gases is estimated
to have a risk level of around 0.5. Estimated precipitation increases and
extreme weather phenomena had a risk level of about 0.4. Global
warming, new plants to the fields and severe drought were about 0.2.
The risk levels for the melting of ice and sea level rise were about 0.15.
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The rest of the risk levels were estimated as below 0.1, with some risk
levels even being as low as 0 (see Fig. 2 for detailed results).

The use and production of borehole energy with thermal energy
charging represents a mid-level risk to the environment compared with
the other geothermal energy types analysed here. The risk estimate for
toxicity for the borehole system with storage charging was about 0.9.
Lowering of the groundwater level was estimated to have a risk level of
about 0.7. Public health effects and climate change were estimated at a
risk level of about 0.5. The remainder of the risks caused by use and
production of borehole systems with energy charging were below 0.5,
which is low (see Fig. 3 for more detailed observations).

3.2.1.4. Sediment energy. Sediment energy was expected to face the
second-highest climate change risks of all geothermal energy types, after
the water heat exchanger, which faces the highest risks. The thickness of
sea and lake ice has the highest risk, at about 1.1. Next, extreme weather
phenomena are estimated to cause a risk level of about 0.9. The increase
in greenhouse gases and high waves are estimated to cause risk in
sediment energy at a level of about 0.5. Global warming is estimated to
have a 0.4 risk level for sediment energy. Storms (wind speed and
lightning) and severe drought (absence of rain) both were estimated at a
risk level about 0.3. The rest of the climate change risk types were
estimated to cause lower than a 0.3 risk level for sediment energy. Some
risks associated with climate change even have a risk level of zero for
sediment energy (Fig. 2).

Sediment energy use and production is estimated to have the highest
risks to the environment (Fig. 3). Toxicity due to sediment energy has
the highest risk level, about 1.6. Land use and abiotic resource depletion
are estimated to be caused by sediment energy at a risk level of about
1.0. The risk level of public health effects was about 0.8. Climate change
effects, effects on animals, lowered groundwater and particulate matter
formation were estimated at about 0.7 or lower. The rest of the risks of
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Fig. 3. Graph showing risk estimate level of the risks of the use and production of geothermal energy types to the environment.

sediment energy use and production to the environment are lower than
0.7. The risk levels of use and production of sediment energy to the
environment are much higher compared with climate change risks to
sediment energy. Similar patterns also were noticed in other renewable
energy sources analysed here (Fig. 3). The production and use of re-
newables have low risks compared with non-renewable resources.
Therefore, the benefits of renewable energy are much higher than its
negative impacts, meaning that the use of renewables helps to safeguard
the environment. However, the use and production of any type of energy
has risks to the environment.

3.2.1.5. Water heat exchanger. The water heat exchanger has the
highest risk due to climate change risks to renewable energy compared
the rest of the geothermal energy types that were analysed in this study
(Fig. 2). The risk estimated risk levels due to sea and lake ice thickness
and extreme weather phenomena were 1.4 and 1.1. These were the
highest compared to the other risks to geothermal energy analysed here.
The other highest risks for the water heat exchanger are storms, high
waves and increases in greenhouse gases, which had risk levels 0.9, 0.7
and 0.7 respectively. The lowest values observed for the water heat
exchanger were related to bioenergy and forest risks among climate
change risks. It was also noted that land uplift had possible risks around
the 0.4 level. This means when the water heat exchanger installed, it
must be installed in a deep site. Otherwise, if the heat exchanger is
installed near the shore, after several decays the water level might not be
high enough to generate sufficient heat. This is because land uplift can
cause seawater levels to decline, particularly in shore areas and espe-
cially those in Scandinavia, such as the city of Vaasa, Finland (see Fig. 2
for further understanding of the results).
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The water heat exchanger has some of the lowest renewable energy
use and production risks to the environment compared with other
geothermal energy types. The highest environmental risks of the water
heat exchanger were climate change effects and particulate matter for-
mation, which were both at a risk level of 0.7 (below 1) (Fig. 3). Please
see the meaning of the risk level numbers in the methods section of this
article (Table 1). The lowest values were zero (no risk) (Fig. 3). The rest
of the environmental risks were between 0.7 and 0.0, which is below 1.0
(low risk). This makes the water heat exchanger one of the safest
renewable energy technologies, since it presents little risk to the envi-
ronment during its use and production stages.

3.2.2. Bioenergy and biomass risk analysis

3.2.2.1. Bio-oil. Bio-oil, biodiesel and bioethanol had very similar risks
due to climate change effects. The bio-oil and biodiesel results are not
visible because they are identical to the bioethanol plots (Fig. 4). The
highest risk level for bio-oil was associated with climate change effect
risks to bioenergy sufficiency and costs, with an estimated level of about
2.25. The next highest risk level for bio-oil was 2.0, for risks from
extreme weather phenomena, severe drought, invasive plants and insect
species. Wind, storm and global warming risks to bio-oil are estimated at
about 1.4. The increase in greenhouse gas risks for bio-oil was about
1.25. The rest of the risks from climate change were below 0.8, which
corresponds to precipitation. Some were even estimated as zero (Fig. 4).
Climate change risks for bioenergy and biomass were the second highest
among renewable energy types, after solar-based energies.

In terms of the risks of bio-oil use and production to the environment,
their impact on biodiversity was the highest at 1.2. For almost all
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Fig. 4. This graph shows risk estimate levels for climate change risks to bioenergy and biomass energy types.

environmental risks of bioenergy and biomass use and production, the
impact on biodiversity was the highest. The next highest risk level for
bio-oil was 0.6, an estimate level that corresponded to plant pests and
diseases, acidification and tropospheric ozone formation. Land use and
its effects on birds and other animals were the next-highest risks of Bio-
oil, at about 0.4 for both. The remainder of the risks are lower (see Fig. 5
for further details).

3.2.2.2. Biodiesel. Climate change risks to biodiesel are similar to those
for bio-oil and bioethanol. The highest climate change risk for biodiesel
corresponded to the cost of bioenergy, at a risk level about 2.25. The
next-highest climate change risk level was about 2, corresponding to
extreme weather phenomena, severe drought, bioenergy sufficiency,
new plants in the fields and new insects in the fields. Wind speed, storms,
and global warming also had a risk level of about 1.4 for the risks of
climate change to biodiesel. Next came the effects of increased green-
house gases, at about 1.25. The remainder of the risk estimate levels
were lower than 1 (Fig. 4).

The risks of biodiesel use and production to the environment were
also estimated. Biodiversity risks from use and production were found to
be among the highest for most bioenergy and biomass. The impact of
biodiversity was 1.5 for biodiesel. Toxicity due to biodiesel was esti-
mated to have a risk level of 0.8. The next highest risk level was 0.6,
corresponding to the risks of acidification, tropospheric ozone forma-
tion, particulate matter formation and plant pests and disease generated
from biodiesel use and production. Ozone depletion, soil depletion and
soil quality and effects on birds and other animals had a risk level of 0.4
for biodiesel. The rest of the risks were estimated as well below the 0.4
risk estimate level (Fig. 5).

3.2.2.3. Bioethanol. For climate change effect risks for bioenergy and
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biomass, the highest risks level for bioethanol corresponded to the cost
of bioenergy, at about 2.25. The next-highest risk level estimate was
about 2.0, corresponding to extreme weather phenomena, severe
drought, new plants in the fields and new insects in the fields. The risks
to bioethanol due to wind, storms and global warming were estimated at
about 1.4. The risk level for bioethanol due to increases in greenhouse
gases was about 1.25. The rest of the risks from climate change were
below 0.8, which corresponded to precipitation and more insects in the
forest. Moreover, some risks were estimated as zero (Fig. 4). It is
important to note that bio-oil, biodiesel and bioethanol had the exact
same risk level results for climate change effect risks.

Among the risks of the use and production of bioethanol to the
environment, the highest risks came from its impact on biodiversity, at
about 1.4. The risks of its effects on climate change were about 0.8.
Acidification, tropospheric ozone formation and toxicity were the next
highest risk levels, at about 0.6. The next-highest risk estimate level was
0.4. This estimate was for ozone depletion, soil depletion and soil
quality, plant pests and disease, and effects on birds and other animals.
The rest of the risk estimates were below 0.4 (Fig. 5).

3.2.2.4. Biogas from different sources. The highest risks to biogas due to
climate change were associated with sufficiency of bioenergy, with a risk
estimate level of 1.9. Severe drought had a risk estimate level of 1.8 and
cost of bioenergy had a level of 1.7, which are among the highest risk
estimate levels. Extreme weather phenomena and new invasive insect
species in fields are expected to cause risk for biogas from different
sources, with risk levels of about 1.6 and 1.4, respectively. New invasive
plants in fields and storms are expected to cause risk levels of about 1.25
and 1.1, respectively. Wind speed was about a 0.9 risk estimate level,
causing risks to biogas from different sources. The rest of the risk esti-
mate levels are below 0.9 (Fig. 4).
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Fig. 5. This graph shows risk estimate levels of the use and production risks of bioenergy and biomass energy types to the environment.

