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Abstract

The importance of the renewable energy sector in mitigating climate change has
received plenty of attention over the years, but climate risks to the renewable
energy sector, and the need for adaptation within energy companies, have been
largely overlooked. Subsequently, not much is known about the current state of
climate risk assessments and adaptation measures within the renewable energy sec-
tor. This study addresses this gap by categorising different types of climate risks
faced by renewable energy companies and the measures that are used to prepare
and adapt to them. We summarise the existing literature on climate risks and adap-
tation within the renewable energy sector and carry out an interview-based qualita-
tive case study regarding energy companies' perception and assessment of climate
risks in Finland. The results show that while companies are aware of climate risks,
particularly concerning the green transition, climate risks are not comprehensively
assessed, and adaptation measures mainly account for direct physical risks with
little regard for more systemic and complex risks, such as cross-border impacts or
cascading risks.
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et al, 2020). However, as climate change impacts have already

emerged and are projected to intensify even further in the future,

The energy sector plays a key role in mitigating climate change and
the risks it brings. The expansion of clean energy technologies is a
prerequisite for reducing greenhouse gas (GHG) emissions and dec-
arbonising society (Owusu & Asumadu-Sarkodie, 2016), and the role

of renewable energy companies in this regard is crucial (Bryant

Abbreviations: CSRD, Corporate Sustainability Reporting Directive; ESG, Environmental,
social and governance reporting directives; EU, European Union; GHG, Greenhouse gas
emissions.

the identification and management of climate risks in the renewable
energy sector are of equal importance (Gernaat et al., 2021; Nam
et al., 2021). To this end, renewable energy companies could con-
duct climate risk and vulnerability assessments to help identify
assets and resources exposed to climate hazards, increase the resil-
ience and adaptive capacity of the company and prepare for the
risks related to the low-carbon energy transition (Adger et al., 2018;
IEA, 2020).

Hitherto, climate risk and vulnerability assessments have mostly
been conducted for regions or countries (Adger et al., 2018) with
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relatively less emphasis on economic sectors. Additionally, adapta-
tion efforts have mostly been led by the public sector with little or
no steering of the private sector (Klein et al., 2018). Subsequently,
the state of climate risk awareness and adaptation actions within
private companies is less well understood (Averchenkova
et al, 2016). There is a pressing need to accumulate empirical
knowledge of different sectors, particularly of critical infrastructure,
of which functioning is key to other economic sectors in society. A
momentary or a short-term failure or collapse of the energy sector
can have serious implications to societal security with cascading
impacts across all activities. A longer-term failure to account for cli-
mate change impacts may undermine the capacity of the sector to
reduce GHG emissions, leading to increased impacts of climate
change.

There are several strands of literature pertaining to climate risks
and adaptation from a private sector perspective, for example, regard-
ing climate services and the communication and use of climate infor-
mation (Porter et al., 2015; Tang & Dessai, 2012), organisational
studies on perceptions of climate risks by industries (Berkhout, 2012;
Klein et al., 2022; Orsato et al., 2017) and the ways in which climate
disclosures shape the behaviour of firms and sectors (Tang &
Demeritt, 2018). However, there is relatively little empirical work
focusing on climate risk awareness within the renewable energy
sector and how renewable energy companies manage and adapt to cli-
mate risks (Nam et al., 2021; Weinhofer & Busch, 2013; Yu et al.,
2023). Additionally, the state of knowledge on and management of
different kinds of indirect, systemic, cascading and cross-border
impacts of climate change within the energy sector have not been
extensively studied (Berninger et al., 2022). Overall, while previous
studies have identified and analysed different climate risks to the pri-
vate sector, the awareness of, attitude towards and responses to
these risks within companies have not been comprehensively
assessed (Sakhel, 2017).

This study addresses this gap by asking the following research
question: How do renewable energy companies perceive different
kinds of climate risks, and how are climate risk assessments utilised to
adapt to these risks? The objectives of the paper are to appraise the
existing level of knowledge on different climate risks within renewable
energy companies, identify the motivations behind implementing
adaptation actions and assess the utilisation of various climate risk
and vulnerability assessments within the companies. We start by dis-
cussing the literature on climate risks and adaptation pertinent to the
renewable energy sector and proceed by carrying out a qualitative
case study through semistructured interviews to assess the percep-
tion and management of climate risks within the renewable energy
sector in Finland. Our findings show that while most companies are
aware of potential direct physical risks as well as transition risks, they
are rarely assessed comprehensively or regularly, while more complex
risks are rarely assessed at all. These findings urge energy companies
to take a broader systems perspective in risk assessment and manage-
ment trainings and guide the public sector towards providing more
comprehensive informational steering and financial incentives for

companies to engage with climate change risks.
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2 | BACKGROUND AND ANALYTICAL
FRAMEWORK