The environmental risks of the use and production of biogas from
different sources were also estimated by expert opinions. Biogas use and
production had among the lowest risk levels compared to other bio-
energy and biomass energy types. The highest risk caused by biogas was
0.5, for impacts on biodiversity. Toxicity and its effects on birds and
other animals had a risk estimate level of about 0.3. The remaining risks
to the environment from biogas were below 0.3, which is quite low
(Fig. 5).

3.2.2.5. Forest biomass energy. The highest risks were associated with
the costs of bioenergy, at a level of 2.4. This is a similar pattern to that
seen for other types of bioenergy. Among the climate change risks to
forest biomass energy, storms and extreme weather phenomena both
had a risk estimate level of about 2.2, which is one of the highest. Severe
drought and more insects in the forest with two generations per year had
risk estimate levels of almost 2.0. Global warming and new invasive
insect species in fields had risk estimate levels of almost 1.5. Increased
greenhouse gases and new invasive plants in fields had risk estimate
levels of almost 1.2. New trees in the forest with growing areas had a
level of 0.8. The rest of the risks caused by climate change effects were at
or below the 0.5 risk estimate level (Fig. 4).

The use and production of forest biomass energy causes environ-
mental risk as well, and indeed these risk levels were among the highest
among bioenergy and biomass energy types. The highest risk estimate
for forest biomass energy is 1.8 for impact on biodiversity. Effects on
climate change had a risk level of about 1.1. A risk level of around 0.8
was associated with particulate matter formation, plant pests and dis-
eases, and effects on birds and other animals. Land use (land area as a
resource) impacts were caused by forest biomass energy use and pro-
duction with a risk estimate level of 0.6. Toxicity and public health effect
risk impacts caused by forest biomass energy were estimated to be
around 0.5. The risk level of acidification was around 0.5 as well.
Tropospheric ozone formation and eutrophication risks were about 0.3.
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The risks levels of ozone depletion and abiotic resource depletion
(metals et cetera) were around 0.2. The rest of the risks caused by forest
biomass energy use and production were about or below 0.2 risk esti-
mate levels. Better observation and comparisons can be seen in (Fig. 5).

3.2.2.6. Field biomass energy. Field biomass energy faced risks due to
climate change effects. Some risks of climate change to field biomass
energy were estimated in this study as well. Severe drought (absence of
rain) was the highest risk, estimated at a risk level of around 2.5.
Extreme weather phenomena and the cost of bioenergy were both esti-
mated to have a risk level of about 2.3. Storms and sufficiency of bio-
energy had a risk estimate level of about 2.1. New invasive insect species
in fields caused an estimated risk level of 2.0 for field biomass energy.
Wind speed risk was 1.9 and new invasive plants species risk was 1.6. On
other hand, global warming was estimated to cause a risk level of 1.4.
Insects in the forest (two generations per summer) and precipitation
were estimated to have a risk level of 1.1. The local or temporal tem-
perature increase, the increases in greenhouse gas emissions and sea
level rise have an estimated risk level of about 1.0. The melting of ice in
Greenland and polar areas and the melting of permafrost in Siberia had
risk estimate levels of about 0.7 and 0.6, respectively. Growing areas of
new trees in the forest in the north had a risk estimate level of about 0.4.
Risks due to water temperature and the thickness of ice in the sea and
lakes were about 0.3. The rest of the risks caused by climate change
effects were below 0.3 and some were even close to 0 (Fig. 4).

The use and production of field biomass energy affects the environ-
ment. Effects on biodiversity represented the greatest risk of field
biomass energy, at about 1.5. Risks to land use (land area as a resource)
and climate change were next, at a risk level of about 1.0 and 0.9,
respectively. Particulate matter formation and soil depletion and soil
quality due to field biomass energy had risk estimate levels of about 0.8
and 0.7. Toxicity had a risk estimate level was about 0.6. Acidification,
eutrophication, water use/water footprint, abiotic resource depletion
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(metal, minerals, fossil fuel and so forth) and effects on birds and other
animals were all at a risk estimate level of about 0.5. Tropospheric ozone
formation, public health effects, and lowering groundwater levels were
around the 0.4 risk estimate level. Ozone depletion and plant pests and
diseases were risks at a level of about 0.3. The lowest risk was radiation
risk, which has a 0.0 risk estimate level caused by field biomass energy
use and production (Fig. 5).

3.2.2.7. Algae. For risks to algae because of climate change effects, the
cost of bioenergy and sufficiency of bioenergy had risk levels of about
2.3 and 1.9, respectively. Extreme weather phenomena had a risk level
to algae of approximately 1.4. Wind speed and storms had a risk estimate
level of about 1.2. High waves had a level of about 1.1. Global warming
risk was 1.0, severe drought was 0.9, water temperature was 0.9, the
thickness of ice in the sea and lakes was 0.8 and local or temporal air
temperature was about 0.7. The risk levels due to an increase in
greenhouse gases and new invasive insect species in fields were 0.5. The
risk levels due to increased precipitation were 0.4, the risk due to
melting of permafrost were 0.3, and the risk due to new invasive plant
species in the fields was around 0.3 (Fig. 4). It was also noted that algae
were the least affected by climate change effects among bioenergy and
biomass energy types.

Water use/water footprint had the highest risks due to the use and
production of energy from algae, at a risk estimate level of about 0.7.
Risks at about a 0.4 risk estimate level included eutrophication, impacts
on biodiversity and abiotic resources depletion (metals, minerals, fossil
fuels et cetera). The risk estimate levels of plant pests and disease and
effects on birds and other animals were around 0.3. Acidification and
climate change had risk estimate levels of around 0.2. Risks due to
toxicity, soil depletion and soil quality, and lowering groundwater levels
were estimated at about 0.1. Risks from ozone depletion, public health
effects and radiation were all estimated at 0.0.
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This concludes the risk analysis of climate change effects on bio-
energy and biomass, as well as bioenergy and biomass energy use and
production risks to the environment. In the following two figures (Fig. 4
and Fig. 5) there is more information about the risks of bioenergy and
biomass.

3.2.3. Solar energy-based risk analysis

3.2.3.1. Wind energy. There are two types of wind energy to be ana-
lysed, ground and offshore wind energy. Both are covered in the
following sections.

3.2.3.1.1. Ground. Ground wind energy was mainly affected by a
few climate change risks: extreme weather phenomena, wind speed and
storms with estimated risk levels of 2.7, 2.5 and 2.6, respectively. In
these risk types, the estimated risk levels were the second highest among
solar based energy types, after offshore wind energy. Local or temporal
air temperature risks affected ground wind energy about at a 0.7 risk
estimate level, which quite low compared with the previously
mentioned risks. Severe drought had a risk estimate level of about 0.6.
Further, the rest of the risks generated by climate change effects on
ground wind energy are below the 0.5 risk estimate level. Fig. 6 presents
the rest of the results for risks generated by climate change effects.

Land use (land areas as a resource) represented the highest risks of
ground wind energy to the environment at a risk estimate level of about
1.8. Impacts on biodiversity and effects on birds and other animals had
risks of about 1.1 and 1.3, respectively. Impacts of ground wind energy
on abiotic resource depletion and climate change were around 0.9 and
0.8, respectively. Particulate matter formation and public health effects
both had risk estimate levels of around 0.5. Soil depletion/soil quality
and water use/water footprint risks were both around 0.2. The rest of
the environmental impacts of ground wind energy had zero estimated
risk (Fig. 7).

e \\/ind energy/ground

«=il=s Wind energy/offshore
Solar energy/panel
Solar energy/collector

=== Hydropower

Climate change risks to renewable energy resources

Fig. 6. Graph showing risk estimate levels of climate change risks to solar-based energy types.
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Fig. 7. Graph showing risk estimate levels of the use and production risks of solar-based energy types to the environment.

3.2.3.1.2. Offshore. The highest risks for offshore wind energy were
extreme weather phenomena, wind speed and storms, which have risk
estimate levels of 3.4, 3.1 and 3.3, respectively. The other high-risk
estimates were only for sea level rise and high waves, at levels of 1.6
and 1.8. This is expected because offshore wind energy is mainly
installed in open waters. Therefore, any water-related risks also affect
this energy source. The next-highest risks are the thickness of ice on the
sea and lakes, local or temporal air temperature increases, the melting of
ice in Greenland and polar areas, and sea and lake ice thickness, which
all had risk estimate levels of about 0.9 or below. The melting of
permafrost in Siberia, severe drought, and water temperature increases
were about 0.5. Further, the rest of the risks created by the effects of
climate change were below 0.5 (see Fig. 6 for further information).

There are five main environmental risks of the use and production of
offshore wind: effects on birds and other animals, abiotic resource
depletion, climate change, impacts on biodiversity and particulate
matter formation, which have risk estimate levels of 1.5, 1.1, 0.8, 0.3
and 0.5, respectively. These analyses are important because they clearly
show the variation between ground (onshore) and offshore wind energy
risks. Similar comparisons can be carried out across all renewable en-
ergy analyses. The rest of risks generated by offshore wind energy were
at or below the 0.3 risk estimate level. See Fig. 7 for further observations.

3.2.3.2. Solar energy. There are two means of using solar energy: solar
panel — electricity and collector — heat. The results for both are given in
the following sections. These panels and collector types have relatively
similar risks and they have similar climate change effects, with only a
few differences.

3.2.3.2.1. Panel. Among the risks of climate change effects to solar
panel energy, the highest risk was estimated for storms, at a risk estimate
level of about 1.4. The next-highest risk is due to extreme weather
phenomena, at a risk estimate level of about 1.3. Wind speed had a risk
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estimate level of about 1.1. Increased precipitation and increased
greenhouse gases were at the 0.9 and 0.8 risk estimate levels, respec-
tively. Severe drought (absence of rain) and global warming were
around the 0.6 risk estimate level. Local or temporal air temperature was
around the 0.5 risk estimate level. The rest of the climate change risks to
panel solar energy were below 0.5. For more information, see Fig. 6.

Solar-based energy types have similar patterns in their use and
production risks to the environment. This is true for panel solar energy
as well. Among the risks of solar panel energy, abiotic resource depletion
has a roughly 1.1 risk estimate level, which is the highest value for the
risks of solar panel energy. Land use (land areas as a resource) had risk
estimate levels about 0.6. Climate change had risks from solar panel
energy of about 0.4. Impacts on biodiversity and soil depletion and soil
quality had risk estimate levels of 0.1 and 0.2, respectively. The rest of
the risk estimate levels are at or below 0.1, with most being zero. The
rest of the results are presented in Fig. 7.

3.2.3.2.2. Collector. The highest risks of climate change effects on
solar energy collector technology were due to storms (wind speed and
lightning). The risk estimate level was found to be 1.4 based on the
average of the expert opinions. Extreme weather phenomena and wind
speed were the next-highest risks for collector solar energy, at about 1.3
and 1.1, respectively. The other risks that were visible for solar collec-
tors were due to precipitation, increased greenhouse gases and severe
drought, at risk levels of about 0.9, 0.8 and 0.6, respectively. Global
warming had a risk estimate level of about 0.4. Local or temporal air
temperature was around a 0.2 risk estimate level. The rest of the climate
change effect risks were below 0.2 (Fig. 6).

The use and production of collector solar energy has risks. Abiotic
resource depletion is the highest risk generated by collector solar en-
ergy, at a risk estimate level of about 0.5. Effects on climate change,
water use/water footprint effects and land use (land area as a resource)
were at risk estimate levels of about 0.4, 0.2 and 0.2, respectively. The
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rest of the results show that all the other types of risks due to collector
solar energy were below 0.2 and most risk estimates generated were
zero. For further observations, see Fig. 7.

3.2.4. Hydropower

Hydropower was found to be one of the solar-based energy resources
least affected by climate change effects. Among climate change effects,
drought is the highest risk for hydropower, at a risk estimate level of
about 1.6. Extreme weather phenomena and global warming were found
out have risk estimate levels of about 1.2. Wind speed, storms, melting of
ice in Greenland and polar areas, and sea and lake ice thickness all were
found out to have similar risk levels, about 1.0. Water temperature in-
creases and heat waves had risk estimate levels of about 0.8 and 0.6. The
local temporal air temperature increase, the increase in greenhouse
gases, precipitation, sea level rise and the effects of land uplift all affect
hydropower at the same level, about 0.2. The rest of the climate change
risks included in this analysis were found to have a risk estimate level of
0.0 (the results are presented in full in Fig. 6).

Among solar-based energy resources, the use and production of hy-
dropower was one of those that least affected the environment, after
solar/collector energy production, based on a comparison of the total
sum of the average risk values. The highest risks due to hydropower
were determined to be impacts on biodiversity, water use/water foot-
print, and land use, all with risk estimate levels at about 0.4. Eutro-
phication, abiotic resource depletion (such as metals), radiation, plant
pests and diseases, and effects on birds and other animals were all at
about the 0.2 risk estimate level. The rest of the risks of hydropower
were zero. For further observations, see Fig. 7.

3.3. Evaluations of the risks

Table 2 presents the summarised evaluations and a comparison be-
tween the risk analysis results for the different renewable energy types.
In addition, it presents the least and most affected or affecting renewable
energy types for the two risk analyses conducted in this research study.
Regarding the risks of climate change effects on all renewable energy
resources, the least affected was ground heat source energy and the most
affected was field biomass energy. These evaluation decisions were
made based on the generalisation of the result described above and by
comparing with the total average summed risk values, as well as
comparing and checking within each renewable energy resource types.
In evaluating climate change effect risks to geothermal energy resources,
the least affected sources were ground heat sources and the most
affected were water heat exchangers. Regarding climate change effect

Table 2

Generalising the renewable energy resources with the best and the worst average
risk levels (also checked by the average risk estimate total sum for each energy
resource).

Renewable Risks of climate change Use and production of energy
energy effects to the renewable resources risks to the
resources energy environment
Least Most Least affecting ~ Most
affected affected affecting
Geothermal Ground Water heat Asphalt/ Sediment
energy heat exchanger concrete heat energy
resources source covered areas
as heat sources
Bioenergy and Algae Field Biogas from Field
biomass energy biomass different biomass
resources energy sources energy
Solar-based Solar Wind Solar energy/ Wind
energy energy/ energy/ collector energy/
resources collector offshore ground
Comparing all Ground Field Solar energy/ Field
energy resources  heat source biomass collector biomass
energy energy

1527

Energy Reports 11 (2024) 1517-1534

risks to bioenergy and biomass energy resources, the least affected were
algae resources and the most affected was field biomass energy.
Regarding the risks of climate change to solar based energy resources,
the least affected were solar energy/collectors and the most affected was
wind energy/offshore.

Among the environmental risks due to the use and production of
renewable energy resources, the least risky were solar energy/collectors
and the riskiest was field biomass energy. Field biomass energy was
determined to be the riskiest to the environment among all renewable
energy resources, as well having the highest risk due to climate change
effects. For geothermal energy resources, the least risky was energy
using asphalt/concrete covered areas as a heat source and the riskiest
were sediment heat energy resources. Among bioenergy and biomass
energy resources, biogas from different sources had the least effects and
field biomass energy resources had the most. For solar-based energy
resources, the one with the least effects was solar energy/collectors and
one with the most effects was ground wind energy. The best energy
resources, those that had the fewest environmental effects and were the
least affected by climate change effects, were solar energy/collectors
and ground heat sources, respectively.

Based on the overall evaluation, Figs. 8 and 9 were created based on
the total average risk estimate values. As stated in Table 2, among the
climate change effect risks on renewable energy, the most affected is
field biomass energy and the least affected is ground heat source energy.
See Fig. 8.

As stated in Table 2, among the use and production risks of renew-
able energy resources, the resource with the greatest effects was field
biomass energy and the resource with the lowest effects was solar en-
ergy/collectors (Fig. 9).

The following paragraphs present the arguments relative to the
validation of the risk analysis process. Risk analysis was performed with
a procedure similar to that of Holma et al. (Holma et al., 2018), namely
risk analysis based on data collection through expert evaluations (see for
detailed procedures and steps (Girgibo, 2022)) This method is a
well-recognised method in risk analysis. The experts were chosen such
that they have in-depth knowledge of at least one of the renewable en-
ergy technology types. Having a group of experts for data collection
helps gather the best risk information for all types of renewable energy.
Therefore, the experts’ views measure the existence and magnitude of
the risks. The only limitation was that the number of experts was low (14
experts out of 25 who were asked for their risk evaluation), but this
number nonetheless is comparable with that of Holma et al. (Holma
et al., 2018), who used 20 experts. This means that this research results
can indicate the direction for risks and can serve as a starting point for
future in-depth investigation into the risks of renewable energy. The
method used in this risk analysis also was used by (Holma et al., 2018).
This method is sufficiently accurate to collect good data on risks and on
renewable energy. The experts chosen were knowledgeable about their
own specific renewable energy types. It was noted that they could
perceive and understand the different types of risks in the renewable
energy resource types. The generalisability of the method is such that at
least its national-level accuracy was sufficient.