2.1 | Climate risks to the renewable energy sector
Various renewable energy resources—especially bioenergy and hydro-
power, which account for 10% and 3% of global primary energy pro-
duction, respectively (IEA, 2017)—are highly vulnerable to changing
climatic conditions (Edenhofer et al., 2011; Solaun & Cerda, 2019).
Other renewable energy sources, such as solar, wind, geothermal, air
and ocean energy, are also susceptible to different types of climate
risks (Alm, 2018; Bazyomo et al., 2016; European Parliament, 2021;
Owusu & Asumadu-Sarkodie, 2016). The most well-known impacts
and risks are direct physical risks induced by various weather phe-
nomena on energy production (Schaeffer et al., 2012; Solaun &
Cerd4, 2019; Wachsmuth et al., 2013). These predominantly arise
through changing weather conditions, such as changes in tempera-
ture, precipitation, wind speed and extreme weather events (Emodi
et al,, 2019; Jerez et al., 2015; Mani & Pillai, 2010; Mukheibir, 2013;
Patt et al., 2013; Poudel et al., 2011; Pryor & Barthelmie, 2010, 2013;
Solaun & Cerda, 2019). In addition, energy companies, with their
oftentimes broad and international networks of operations, experi-
ence direct climate risks throughout the value chain, for example, on
power plants, supply procurement, human resources (Cameron
et al, 2018; Spalding-Fecher et al., 2016) and supply chains
(Dahlmann & Roehrich, 2019). For instance, lower labour productivity
due to heat waves may disrupt production processes, while extreme
weather events may cause supply shortages of components or inter-
rupt the delivery of products and services to customers (Fayolle
et al,, 2019; Steeves et al., 2016).

Climate risks are increasingly being regarded as complex phe-
nomena that are shaped by the interactions of multiple stressors,
compounding effects and nonlinear responses (Carter et al., 2021;
Simpson et al.,, 2021), resulting in different types of indirect risks,
such as systemic and cascading risks (Table 1) (Sillmann et al., 2022).
Indirect risks can affect different sectors and regions in unpredict-
able ways through cross-sectoral and cross-border interactions
(Groundstroem & Juhola, 2021; Hui Min et al., 2021). For instance,
climate change-induced loss of income, reduced access to capital as
investors become more climate risk aware and increased insurance
premiums due to higher exposure to risk, may result in reduced
financial performance of companies (Steeves et al., 2016; van
Benthem et al., 2022). Overall, the global interconnectedness of the
energy market—acutely highlighted, for example, by the Russian
invasion of Ukraine in February 2022—predisposes energy compa-
nies to various cross-border and systemic impacts of climate change
that may be difficult to foresee and prepare for (Groundstroem &
Juhola, 2021).

In addition, the private sector and especially energy companies
are increasingly being affected by different transition risks, which
stem from societal and economic shifts towards a low-carbon society,
which necessitates a shift away from fossil fuels. These may be

related to, inter alia, tightening climate and energy policies that incur
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TABLE 1 Risk types.
Type of risk Definition
Direct risks Climate change risks that directly hinder companies' ability to meet their objectives.
Physical risk Climate change causes direct physical risks to companies by increasing the intensity or frequency of weather events such as

Indirect risks

Cascading risk

Compound risk

Cross-border risk

Interacting risk

Interconnected risk

Systemic risk

Transition risk

heat waves, storms, floods or droughts (Alvarez et al., 2020) that may damage the company's assets and infrastructure, on
which its operations depend. Physical risks concern not only private companies but also private financiers, because climate
change negatively affects the property, income, costs and real estate values of borrowers and investors (Fayolle et al., 2019).

Indirect physical climate risks affect the services and resources a company uses but does not own or control. These risks
primarily impact the productive capacity of a company's assets and can affect both upstream and downstream operations
(White, 2023).

Direct impacts may initiate a series of other events, which cascade through interconnected systems, such as infrastructure, the
economy, societal or ecological systems, creating a chain reaction of risks. The interactions can be one-way (like a domino
effect) or have feedback connections (Helbing, 2013, Lawrence et al., 2020, Pescaroli & Alexander, 2018, Rocha et al., 2018).

Compound risks arise from the interaction of hazards, which can be characterised by single extreme events or several
simultaneous or consecutive events that interact with exposed systems or sectors (IPCC, 2018).

Cross-border impacts of climate change create risks in locations distant from the initial impact, through the transmission of risks
across borders via international connections (Carter et al., 2021).