The risk analysis and management concept are suitable for assessing
the risks of renewable energy. Its repeatability and reproducibility can
be guaranteed if the right types of experts are present. The opinion of
one expert might differ from that of another. However, the average re-
sults certainly can show similar patterns. The repeatability of the
concept in different locations is quite feasible, though it probably will
produce different results because of the area specificity of specific
renewable energy sources and of their production methods. Different
risks to renewable energy due to climate change can be present in
different places. Risk analysis of renewable energy resources was mainly
built upon a mixed qualitative and quantitative strategy. It is more
qualitative, and thus a lack of identification of statistical analysis un-
certainties seems certain. Therefore, more uncertainties can be identi-
fied by the Type-B error method instead of the Type-A error method. The
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Climate change effect risks on renewable energy resources
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Fig. 8. Graph showing the sum of the average risk estimate levels of climate change risks to all renewable energy resources.

uncertainties of the risk analysis of renewable energy resources can be
identified through the Type-B error method. This concept of risk analysis
of renewable energy has uncertainties that can might be generated by
the small number of respondents. Thus, it may be difficult to accurately
generalise the concepts to a global scale. However, as previously stated,
before this concept the analysis was planned to be a starting point for
larger risk analysis investigations.

The researchers are aware of the small number of expert respondents
for this risk analysis. In addition, the generalised averaged risk estimate
levels might be different with larger numbers of expert respondents. The
main uncertainties that can be present in risk analysis of renewable
energy resources are due to the small number of experts. This is one of
the uncertainties that can be identified by the Type-B error method. The
researchers attempted to mitigate this problem by comparing this
research findings with the publication of Holma et al. (Holma et al.,
2018) on risks of the use and production of renewable energy to the
environment. The results are similar in most cases. However, climate
change effect risks to renewable energy cannot be compared with Holma
et al. (Holma et al., 2018), because they did not study this aspect of risk.
The analysis of climate change risks is a new result. Thus, the un-
certainties generated by the small number of experts responding to the
risk analysis are still present. Both aspects of risk were planned to serve
as a starting point for future in-depth analysis of risks to and from
renewable energy resources.
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4. Discussions

Identifications of risk types in renewable energy were carried out by
examining different resources for risk types according to Holma et al.
(Holma et al., 2018), In addition, some experts who participated in this
risk analysis also contributed to the risk identification process. The risks
identified and used were presented in the results section and in publi-
cation of Girgibo (Girgibo, 2022). Two risks, which were identified in
addition to those from Holma et al. (Holma et al., 2018), fell under the
category of risks to the environment due to the use and production of
renewable energy: lowering groundwater and affecting birds and other
animals. The risks of climate change effects on renewable energy were
all new and not considered in (Holma et al., 2018). Those identifications
also can be found in the results section. The climate change effects were
presented in depth in all IPCC reports (e.g (IPCC, 2013). and (IPCC,
2021)). It was believed that all possible risk aspects were addressed to
obtain the most possible results.

The estimation and analysis results were presented for all renewable
energy types analysed in this research. The first section covered
geothermal energy types, including ground heat sources, asphalt/
concrete-covered areas, borehole energy (without energy storage and
with energy storage charging), sediment energy and water heat ex-
changers. Among these, the least affected by climate change was ground
heat source energy, because it is located underneath the surface of the
Earth. Thus, the change due to weather patterns and global warming is
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Fig. 9. Graph showing the sum of average risk estimates level for the environmental use and production risks of all renewable energy resources.

very limited. The most affected by climate change are water heat ex-
changers. This is because the water heat exchangers are installed un-
derwater, and both the water and the exchanger have been affected
severely by changes in air temperature and solar irradiance. These
evaluations were carried out based on the average total results. Among
the risks due to the use and production of renewable energy resource,
the riskiest was sediment heat energy. On other hand, it has been found
that sediment heat energy uses climate change effects to its advantage,
at least in summer (Girgibo et al., 2022). However, the average total
result shows that sediment heat production has the largest effects among
geothermal energy resources.

The use of asphalt/concrete-covered areas as the heat source was
found to have the least effects on the environment. This is because this
energy is built under asphalt or concrete layers and even in pre-existing
structures. The University of Vaasa has been very active in both sedi-
ment heat energy and the use of asphalt/concrete areas as heat sources.
Both are new renewable energy technologies. This finding on how they
affect the environment helps in planning their implementation and
management. Ground heat source energy was also found to have the
least effects across all types of renewable energy resources. Thus, this
was the best renewable energy technology, since it was also among the
least affected. Bioenergy and biomass energy were the other type of
energy that was analysed for their risks. Among all types of bioenergy
and biomass, field biomass was found to be the most affected by climate
change effects and to have the most effects on the environment. Thus,
this is one of the riskiest types across all types of renewable energy. The
source least affected by climate change was algae and the source with
the fewest effects on the environment was biogas from different sources.
Climate change effects least affected solar energy/collectors, which also
had the lowest environmental effects. This makes it the best technology
among solar-based energy resources. However, according to Solaun
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etal. (Solaun and Cerda, 2019), literature on the climate change impacts
of solar sources has received less attention than that on wind or hy-
dropower. Across all renewable energy, the least affecting to the envi-
ronment was solar energy/collectors. The source that was most affected
by climate change effects among solar-based energy resources was
offshore wind energy. Ground wind energy was found to have the most
effects on the environment among solar-based energy resources. Cronin
et al. (Cronin et al., 2018) have critically reviewed the literature on the
impacts of climate change on the energy supply system, summarising the
regional coverage of studies, trends in the results and sources of
disagreement. In their study, they noted that several authors had com-
mented that the negative impacts of climate change on wind and solar
generation and infrastructure will be insignificant since the rapid
development and relatively short lifetimes of these technologies allow
adaptation through technological upgrades and siting.

Comparing this research result with those of Holma et al. (Holma
et al., 2018) shows the similarity of the risk estimates in most cases for
the risks of the use and production of renewable energy to the envi-
ronment. However, this does not hold for some risks, mainly in solar
energy and hydropower technologies. See Table 3 in the appendix sec-
tion of this article for these comparisons. The other part of the risk
analysis, which consists of climate change effect risks to renewable en-
ergy, is a novel contribution of this research. As far as we know, there are
no risk analysis publications to compare with this study’s result for this
topic. After comparing Holma et al. (Holma et al.,, 2018) and this
research results, it was noted differences in the following risk and
renewable energy types: The risks due to climate change are different for
solar energy and hydropower between Holma’s results and this research.
The risk of causing climate change due to solar energy was found to be
significant or somewhat significant (the risks from (Holma et al., 2018)),
not significant (the risks of Holma et al. (Holma et al., 2018), but
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somewhat significant for this research results. Our result was close to not
significant risk since the risk level estimate was 0.4. Thus, the accepted
result can be taken as not significant across all risks analyses (this article
results and two of those due to (Holma et al., 2018)). Among the risks of
eutrophication for agriculture fuel, biogas was found to be very signif-
icant or significant (the risks from Holma et al. (Holma et al., 2018)),
significant (the risks from Holma et al. (Holma et al., 2018)) and
somewhat significant for this article results (0.1-0.5 risk estimate level).
These results show wide differences across the different analyses. This
may be due to differences of opinion between different experts.

Toxicity risks were found differ across different analyses for solar
power and hydropower. Toxicity risks from solar power and hydro-
power were found to be somewhat significant (the risks from Holma
et al. (Holma et al., 2018)) and not significant in this research case (0.0
risk estimate levels). The impacts of biodiversity or aesthetic impacts
show a difference for hydropower, being somewhat significant or sig-
nificant (the risks from Holma et al. (Holma et al., 2018)), significant
(the risks from Holma et al. (Holma et al., 2018)) and somewhat sig-
nificant (0.4 risk estimate level) for this article results. Soil depletion and
soil quality, including organic matter, erosion nutrient balance, salini-
sation and compaction for hydropower were somewhat significant or
significant (the risks from Holma et al. (Holma et al., 2018) and not
significant (0.0 risk estimate level) for the current result. Water use/-
water footprint for hydropower was somewhat significant or significant
(the risks from Holma et al. (Holma et al., 2018)), not significant (the
risks from Holma et al. (Holma et al., 2018)) and somewhat significant
(0.4 risk estimate level) for this article result, which is close to not sig-
nificant. Water use/water footprint for all renewables was not signifi-
cant (the risks from Holma et al. (Holma et al., 2018)) and somewhat
significant (0.1-0.8 risk estimate levels) for this research result. Land use
(land area as a resource) risks from wind power were somewhat sig-
nificant (the risks from Holma et al. (Holma et al., 2018)) and significant
(wind energy/ground, 1.8 risk estimate level) or not significant (wind
energy/ offshore, 0.2 risk estimate level) for this article results. Hy-
dropower risk was found to be significant (the risks from Holma et al.
(Holma et al., 2018)) and somewhat significant (0.4 risk estimate level)
for this research results. Abiotic resources depletion (materials, min-
erals, fossil fuel) risks from solar power were significant (the risks from
Holma et al. (Holma et al., 2018)), not significant (the risks from Holma
et al. (Holma et al., 2018)) and somewhat significant (solar collector) or
significant (solar panel) (0.4 or 1.0 risk estimate levels) for this article
results. In additions, abiotic resource depletion (materials, minerals,
fossil fuel) risks from hydropower were somewhat significant (the risks
from Holma et al. (Holma et al., 2018)), not significant (the risks of
Holma et al. (Holma et al., 2018)) and somewhat significant (0.2 risk
estimate levels) for this research results. These were the only differences
noted between the results of this research and those of Holma et al.
(Holma et al., 2018).