Combinations of hazards and their mutual effects between different factors and coincidences between environmental factors
(Pescaroli & Alexander, 2018).

Complex interactions between people, the environment and technological systems with physical interdependencies that are
closely related to interconnected social interactions (Pescaroli & Alexander, 2018).

Individual events can trigger systemic risks in many complex systems in both natural and human-made environments. Systemic
risks often arise from a direct risk, which then forms a set of indirect risks with cascading effects, affecting the structure,
operation and stability of the entire system (Hochrainer-Stigler et al., 2020).

Transition risks affect companies' business operations through policy, legal, technology and market changes following the

transition towards a low-carbon future. Transition risks include the following: policy risks, related to changing policy actions
addressed at mitigating or adapting to climate change; legal or litigation risks related to the failure of companies to put in
place mitigation or adaptation measures or properly disclose material climate risks; technology risks associated with the
development of new technologies that may affect competitiveness, production and distribution costs or demand for products
and services, creating winners and losers among companies; market risks connected to the shifts in demand for and supply
of certain commodities and services as climate change is increasingly taken into account within society; reputation risks
associated with changing perceptions of customers and communities concerning companies' actions towards mitigation or
adaptation (Alvarez et al., 2020; Juntunen et al., 2021; Saada, 2020).

new regulations for companies, the development of new energy tech-
nologies that alter market conditions—resulting in, for example, price
volatility, changing demand for goods or new competitors—or the
company's reputation, which is affected by customers' and investors'
concerns, negative media coverage or changing perceptions of civil
society (Table 1) (Fayolle et al., 2019; Tsalis & Nikolaou, 2017).

2.2 | Climate change awareness, risk assessment
and adaptation

Within the private sector, the understanding of physical climate risks
that may emerge and the awareness of the measures that companies
can take to maintain the profitability of their operations when facing
climate risks have evolved in recent years (Canevari-Luzardo
et al., 2020; Fayolle et al., 2019; Ngo et al., 2022; Winn et al., 2011).
Subsequently, many companies have started to identify climate risks
and prepare risk assessments or adaptation strategies to enhance the
company's adaptive capacity. These assessments and strategies range
in scope from being merely awareness raising documents to aiming at
strengthening the role of employees in combating risks and climate

proofing operations (Surminski, 2013). Assessments of climate risks

utilise methods and processes for defining, evaluating and measuring
risks—both to everyday practices as well as major strategic decisions—
facilitating the comparison of different risks and enhancing the under-
standing of possible effects (Adger et al., 2018). Information gained
through such assessments can help to reduce exposure and vulnera-
bility to risks, transfer, share and combine risks and increase flexibility
and risk tolerance, hence improving the adaptive capacity of compa-
nies (Hildén et al., 2018).

By conducting a climate risk assessment, a company can guide its
own actions towards prioritising measures that reduce negative and
adverse consequences (Adger et al., 2018). In short, a well-adapted
company should, in principle, understand the possible effects of cli-
mate change on its business, take them into account in its strategic
planning and decision-making, implement appropriate actions and
undertake regular reviews and adjustments as trends and forecasts
change (Surminski, 2013). However, adaptation action within the pri-
vate sector is motivated by a wide range of both internal and external
drivers, of which only some are directly related to climate change per
se. For instance, company size, export orientation and financial perfor-
mance are internal drivers that have been shown to correlate with
environmental performance, while regulatory and legal requirements,

corporate citizenship, stakeholder and investor pressure, as well as
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industry and market standards are external drivers that can incentivise
adaptation actions within companies (Averchenkova et al., 2016;
Gasbarro et al., 2017).

It is important to note that many actions taken by companies to
improve resilience to environmental risks and shocks are part of stan-
dard risk management processes and may not be labelled as adapta-
tion. Similarly, companies use a variety of different terms when
referring to adaptation, and the distinction between mitigation and
adaptation is not always clear (Agrawala et al.,, 2011). Additionally,
while risks are commonly associated with negative consequences in
climate change jargon, in economics, risks can also have positive con-
sequences, in allowing companies to take advantage of expanding or
emerging markets. Opportunities may arise, for instance, when private
financiers respond to the changing needs of their customers by
demanding greater incorporation of sustainability and adaptation
measures (Bowyer et al., 2014; Fayolle et al., 2019). Likewise, climate
change adaptation creates new business opportunities in several sec-
tors, not least the energy sector.

Increasingly, climate risk assessments are becoming mandatory in
many environmental, social and governance (ESG) reporting directives,
complementing mandatory regulation on GHG emission reporting. For
instance, as part of the EU Green Deal, the Corporate Sustainability
Reporting Directive (the ‘CSRD’), which entered into force in January
2023, strengthens the requirement for companies to disclose
observed and potential climate risks to their operations within their
sustainability reports and to prepare adaptation plans or strategies.
The aim is to improve transparency of companies' sustainability efforts
and give investors and stakeholders a way of evaluating and compar-
ing the sustainability performance of different companies (EC, 2022).

Previous studies have shown that within private companies,
especially those belonging to high-emission sectors such as energy,
transition risks related to the changing regulatory environment con-
cerning climate change tend to be regarded as more important than
physical climate risks or market risks (i.e. changing customer demand
or shifts in financial markets) (Sakhel, 2017). Additionally, only a few
firms have been shown to engage in strategic adaptation, that is,
with the main purpose of increasing the adaptive capacity of the
firm to climate change (Meinel & Schiile, 2018). As a result, compre-
hensive climate risk assessments have not been considered a top
priority for many companies.

A major challenge when conducting climate risk assessments is
the high degree of complexity, due to countless interacting factors
(Adger et al., 2018). Traditional risk assessment methods usually con-
sider only one hazard at a time, which can lead to an underestimation
of the risk, as the processes that cause extreme events often interact
and are spatially and/or temporally dependent (Zscheischler
et al., 2018). Cascading climate risks resulting from possible cascading
effects through interconnected systems pose special challenges for
risk assessments, especially when risks are transferred across sectors
and international borders, affecting supply chains and wider markets
(Challinor et al., 2018). Subsequently, many companies underestimate
their exposure to climate risks (Goldstein et al., 2019). Additionally,
companies often lack basic information about vulnerabilities or

and the Environment 1

weaknesses in their own systems, which may exacerbate the implica-
tions of the risks (Cameron et al., 2018). Other identified barriers to
properly implementing adaptation measures are managers' poor per-
ception of climate risks, lack of financial resources or inadequate
expertise within the company (Averchenkova et al., 2016; Todaro
et al., 2021). Hence, few companies have been able to properly ana-
lyse all potential climate risks to their businesses in a comprehensive
manner, and especially, climate risks that are projected to materialise
further into the future are often neglected (Sakhel, 2017).

Adapting to climate change requires more than isolated climate
risk assessments: A company's ability to deal with climate risks
depends not only on its own operations but also on the resilience of
customers, suppliers, and employees, and on functioning infrastruc-
ture. For instance, disruptions to transport and energy systems can
have far-reaching consequences for production and access to ser-
vices (Surminski, 2013). Adaptation is also important for producers
who depend on private sector markets, consumers who depend on
privately produced goods and services and workers whose liveli-
hoods depend on businesses (Goldstein et al., 2019). The many ways
in which the climate intersects with trends affecting other busi-
nesses and society, for example, through the availability of natural
resources, changing disease patterns and migration are thus impor-

tant to consider.

23 |
analysis

Analytical concepts and framework for

We rely on the literature above to answer our research question
regarding how renewable energy companies perceive different kinds
of climate risks and how climate risk assessments are utilised to adapt
to these risks; see illustration in Figure 1. To address the first part of
the question, we utilise the most recent IPCC risk definition (Pértner
et al., 2022) with a focus on how direct climate risks emerge for an
entity, an energy company in this case. This definition is complemen-
ted by definitions of various indirect and transition risks as defined in
the literature (Carter et al, 2021; Simpson et al., 2021; Steeves
et al., 2016; van Benthem et al., 2022). When addressing the second

part of the research question, we define adaptation as reactive or

COMPANY CLIMATE RISK MANAGEMENT

| Company risk | Companyrisk :/’
awareness | assessment =
J

Companyrisk |
management |
J

TYPE OF RISK

(O — T
:;:::r:::u Renewable energy production
Decarbonised,
ical risk %
T:;y:ltlon risk \ = adapted energy
Systemic risk '.' B\ infrastructure
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FIGURE 1 Analytical concepts.
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proactive actions taken by private companies to reduce the risks from
climate change and increase the adaptive capacity of the company
(Hildén et al., 2018; Surminski, 2013). Adaptation actions may be
prompted by a wide range of internal and external drivers, including
economic and environmental performance and regulatory require-
ments (Averchenkova et al., 2016; Gasbarro et al., 2017). Climate risk
assessments play a key role in identifying these drivers and enabling
the companies to act on available information and hence adapt to
emerging risks. To see how the concepts presented here are linked

to the coding, see Table 2.

3 | METHODS

3.1 | Case study

Finland was chosen as a case study due to its highly ambitious goal of
reaching carbon neutrality already by 2035, enshrined in the 2022

TABLE 2 Coding framework.