The strengths of the study lay in its finding similar results as in the
previous studies. Furthermore, this article is probably the first formal
contribution to specific risks of climate change effects to renewable
energy. The method adopted by this paper contributes to a more holistic
understanding the environmental and climate change risks associated
with renewable energy resources, in comparison with the existing
literature. The limitations of the study that were noted were the low
number of experts that participated in the risk analysis and the time
taken to collect the data. The unexpected findings included the gener-
alised evaluation, which shows the best and the riskiest types of
renewable energy. Thus, generalising the whole analysis shows that field
biomass energy had the most effects on the environment and was the
most affected by climate change. The main hypothesis was that even
though the environmental impacts of renewable energy sources (most
technologies) appear small, they cannot be completely ignored (Sokka
etal., 2016). This research emphasises that even if the risks of renewable
energy to the environment are low, there are clear risks. In additions,
climate change affects renewable energy to somewhat. This is the
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significance of this study showing the risks of renewable energy in some
areas of Finland and for biogas in Sweden. All these studies can serve as a
starting point for future research into the risks of renewable energy
using broad expertise. In addition, this research result and future results
can be easily incorporated into the management of renewable energy
regional development.

5. Conclusions

The main finding can be summarised as follows:

Regarding the risks of climate change effects on all renewable energy
resources, the least affected was ground heat source energy and the most
affected was field biomass energy.

In evaluating climate change effect risks to:

e Geothermal energy resources, the least affected sources were ground
heat sources and the most affected water heat exchangers.

e Bioenergy and biomass energy resources, the least affected were
algae resources and the most affected was field biomass energy.

e Solar based energy resources, the least affected were solar energy/
collectors and the most affected was wind energy/offshore.

In evaluating the environmental risks due to the use and production
of renewable energy resources, the least risky were solar energy/col-
lectors and the riskiest was field biomass energy.

e Field biomass energy was determined to be the riskiest to the envi-
ronment among all renewable energy resources, as well having the
highest risk due to climate change effects.

For geothermal energy resources, the least risky was energy using
asphalt/concrete covered areas as a heat source and the riskiest were
sediment heat energy resources.

Among bioenergy and biomass energy resources, biogas from
different sources had the least effects and field biomass energy re-
sources had the most.

For solar-based energy resources, the one with the least effects was
solar energy/collectors and one with the most effects was ground
wind energy.

The best energy resources, those that had the fewest environmental
effects and were the least affected by climate change effects, were solar
energy/collectors and ground heat sources, respectively.

Most of the risk analysis results show similar findings with the
studies by Holma et al. (Holma et al., 2018) for risks of the use and
production of renewable energy to the environment. Thus, this confirms
that the results of this study were very trustworthy. The unique contri-
butions were that the risks of climate change to renewable energy re-
sources were addressed, this has not been addressed much in other
studies. The significance of the study is that it aimed to help in making
sure renewables are safe for the environment leading and helping
renewable energy sustainability by creating attractiveness and aware-
ness of its risk-free facts to society compared to fossil fuels. One of the
novelties of the study is that new renewable energy sources — sediment
heat, asphalt heat and water heat exchangers — are considered in this
study and their risks are evaluated.

In this research it was also highlighted that there are risks to the
environment due to renewable energy use and production and that
climate change effect risks to renewable energy clearly exist. These risks
were quantified in this research. There is a clear need for a more in-
depth study utilising more expert opinions. This research contributed
insights to the neglected topic of risk related to renewable energy. Even
if the risks of renewable energy are small in comparison with fossil fuels,
they are nonetheless significant enough that they cannot be ignored.
These findings are crucial to the implementation and management of
renewable energy in regional energy development.

The limitations of this research were: 1) the low number of experts
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that participated in the risk analysis, 2) the time taken to collect the data
was too long and 3) some energy systems and methods should be added
and improved, e.g. PV (photovoltaic cells) battery storage and its anal-
ysis by using the LCA (Life Cycle Assessment) method and software’s.
Future plan of development is that to include a wide number of expertise
in larger areas e.g. in several nations and collect the data in the shorter
period including the missing energy storage systems. Moreover, develop
the method into better well-known methods such as LCA and other
software’s. As well, a comparative analysis with other similar methods
can be done to demonstrate the correctness of the obtained results.
Currently, this study results were verified by comparing with the result
by Holma et al. (Holma et al., 2018). In the future, it will be possible to
expand the risk analysis by consulting more experts for data collection
and performing more multidisciplinary research.
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The summarised results for the risks of renewable energy to the environment: impact category, renewable energy and process, and significant category risk (com-
parison of Holma et al. (Holma et al., 2018) and the current research results). The dash sign (-) represents those technologies not analysed under the specific column.

The impact category in the
assessment

Renewable energy
sources and process

Significance category
risk for 2018 (Holma
et al., 2018)

Significance category risk for
2020 target level (Holma et al.,
2018)

Risk estimate levels for our research
findings

Climate change

Ozone depletion

Acidification

Tropospheric ozone formation

Solar power

Agriculture fuel, biogas

Wind power

Geothermal energy

Hydro power
Forest energy
Solar power
All renewables
Solar power

Agriculture fuel, biogas

Forest energy

Geothermal and wind
power
Solar power

Significant or somewhat
significant

Significant and in the case

of biogas not significant
somewhat significant

Somewhat significant

Somewhat significant or
significant
Significant

Somewhat significant or

not significant

Not significant or
somewhat significant
Somewhat significant

Somewhat significant

Not significant or
somewhat significant
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Not significant

Agriculture - Not significant or rape
or  diesel- somewhat significant Biogas
- Not significant or somewhat
significant

Not significant or somewhat
significant

Not significant or somewhat
significant

Wood biomass - Significant
Not significant
Not significant

Not significant

Not significant or somewhat
significant
Not significant

Somewhat significant (0.4 risk estimate
level)

Somewhat significant for filed biomass
(0.9 risk estimate level) and biogas from
different sources somewhat significant
(0.25 risk estimate level)

Somewhat significant (0.8 risk estimate
level)

Somewhat significant (generalised to all
types of geothermal energy, risks were
between 0.3 — 0.7 risk estimate levels)
Not significant (0.0 risk estimate level)

Significant or somewhat significant (1.25
risk estimate level)
Not significant (0.0 risk estimate level)

Not significant to somewhat significant
(0.0 — 0.4 risk estimate level)
Not significant (0.0 risk estimate level)

Somewhat significant (0.4 risk estimate
levels. Biogas was somewhat significant
(0.1 risk estimate level)

Somewhat significant (0.4 risk estimate
level)

Not significant or somewhat significant
(0.0 - 0.5 risk estimate level)

Not significant (0.0 risk estimate level)

(continued on next page)
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The impact category in the
assessment

Renewable energy
sources and process

Significance category
risk for 2018 (Holma
et al., 2018)

Significance category risk for
2020 target level (Holma et al.,
2018)

Risk estimate levels for our research
findings

Particular matter formation:
impacts on health and short-term
climate effects

Eutrophication

Toxicity

Impacts of biodiversity and/or
aesthetic impacts

Soil depletion and soil quality,
including organic matter, erosion
nutrient balance, salinisation and
compaction

Water use/water footprint

Land use (land area as a resource)

Lowering of groundwater levels

Agriculture fuel, biogas
Forest energy
Geothermal and wind
power

Solar power
Agriculture fuel, biogas
Wood burning /forest
energy

District heating plants
Other forest type
products/Forest energy
Geothermal and wind
power

Agriculture fuel, biogas
Hydropower

Forest energy

Solar power
Agriculture fuel, biogas

Hydropower

Solar power
Agriculture fuel, biogas
and CHP (Combined heat
and power) plants
Wind power
Hydropower
Geothermal energy/air
source heat pump
aesthetic impacts
Deadwood (forest

energy)
Agriculture fuel, biogas

Solar power

Hydropower
Forest energy

Solar power

Hydropower
Geothermal power

CHP production
All renewables

Wind power

Hydropower

Agriculture fuel
Biogas

All renewables

Somewhat significant

Somewhat significant

Not significant or
somewhat significant
Somewhat significant

Very significant

Significant
Somewhat significant

Very significant or
significant in the case of
biogas

Somewhat significant or
significant

Somewhat significant

Somewhat significant
Somewhat significant

Somewhat significant or
significant

Not significant or
somewhat significant
Somewhat significant

Somewhat significant

Somewhat significant or
significant

Somewhat significant and
(not analysed)

Significant

Somewhat significant, not
significant for nutrient
balance

Somewhat significant or
significant
Somewhat significant

Not significant or
somewhat significant

Somewhat significant or
significant

Somewhat significant or
significant

Somewhat significant

Somewhat significant

Significant

Significant
Significant
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Not significant or somewhat
significant