Theme Category

Climate risk term/concept
risk

IPCC-definition

Different types of climate risks Different types of climate risks

Identified types of risks

Climate risks to renewable
energy

Climate risks to renewable energy

Detected/identified risks

Most significant risks

Climate risk preparedness
Climate risks for companies Climate risk for different stages

International connections and
cross-border impacts

Most significant risks for companies
Climate risk assessment Risk assessment
Climate risk assessment tool

The importance of climate risk
assessment

Recognition and use of the term climate

revision of the Climate Act (423/2022) (Ministry of the
Environment, 2022). Since energy use is Finland's largest source of
emissions (Statistics Finland, 2020), a major transformation of the
energy sector—requiring various measures such as increasing
the share of renewable energy, improving energy efficiency, and
reducing energy demand—is crucial for reaching the goal. Despite the
share of renewable energy in the Finnish energy mix having increased
consistently in the past 20 years—accounting for 40% of the total
energy consumption in 2020 (SVT, 2021)—the vast majority consists
of bioenergy used by the forest industry in its own processes, while
the most important energy sources for decarbonisation of society,
that is, wind and solar, only amounted to approximately 3% of the
total consumption in 2021.

This means that a substantial scale up of renewable energy pro-
duction and build out of the transmission and distribution infrastruc-
ture are to be expected in the coming years. In order to ensure that
the emerging low-carbon energy system is resilient and well-adapted
to the future climate, risk assessments for new assets, infrastructure

Subcategory Code

[Climate risk term]

Exposure, vulnerability, hazard  [IPCC-definition]

[Different types of risks]
Direct risk [Direct risk]
Indirect risk [Indirect risk]
Physical risk [Physical risk]

Transition risk [Transition risk]

Systemic risk [Systemic risk]
[Cross-border risk]

[Identified risks]

Cross-border risk

Windpower [Windpower]
Hydropower [Hydropower]
Solar power [Solar energy]
Bioenergy [Bioenergy]

[Identified risks]

[The most significant risks]
[Preparedness]

[Risks in different stages]

[Connections abroad]

[The most significant risks]
How? By what means/tools? [Risk assessment]
Information source

What kind of tool?

[Information]
[Risk assessment tool]

[The importance of risk assessment]
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and supply networks need to be conducted. However, considering the
relatively poor track record of adaptation action in the private sector,
and especially in the energy sector (WEF, 2023), it is imperative to
understand the level of awareness of climate change within Finnish
renewable energy companies, their perception of climate risks, their
adaptation strategies and plans and what is currently hindering them

from mainstreaming adaptation actions across their operations.

3.2 | Data collection and analysis

A qualitative approach was considered appropriate as it allowed for
exploration of a relatively new topic where there is no established
knowledge base (Maxwell, 2012). Interviews were chosen as the data
collection method, since a preliminary scanning of company docu-
ments did not reveal sufficient information to proceed with the study.
We focused on renewable energy companies, which we consider to
be publicly owned or private companies, whose business consists
solely of producing renewable energy and/or related services, such as
transmission, distribution, storage and retail, as well as hybrid compa-
nies that are transitioning or have transitioned away from fossil fuels
into renewables. To narrow down the pool of participants, we limited
our search to companies that engage in the production of renewable
energy for society, that is, not only retailers or distribution operators
and not companies that only produce energy for their own use (such
as some forestry companies). This enabled us to focus on companies
that are key drivers of the low-carbon transition and thus important
for reaching the Finnish carbon neutrality goal. Based on these
criteria, we identified 31 companies, which were approached with an
interview invitation by email and if necessary, a reminder. Nine energy
companies of different sizes agreed to take part in the study. One per-
son from each company participated in the interviews, which lasted
about 30-60 min and were conducted remotely in November 2021,
via Zoom or Microsoft Teams.

The companies represented by the interviewees operate at differ-
ent spatial levels ranging from regional to international; see Table 3.
Accordingly, also, the size of the companies varies considerably with a
yearly turnover ranging from below €10 m. to more than €20
bn. Most of the companies are energy suppliers established more than
a hundred years ago, with only two newcomers established in the
1990s. All companies except one provide electricity as well as heat,
and they rely on two to four different renewable energy sources, with
wind being used by all nine companies and solar power by four com-
panies. The role of the interviewees ranged from manager positions to
directors.

The interviews were semistructured to allow the researcher to
clarify assumptions and correct misunderstandings during the inter-
views. The interviews proceeded based on questions related to prede-
termined themes (Eskola & Suoranta, 1998, p. 87) related to
renewable energy, different climate risks and climate risk assessments,
in correspondence to the research question (see analytical framework
in Section 2.3). The interviews were recorded for transcription to

enable a thematic content analysis in line with the analytical

[ ] 1911
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framework (Section 2.3). Thematic analysis, which is theory driven,
enables a description of the phenomenon under study in a condensed
and clear form. Based on the themes, we coded the transcribed inter-
view data using the qualitative research analysis tool Atlas.ti, for cer-
tain phenomena, things, meanings or concepts, which were compared
with existing information or an analytical model (see Table 2)
(Hirsjarvi & Hurme, 2008). Subsequently, we synthesised the textual

material according to the research question.

3.3 | Limitations

As with any qualitative study, there are limitations to the approach
and methods chosen, which affect the results of the study
(Silverman, 2020). First, the sample size of our study is small, raising
concerns of representation and generalisability of the study's findings.
Overall, 31 possible companies were identified and contacted of
which about a third responded positively. It is possible that these
companies represent a positive bias due to a keen interest in the
topic, thus skewing the results. Nonetheless, a third of possible
respondents can still be considered a sufficient sample size in qualita-
tive research. Second, bias can emerge when only one representative
of a company is interviewed. While an effort was made to interview
the most knowledgeable representative possible, the interviewees all
had different roles and tasks in the companies, with various levels of
subject expertise. Thus, the interviewees' roles, tasks and knowledge
can influence the responses they give and thus the results and conclu-
sions. Third, concerns can also be raised regarding the validity of the
findings when it comes to coding and analysis of the data in qualita-
tive research (Golafshani, 2003). We have aimed for transparency in
terms of the analysis by explicitly showing how we use the analytical
framework in the coding of the interview data. Finally, since all inter-
viewees were promised anonymity, more detailed description of the

companies interviewed is not possible.

4 | RESULTS

4.1 | Climate risk awareness

The level of climate risk awareness varied considerably within the dif-
ferent companies; see Table 4. Some of the companies were very
familiar with climate risk as a term and topic and had been conducting
climate risk assessments for some time already. However, for many
companies, climate risks were either considered minor issues or their
significance had only recently been acknowledged. When climate risks
and their formation were viewed through three dimensions (hazard,
exposure, and vulnerability), companies identified predominantly
hazards, such as extreme weather events, storms and strong winds,
lightning, increased temperatures, forest fires, pests, changes in ice
and snow conditions, changing precipitation patterns, rising water
levels and water flow fluctuations (Interviewees 1, 2, 5, 7, 8 and 9). As

such, the companies were quite familiar with direct physical climate
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TABLE 4 Risks from climate change.
Type of renewable
energy Risks from climate change identified by the companies
Hydropower Many direct and physical risks had been identified and observed for hydropower production, since hydropower is very

weather-dependent. Annual water amounts and their variation have direct impacts on hydropower production. In Finland,
many hydropower plants are built in small rivers, and the capacity of the power plants is rather small, which results in
problems during heavy rain, runoff and flooding. Likewise, droughts affect the amount of energy that can be produced. In
terms of safety, it is important to know how the weather and climate will change in the future, since changes to rainfall
patterns directly affect hydropower production. Changes in winter conditions affect the creation of winter and spring
floods, and also, autumn floods are projected to increase in the future. Floods are thus recognised as a clear, rapidly

developing risk factor for hydropower.

Systemic risks may emerge from the interconnectedness of the Nordic electricity market. Fluctuating weather conditions
affect hydropower production also outside of Finland and thus the price of electricity on the Nordic market. Especially
production conditions in Norway, where hydropower production is substantial, were perceived as very important for the

whole Nordic area.

Windpower

Direct and physical risks may emerge from changing wind conditions; for example, storms may increase locally due to climate

change. Predicting the magnitude of the change and how it will affect production were perceived as difficult. Lightning
strikes have also caused damage to wind farms. Winter snow loads, freezing rain and freezing of turbines have caused
problems for windpower production in the past. The risk of freezing may decrease in the future, while snowfall may
increase. During strong winds and storms with wind speeds exceeding 20-25 m per second, wind turbines need to be shut
down for safety reasons, affecting production. Damages and curtailment of production also cause financial losses to
companies. Sea level rise was identified as a potential risk to offshore wind farms, which are built for specific sea levels.

Solar power

Direct and physical risks of climate change on production are still quite uncertain. Production is directly affected by the

amount of solar radiation and cloudiness. A main challenge is the intermittency of solar radiation especially due to changing
seasons. Additionally, with increasing temperature, the efficiency of solar panels decreases. Storms and heavy winds may
cause damage to solar panels or cover them with debris.

Biomass

Direct and physical risks result from storms, forest fires and pest outbreaks that cause forest damage. Biomass production

may increase in the future with rising temperatures, due to a longer growing season and CO, fertilisation, which will
positively affect biomass production and biofuel availability.