Somewhat significant

Very significant

Not significant or somewhat
significant
Significant

Somewhat significant

Somewhat significant

Not significant or somewhat
significant (Aesthetic and noise)
Significant

Somewhat significant

Significant

Somewhat significant

Not significant

Not significant

Not significant
Somewhat significant

Not significant
Not significant

Not significant or somewhat
significant

Somewhat significant (0.1 — 0.6 risk
estimate level)

Somewhat significant (0.3 risk estimate
level)

Not significant (0.0 risk estimate level)

Not significant (0.0 risk estimate level)

Somewhat significant (0.2 — 0.8 risk
estimate level)

Somewhat significant (0.2 — 0.8 risk
estimate level)
Somewhat significant (0.4 — 0.8 risk
estimate level)
Somewhat significant (0.1 - 0.5 risk
estimate level)

Somewhat significant (0.2 risk estimate
level)

Somewhat significant (0.4 risk estimate
level)

Not significant (0.0 risk estimate level)
Somewhat significant (0.4 — 0.6 risk
estimate level)

Not significant (0.0 risk estimate level)

Somewhat significant or not significant
(0.1 risk estimate level)

Significant to somewhat significant (0.4 —
1.8 risk estimate level)

Somewhat significant to significant (1.2
risk estimate level)

Somewhat significant (0.4 risk estimate
level)

Somewhat significant (0.0 — 0.8 risk
estimate level)

Somewhat significant (0.2 —0.7 risk
estimate level)

Not significant or somewhat significant
(0.0 (solar collector) and 0.2 (solar panel)
risk estimate level)

Not significant (0.0 risk estimate level)

Somewhat significant (0.8 risk estimate
level)

Not significant (Solar energy/ panel, 0.0
risk estimate level) or Somewhat
significant (Solar energy/ collector, 0.2
risk estimate level)

Somewhat significant (0.4 risk estimate
level)

Somewhat significant (0.1 - 0.6 risk
estimate levels)

Somewhat significant (0.1 - 0.8 risk
estimate levels)

Significant (wind energy/ground, 1.8 risk
estimate level) or not significant (wind
energy/ offshore, 0.2 risk estimate level)
Somewhat significant (0.4 risk estimate
level)

Significant (1.0 risk estimate level)
Somewhat significant (0.2 — 0.3 risk
estimate levels)

Between not significant and somewhat
significant (0.0 - 0.8 risk estimate levels)

(continued on next page)
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The impact category in the
assessment

Renewable energy
sources and process
et al., 2018)

Significance category
risk for 2018 (Holma

Risk estimate levels for our research
findings

Significance category risk for
2020 target level (Holma et al.,
2018)

Abiotic resource depletion
(materials, minerals, fossil fuel)

Solar power Significant

Hydropower
Geothermal power
Wind power

All energy that requires
infrastructure

All renewables -

Radiation All renewables Not significant

Plants, pests and diseases Agriculture fuel, biogas

wheat ethanol
Forest energy

Effects on birds and other animals All renewables -

Somewhat significant
Somewhat significant
Somewhat significant

Somewhat significant

Significant, or somewhat
significant for Barley and

Somewhat significant

Not significant Somewhat significant (solar collector) or
significant (solar panel) (0.4 or 1.0 risk
estimate levels)

Somewhat significant (0.2 risk estimate
levels)

Somewhat significant up to significant

Not significant

Not significant or somewhat

significant (0.4 up to 1.0 risk estimate levels)
Not significant or somewhat Somewhat significant (0.8 risk estimate
significant level)

Not significant Not significant up to significant (0.0 up to
1.0 risk estimate levels)

Not significant (0.0 risk estimate level),
somewhat significant (0.2 risk estimate
level) for hydropower

Somewhat significant (0.2 — 0.4 risk
estimate levels)

Not significant

Agricultural fuel was somewhat

significant and biogas was not

analysed

- Somewhat significant (0.8 risk estimate
level)

- Between significant and not significant
(0.0 — 1.4 risk estimate levels)

References

Bhattacharyya, R., Singh, K.K., Grover, R.B., Bhanja, K., 2022. Nuclear hydrogen
production for industrial decarbonization: Creating the business case for the near
term. Int. J. Energy Res. 46 (5), 6929-6943. https://doi.org/10.1002/er.7572.

Borghesi, A. and Gaudenzi, B. Risk Management: How to Assess, Transfer and
Communicate Critical Risk. Springer-Verlag Italia; 2013. ISBN: 978-88-470-2531-8
(eBook).

Concerned Scientists (2013). Union of concerned scientists: environmental impacts of
renewable energy technology (subsections: wind power, solar power, geothermal
energy, biomass for electricity, hydroelectric power and hydrokinetic energy)
[online]. [Cited 08 December 2023]. Available from: https://www.ucsusa.org/
resources/environmental-impacts-renewable-energy-technologies.

Costoya, X., deCastro, M., Santos, F., Sousa, M.C., Gémez-Gesteira, M., 2019. Projections
of wind energy resources in the Caribbean for the 21st century. Energy 178,
356-367. https://doi.org/10.1016/j.energy.2019.04.121.

Costoya, X., deCastro, M., Carvalho, D., Arguilé-Pérez, B., Gomez-Gesteira, M., 2022.
Combining offshore wind and solar photovoltaic energy to stabilize energy supply
under climate change scenarios: a case study on the western Iberian Peninsula.
Renew. Sustain. Energy Rev. 157, 112037 https://doi.org/10.1016/j.
rser.2021.112037.

Cronin, J., Anandarajah, G., Dessens, O., 2018. Climate change impacts on the energy
system: a review of trends and gaps. Clim. Change 151, 79-93. https://doi.org/
10.1007/s10584-018-2265-4.

Dranka, G.G., Ferreira, P., 2018. Planning for a renewable future in the Brazilian power
system. Energy 164, 496-511. https://doi.org/10.1016/j.energy.2018.08.164.

EEA report, 2018. European Environment Agency — Renewable Energy in Europe -2018-
Recent Growth and Knock-on Effects. Luxembourg: Publications Office of the
European Union, 2018. ISBN: 978-92-8498-0442.

Energy and climate. Energy and Climate Roadmap 2050: Report of the Parliamentary
Committee on Energy and Climate Issues on 16 October 2014. Finland’s Ministry of
Employment and Economy Publication. Energy and the Climate 2014. 50/2014.
ISBN: 978-952-227-906-4 (Web publication).

Fant, C., Adam Schlosser, C., Strzepek, K., 2016. The impact of climate change on wind
and solar resources in southern Africa. Appl. Energy 161, 556-564. https://doi.org/
10.1016/j.apenergy.2015.03.042.

Galparsoro, 1., Korta, M., Subirana, 1., Borja, A., Menchaca, 1., Solaun, O., Muxika, L.,
Iglesias, G., Bald, J., 2021. A new framework and tool for ecological risk assessment
of wave energy converters projects. Renew. Sustain. Energy Rev. 151, 111539
https://doi.org/10.1016/j.rser.2021.111539.

Gatzert, N. and Kosub, T. Risks and Risk Management of Renewable Energy Projects: The
Case of Onshore and Offshore Wind Parks Working Paper, 39 pp. Department of
Insurance Economics and Risk Management, Friedrich-Alexander University
Erlangen-Niirnberg (FAU); 2016.

Girgibo, N. Identifications of renewable energy risks and risk management review.
University of Vaasa Reports 36. 46 pp. Vaasa, Finland: University of Vaasa, Tritonia,
library; 2022. [Cited on 02 Jan. 2023]. Available from https://urn.fi/URN:ISBN:
978-952-395-056-6.

Girgibo, N., Makiranta, A., Lii, X., Hiltunen, E., 2022. Statistical investigation of climate
change effects on the utilization of the sediment heat energy. Energies 15, 435.
https://doi.org/10.3390/en15020435.

Goddard, G., Farrelly, M.A., 2018. Just transition management: balancing just outcomes
with just processes in Australian renewable energy transitions. Appl. Energy 225,
110-123. https://doi.org/10.1016/j.apenergy.2018.05.025.

Gong, J.W., Li, Y.P,, Lv, J., Huang, G.H., Suo, C., Gao, P.P., 2022. Development of an
integrated bi-level model for China’s multi-regional energy system planning under
uncertainty. Appl. Energy 308, 118299. https://doi.org/10.1016/j.
apenergy.2021.118299.

Greening, B., Azapagic, A., 2012. Domestic heat pumps: life cycle environmental impact
and potential implication of the UK. Energy 39, 205-217. https://doi.org/10.1016/].
energy.2012.01.028.

Hannah, L. (2011). Climate Change Biology. Burlington, USA: Elsevier Ltd. 402 pp. ISBN:
978-0-12-374182-0.

Hojnik, J., Ruzzier, M., Fabri, S., Klop¢i¢, A.L., 2021. What you give is what you get:
Willingness to pay for green energy. Renew. Energy 174, 733-746. https://doi.org/
10.1016/j.renene.2021.04.037.