Systemic risks may arise due to increasing pressure to shift from fossil fuels to bio-based fuels, which may create competition
for scarce resources, such as wood chips. This may incentivise biomass imports from abroad, questioning the sustainability

of the supply chain.

Transition risks are identified as affecting bioenergy through, for example, political decisions in Finland, at the EU level or at
the local level, for instance, directed at reducing combustion-based energy production. Decisions to protect forests or
strengthen sustainable forest management practices affect the availability of wood-based fuels. Biofuels may be included in
the EU emissions trading system in the future, which increases costs and hence the price of the final product.

risks, since renewable energy sources are very weather-dependent
(Interviewee 2), and many direct risks have already been observed:
‘we are aware of the risks, but we talk about them with slightly differ-
ent names than climate risk’ (Interviewee 4). The companies also
acknowledged that the distribution and supply networks may face
physical and direct climate risks, for example, due to storms and
extreme weather events.

The climate risks identified by the companies were naturally
dependent on what type of renewable energy production the compa-
nies were involved in. For instance, some of the companies were
partners or shareholders in wind farms but did not have their own
wind power production, and hence, climate risks to wind power had
not been comprehensively assessed. However, climate was still
highlighted as a potential threat to wind power production by some
of the interviewees: ‘Freezing rain is possibly a problem for the oper-
ation of wind turbines’ (Interviewee 9). Only a few companies had
solar energy as part of their energy production portfolio, but many
companies used solar power for providing energy to their own plants
or buildings. Solar energy is still seen as an emerging form of energy

production, the technology of which is in constant development.

Although the classification of climate risks based on different
terms and concepts was not very familiar to most of the companies,
they were still aware of different types of risks. For instance, the com-
panies were particularly familiar with risks stemming from policies and
regulations concerning the low-carbon transition, so-called transition
risks, as they have already affected the companies in various ways. In
fact, when asked what type of climate risks the companies believed to
be the most significant for their operations and production, transition
risks came to the fore, as one interviewee stated: ‘the biggest risk for
our business is political risk’ (Interviewee 9). Political decisions stem-
ming from many different levels (local, Finnish or European) to curb
climate change or limit the use of fossil fuels were identified as signifi-
cantly affecting current and future operations of the companies,
through, for example, sustainability criteria, as stated by Interviewee
4: ‘There will be political risk through the EU, like RED Il [the recast of
the EU Renewable Energy Directive]’. One interviewee (Interviewee
3) was concerned about future political regulations concerning forest
management, as limits on forest logging can affect the availability of
wood fuel. Hence, transition risks are constantly monitored, and

efforts are made to anticipate and prepare for them.
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Transition risks may also affect the financial performance of the
companies. For instance, the price of carbon in the EU emissions trad-
ing system (EU-ETS) affects production costs for the companies as
well as the price of end products. The possibility of assets being
stranded due to new decisions or regulations was also perceived as a
significant risk for companies who have already made large invest-
ments in certain production processes. For example, the availability
and price of biomass for bioenergy production may change drastically
in the future, a fact of which a company with large amounts of capital
invested in a biofuel plant for the next 10 years was acutely aware of,
particularly if the emissions trading expands to biofuels (Interviewees
4 and 8). Additionally, with increasing climate change, people's atti-
tudes and opinions may change, which may alter the types of opera-
tions and energy production processes that are deemed acceptable in
the future, creating both risks and opportunities for companies
(Interviewees 1, 3, 4 and 6).

Other terms related to indirect risks, such as systemic, cascading
or cross-border risks, were less familiar, and few of the companies had
identified impacts stemming from such risks. This is understandable,
since these risks are very complex and dynamic, which makes them
difficult to understand, identify and observe. Many of the companies
used indirect risk as an umbrella term to describe all risks other than
direct physical risks. Nevertheless, some companies identified the
increasing need for energy storage, and the importance of ensuring
supply security in the face of intermittent renewable energy produc-
tion, as a systemic risk. For instance, energy production capacity and
energy consumption differ between winter and summer, which makes
the possibility for seasonal energy storage, in which energy is stored
during peak production times and utilised during peak consumption
times several months later, increasingly important.

Table 5 shows risks and risk factors that the companies identified
as affecting them and their operations. The formation of the risk and
its impact on the company determines the classification of the risk.
Risks and their effects can also arise in multiple ways. For example,
the spot price of electricity in Finland is affected by the amount of
weather-dependent hydropower production in Norway, classified as a
cross-border impact. But the spot price can also be affected by sys-
temic or cascading risks. For example, storms and floods can affect
the availability of biofuel, by destroying forests or hindering the pro-
curement of biomass. Subsequently, the competition for biomass may
increase, leading to higher electricity production costs in biomass-
based power plants.