Holma, A, et al., 2018. Environmental impacts and risks of the national renewable
energy targets — a review and a qualitative case study from Finland. Renew. Sustain.
Energy Rev. 82, 1433-1441. https://doi.org/10.1016/j.rser.2017.05.146.

Ibrahim, N.A., Wan Alwi, S.R., Manan, Z.A., Mustaffa, A.A., Kidam, K., 2022. Risk matrix
approach of extreme temperature and precipitation for renewable energy systems in
Malaysia. Energy 254, 124471. https://doi.org/10.1016/j.energy.2022.124471.

IEA. Report on — Energy Technology Perspectives 2020. International Energy Agency;
2020.

In, S.Y., Manav, B., Venereau, C.M.A., Cruz R, L.E., Weyant, J.P., 2022. Climate-related
financial risk assessment on energy infrastructure investments. Renew. Sustain.
Energy Rev. 167, 112689 https://doi.org/10.1016/j.rser.2022.112689.

IPCC. Climate Change 2013 - The Physical Science Basis. Contribution of Working Group
I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
New York, USA: Cambridge University Press, Cambridge; 2013. 1535 pp. ISBN:
978-1-107-05799-9.

IPCC. Climate Change 2021: The Physical Science Basis. Contribution of Working Group -
I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC AR6 WGI); 2021.

ISO 31000, 2015. ISO 31000 - Risk Management - A Practical Guide for SMEs. ISO
Copyright Office,, Geneva, Switzerland, p. 21. ISBN: 978-92-67-10645-8.

Johnson, E.P., 2011. Air-source heat pump carbon footprints: HFC impacts and
compression to other heat sources. Energy Policy 39, 1369-1381. https://doi.org/
10.1016/j.enpol.2010.12.009.

Kosmadakis, I.E., Elmasides, C., Koulinas, G., Tsagarakis, K.P., 2021. Energy unit cost
assessment of six photovoltaic-battery configurations. Renew. Energy 173, 24-41.
https://doi.org/10.1016/j.renene.2021.03.010.

Kouloukoui, D., Marinho, M.M.D.O., Gomes, S.M.D.S., Kiperstok, A., Torres, E.A., 2019.
Corporate climate risk management and the implementation of climate projects by
the world’s largest emitters. J. Clean. Prod. 238, 117935 https://doi.org/10.1016/j.
jclepro.2019.117935.

Kumar, A., Yu, Z.-G., Klemes, J.J., Bokhari, A., 2021. A state-of-the-art review of
greenhouse gas emissions from Indian hydropower reservoirs. J. Clean. Prod. 320,
128806 https://doi.org/10.1016/j.jclepro.2021.128806.

Landell, H. The risk matrix as a tool for risk analysis: How to apply existing theories in
practice in order to overcome its limitations. Mater Thesis. Gavle, Sweden: Faculty of
Engineering and Sustainable Development, University of Gavle; 2016.


https://doi.org/10.1002/er.7572
https://doi.org/10.1016/j.energy.2019.04.121
https://doi.org/10.1016/j.rser.2021.112037
https://doi.org/10.1016/j.rser.2021.112037
https://doi.org/10.1007/s10584-018-2265-4
https://doi.org/10.1007/s10584-018-2265-4
https://doi.org/10.1016/j.energy.2018.08.164
http://refhub.elsevier.com/S2352-4847(24)00024-6/sbref6
http://refhub.elsevier.com/S2352-4847(24)00024-6/sbref6
http://refhub.elsevier.com/S2352-4847(24)00024-6/sbref6
https://doi.org/10.1016/j.apenergy.2015.03.042
https://doi.org/10.1016/j.apenergy.2015.03.042
https://doi.org/10.1016/j.rser.2021.111539
https://doi.org/10.3390/en15020435
https://doi.org/10.1016/j.apenergy.2018.05.025
https://doi.org/10.1016/j.apenergy.2021.118299
https://doi.org/10.1016/j.apenergy.2021.118299
https://doi.org/10.1016/j.energy.2012.01.028
https://doi.org/10.1016/j.energy.2012.01.028
https://doi.org/10.1016/j.renene.2021.04.037
https://doi.org/10.1016/j.renene.2021.04.037
https://doi.org/10.1016/j.rser.2017.05.146
https://doi.org/10.1016/j.energy.2022.124471
https://doi.org/10.1016/j.rser.2022.112689
http://refhub.elsevier.com/S2352-4847(24)00024-6/sbref17
http://refhub.elsevier.com/S2352-4847(24)00024-6/sbref17
https://doi.org/10.1016/j.enpol.2010.12.009
https://doi.org/10.1016/j.enpol.2010.12.009
https://doi.org/10.1016/j.renene.2021.03.010
https://doi.org/10.1016/j.jclepro.2019.117935
https://doi.org/10.1016/j.jclepro.2019.117935
https://doi.org/10.1016/j.jclepro.2021.128806

N. Girgibo et al.

Lin, C.-Y., Chau, K.Y., Tran, T.K., Sadiq, M., Van, L., Hien Phan, T.T., 2022. Development
of renewable energy resources by green finance, volatility and risk: Empirical
evidence from China. Renew. Energy 201, 821-831. https://doi.org/10.1016/j.
renene.2022.10.086.

Lorente, D.B., Mohammed, K.S., Cifuentes-Faura, J., Shahzad, U., 2023. Dynamic
connectedness among climate change index, green financial assets and renewable
energy markets: Novel evidence from sustainable development perspective. Renew.
Energy 204, 94-105. https://doi.org/10.1016/j.renene.2022.12.085.

Low, S., Honegger, M., 2022. A precautionary assessment of systemic projections and
promises from sunlight reflection and carbon removal modeling. Risk Anal. 42 (9),
1965-1979. https://doi.org/10.1111/risa.13565.

Marti, L., Cervelld-Royo, R., Puertas, R., 2022. Analysis of the nexus between country
risk, environmental policies, and human development. Energy Res. Soc. Sci. 92,
102767 https://doi.org/10.1016/j.erss.2022.102767.

Mauleén, 1., Hamoudi, H., 2017. Photovoltaic and wind cost decrease estimation:
implications for investment analysis. Energy 137, 1054-1065. https://doi.org/
10.1016/j.energy.2017.03.109.

Misra, K.B., 2008. Risk analysis and management - An introduction. In: Misra, K.B. (Ed.),
Handbook of Performability Engineering. Springer, London, pp. 667-681. https://
doi.org/10.1007/978-1-84800-131-2_41.

Moncada, J., Vural Gursel, 1., Huijgen, W.J.J., Dijkstra, J.W., Ramirez, A., 2018. Techno-
economic and ex-ante environmental assessment of C6 sugars production from
spruce and corn. Comparison of organosolv and wet milling technologies. J. Clean.
Prod. 170, 610-624. https://doi.org/10.1016/j.jclepro.2017.09.195.

Murphy, S., Lavin, L., Apt, J., 2020. Resource adequacy implications of temperature-
dependent electric generator availability. Appl. Energy 262, 114424. https://doi.
org/10.1016/j.apenergy.2019.114424.

Olabi, A.G., Ali Abdelkareem, M., 2022. Renewable energy and climate change. Renew.
Sustain. Energy Rev. 158, 112111 https://doi.org/10.1016/j.rser.2022.112111.

Owusu, P.A., Asumadu-Sarkodie, S., 2016. A review of renewable energy sources,
sustainability issues and climate change mitigation. Cogent Eng. 3 (1), 1167990.
https://doi.org/10.1080,/23311916.2016.1167990.

Pereira, L.G., Dias, M.0.S., Mariano, A.P., Maciel Filho, R., Bonomi, A., 2015. Economic
and environmental assessment of n-butanol production in an integrated first- and
second-generation sugarcane biorefinery: fermentative versus catalytic routes. Appl.
Energy 160, 120-131. https://doi.org/10.1016/j.apenergy.2015.09.063.

Piney, C. Risk identification: combining the tools to deliver the goods. Paper presented at
PMI® Global Congress 2003—EMEA. The Hague, South Holland, The Netherlands.
Newtown Square, PA: Project Management Institute; 2003. [Cited 14 Oct. 2020].
Available from: https://www.pmi.org/learning/library/risk-identification-life-cycle-
tools-7784.

Polzin, F., Egli, F., Steffen, B., Schmidt, T.S., 2019. How do policies mobilize private
finance for renewable energy? — A systematic review with an investor perspective.
Appl. Energy 236, 1249-1268. https://doi.org/10.1016/j.apenergy.2018.11.098.

Rahmani, A., Mashayekh, J., Aboojafari, R., Bonyadi Naeini, A., 2023. Determinants of
households’ intention for investment in renewable energy projects. Renew. Energy
205, 823-837. https://doi.org/10.1016/j.renene.2023.01.096.

Repo, A., Tuomi, M., Liski, J., 2011. Indirect carbon dioxide emissions from producing
bioenergy from forest harvest residues. Glob. Change Biol. (GCB) Bioenergy 3,
107-115. https://doi.org/10.1111/j.1757-1707.2010.01065.x.

Ribeiro, A.S., deCastro, M., Costoya, X., Rusu, L., Dias, J.M., Gomez-Gesteira, M., 2021.
A Delphi method to classify wave energy resource for the 21st century: application to
the NW Iberian Peninsula. Energy 235, 121396. https://doi.org/10.1016/j.
energy.2021.121396.

Saner, D., et al., 2010. Is it only CO, that matters? A life cycle perspective on shallow
geothermal systems. Renew. Sustain. Energy Rev. 14, 1798-1813. https://doi.org/
10.1016/j.rser.2010.04.002.

Santos, M.J., Ferreira, P., Aratjo, M., 2016. A methodology to incorporate risk and
uncertainty in electricity power planning. Energy 115, 1400-1411. https://doi.org/
10.1016/j.energy.2016.03.080.

1534

Energy Reports 11 (2024) 1517-1534

Schinko, T., Komendantova, N., 2016. De-risking investment into concentrated solar
power in North Africa: Impacts on the costs of electricity generation. Renew. Energy
92, 262-272. https://doi.org/10.1016/j.renene.2016.02.009.

Shahnazi, R., Alimohammadlou, M., 2022. Investigating risks in renewable energy in oil-
producing countries through multi-criteria decision-making methods based on
interval type-2 fuzzy sets: a case study of Iran. Renew. Energy 191, 1009-1027.
https://doi.org/10.1016/j.renene.2022.04.051.

Sokka, L., et al., 2016. Environmental impacts of the national renewable energy targets —
a case study from Finland. Renew. Sustain. Energy Rev. 59, 1599-1610. https://doi.
org/10.1016/j.rser.2015.12.005.

Solaun, K., Cerda, E., 2019. Climate change impacts on renewable energy generation. A
review of quantitative projections. Renew. Sustain. Energy Rev. 116 (109415), 1-16.
https://doi.org/10.1016/j.rser.2019.109415.

Su, C.-W., Pang, L.-D., Qin, M., Lobont, O.-R., Umar, M., 2023. The spillover effects
among fossil fuel, renewables and carbon markets: evidence under the dual dilemma
of climate change and energy crises. Energy 274, 127304. https://doi.org/10.1016/
j-energy.2023.127304.

Sweerts, B., Longa, F.D., van der Zwaan, B., 2019. Financial de-risking to unlock Africa’s
renewable energy potential. Renew. Sustain. Energy Rev. 102, 75-82. https://doi.
org/10.1016/j.rser.2018.11.039.

Tariq, S., Safder, U., Yoo, C., 2022. Exergy-based weighted optimization and smart
decision-making for renewable energy systems considering economics, reliability,
risk, and environmental assessments. Renew. Sustain. Energy Rev. 162, 112445
https://doi.org/10.1016/j.rser.2022.112445.

Wang, Z., Teng, Y.-P., Xie, L., 2023. Innovation for renewable energy and energy related
greenhouse gases: Evaluating the role of green finance. Sustain. Energy Technol.
Assess. 57, 103279 https://doi.org/10.1016/j.seta.2023.103279.

Welfle, A., Roder, M., 2022. Mapping the sustainability of bioenergy to maximise
benefits, mitigate risks and drive progress toward the Sustainable Development
Goals. Renew. Energy 191, 493-509. https://doi.org/10.1016/j.
renene.2022.03.150.

Wing, L.C., Jin, Z., 2015. Risk management methods applied to renewable and
sustainable energy: a review. J. Electr. Electron. Eng. Spec. Issue.: Sustain. Renew.
Energ. Syst. 2015 Vol. 3 (No. 1-1), 1-12. https://doi.org/10.11648/j.jeee.
5.2015030101.11.

Xia, T., Ji, Q., Zhang, D., Han, J., 2019. Asymmetric and extreme influence of energy
price changes on renewable energy stock performance. J. Clean. Prod. 241, 118338
https://doi.org/10.1016/j.jclepro.2019.118338.

Yaghlane, B.B., Simon, C., and Hariz, N.B. Evidential risk graph model for determining
safety integrity level. NATO Science for Peace and Security Series - E: Human and
Societal Dynamics 2015; 88, I0S Press, pp.204-221, 2011, Use of Risk Analysis in
Computer-Aided Persuasion, 978-1-60750-827-4. [Cited 3 June 2020]. Available
from: https://doi.org/10.3233/978-1-60750-828-1-204.

Yang, L., Zhang, X., McAlinden, K.J., 2016. The effect of trust on people’s acceptance of
CCS (carbon capture and storage) technologies: evidence from a survey in the
People’s Republic of China. Energy 96, 69-79. https://doi.org/10.1016/j.
energy.2015.12.044.

Zhao, X., Huang, G., Li, Y., Lu, C., 2023. Responses of hydroelectricity generation to
streamflow drought under climate change. Renew. Sustain. Energy Rev. 174, 113141
https://doi.org/10.1016/j.rser.2022.113141.

Zheng, Y., Shahabi, L., 2023. Optimum operation of energy hub by considering
renewable resources by considering risk tolerance and risk taking with
Teaching-Learning-Based Optimization. J. Clean. Prod. 428, 139220 https://doi.
org/10.1016/j.jclepro.2023.139220.

Zhong, Q., Zhang, Z., Wang, H., Zhang, X., Wang, Y., Wang, P., Ma, F., Yue, Q., Du, T.,
Chen, W.-Q., Liang, S., 2023. Incorporating scarcity into footprints reveals diverse
supply chain hotspots for global fossil fuel management. Appl. Energy 349, 121692.
https://doi.org/10.1016/j.apenergy.2023.121692.

Zhu, L., Hiltunen, E., Antila, E., Zhong, J., Yuan, Z., Wang, Z., 2014. Micro-algal Biofuels
flexible bio-energies for sustainable development. Renew. Sustain. Energy Rev. 2013
Vol. 30, 1035-1046. https://doi.org/10.1016/j.rser.2013.11.003.


https://doi.org/10.1016/j.renene.2022.10.086
https://doi.org/10.1016/j.renene.2022.10.086
https://doi.org/10.1016/j.renene.2022.12.085
https://doi.org/10.1111/risa.13565
https://doi.org/10.1016/j.erss.2022.102767
https://doi.org/10.1016/j.energy.2017.03.109
https://doi.org/10.1016/j.energy.2017.03.109
https://doi.org/10.1007/978-1-84800-131-2_41
https://doi.org/10.1007/978-1-84800-131-2_41
https://doi.org/10.1016/j.jclepro.2017.09.195
https://doi.org/10.1016/j.apenergy.2019.114424
https://doi.org/10.1016/j.apenergy.2019.114424
https://doi.org/10.1016/j.rser.2022.112111
https://doi.org/10.1080/23311916.2016.1167990
https://doi.org/10.1016/j.apenergy.2015.09.063
https://doi.org/10.1016/j.apenergy.2018.11.098
https://doi.org/10.1016/j.renene.2023.01.096
https://doi.org/10.1111/j.1757-1707.2010.01065.x
https://doi.org/10.1016/j.energy.2021.121396
https://doi.org/10.1016/j.energy.2021.121396
https://doi.org/10.1016/j.rser.2010.04.002
https://doi.org/10.1016/j.rser.2010.04.002
https://doi.org/10.1016/j.energy.2016.03.080
https://doi.org/10.1016/j.energy.2016.03.080
https://doi.org/10.1016/j.renene.2016.02.009
https://doi.org/10.1016/j.renene.2022.04.051
https://doi.org/10.1016/j.rser.2015.12.005
https://doi.org/10.1016/j.rser.2015.12.005
https://doi.org/10.1016/j.rser.2019.109415
https://doi.org/10.1016/j.energy.2023.127304
https://doi.org/10.1016/j.energy.2023.127304
https://doi.org/10.1016/j.rser.2018.11.039
https://doi.org/10.1016/j.rser.2018.11.039
https://doi.org/10.1016/j.rser.2022.112445
https://doi.org/10.1016/j.seta.2023.103279
https://doi.org/10.1016/j.renene.2022.03.150
https://doi.org/10.1016/j.renene.2022.03.150
https://doi.org/10.11648/j.jeee.s.2015030101.11
https://doi.org/10.11648/j.jeee.s.2015030101.11
https://doi.org/10.1016/j.jclepro.2019.118338
https://doi.org/10.3233/978-1-60750-828-1-204
https://doi.org/10.1016/j.energy.2015.12.044
https://doi.org/10.1016/j.energy.2015.12.044
https://doi.org/10.1016/j.rser.2022.113141
https://doi.org/10.1016/j.jclepro.2023.139220
https://doi.org/10.1016/j.jclepro.2023.139220
https://doi.org/10.1016/j.apenergy.2023.121692
https://doi.org/10.1016/j.rser.2013.11.003