4.2 | Climate risk assessments and adaptation

The assessment of climate risks varied greatly within the companies.
Larger companies were generally further along in identifying and
evaluating climate risks, compared with smaller companies. Several
companies had been including climate risks in their general risk assess-
ments for quite some time already, but only a few companies had con-
ducted specific climate risk assessments. In general, the companies

believed that considering climate risks in isolation was not useful,

TABLE 5 Different climate risk types identified by the companies.

Risks and risk factors affecting the

company's operations Risk type
Biofuel availability/sufficiency

Price increase Systemic risk
Political decisions on biofuels Transition risk

Storms and floods that affect
biofuel availability

Direct risk,

physical risk
Competition for the same fuels Systemic risk

Direct risk,
cross-border risk

Distribution network

Systemic risk,
cross-border risk

Electricity market price

Security of maintenance/supply/energy Systemic risk

storage
Legislation changes Transition risk
Fossil fuel phase out
Emission reduction mandates
Phasing out combustion-based production
Carbon prices
Acceptability Transition risk
People's perceptions and behaviour

Social licence (e.g. wood fuels and
district heating)

since also other factors affecting the company's operations and
profitability—such as customer satisfaction, shareholder profits,
and wider market forces—must be equally considered.

Many weather-related events, such as storms and floods, are
already prepared for through existing risk management tools, but they
have not been specifically identified as climate risks. For instance, risk
assessments focusing on safety issues are routinely made for individ-
ual operations or investments, and they also take weather-related
risks into account. However, the companies acknowledged that cli-
mate change may alter the frequency and intensity of these weather
events, as stated by Interviewee 8, ‘the climate is changing, all
changes in weather are certainly not within the range of normal
variations’.

Consequently, the management of these risks must be enhanced
to know how to anticipate and prepare for risks with sufficient effi-
ciency. Especially when making very large investments, for example,
in a hydropower dam or a distribution system, a risk assessment
including the effects of future climate change is crucial. As one inter-

view put it:

‘[Tlhe most vulnerable points or operations are,
e.g. electricity distribution system or hydropower. The
current risks to these systems will certainly intensify in
the future. | think that we can already see today the
patterns that we will see in the future, but they will

only get stronger’. (2)
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Generally, the companies did not use specific tools or reference
frameworks for climate risk assessments. Instead, they tended to ana-
lyse in a qualitative manner the risks that climate change may impose
on their operations through considering various questions regarding
climate change impacts. From a more day-to-day operational perspec-
tive, the companies highlighted the difficulty of understanding climate
risks and predicting future events. The companies yearned for more
user-friendly assessment methods that would enable climate risk
assessments to be conducted more rapidly and frequently, as knowl-
edge improves. Second, flexibility and clarity were considered impor-
tant attributes of assessments to facilitate and guide the assessment
process, as well as for gaining precise and unambiguous results. Third,
a ranking of risks in order of severity or importance was considered
useful to help prioritise adaptation actions. However, ‘[There are cer-
tainly many different tools out there, but they are not one-size-fits-all.
You always have to choose a tool that suits your needs’ (Interviewee
2). Finally, any assessment should also account for uncertainty and
the implications of the risk not being realised.

A few different adaptation options were used by the companies
to prepare for future climate change. One of the most frequently
mentioned adaptation measures was diversification of energy produc-
tion, to avoid ‘putting all eggs in one basket’ and as such decrease the
implications from a failure in one particular power plant. In essence,
‘[Cllimate risks are always involved in renewable energy production,
and the only way to manage those risks is to bring flexible production
to that side’ (Interviewee 1).

Similarly, many companies considered investing in nascent and
emerging energy technologies, as a strategy for adapting to transi-
tion risks and avoiding stranded assets related to fossil fuels or bioe-
nergy in the future. For instance, geothermal heat was mentioned
by several companies as an emerging form of heat production, and
many companies are involved in mapping the production and usage
potential of geothermal heat in Finland. ‘Green hydrogen’, that is,
hydrogen produced from renewable electricity, has received plenty
of attention in recent years—not least through the EU hydrogen
strategy—and it was considered a looming opportunity by several
companies, both as an energy source and as a form of energy stor-
age (Interviewees 1 and 2). Large heat pumps were also mentioned
as a promising avenue for energy storage, and their usability and
profitability are currently being evaluated. Some companies also
mentioned the utilisation of waste heat as a way of increasing
energy efficiency in their operations, hence responding to the policy
pressure of decreasing overall energy usage.

5 | DISCUSSION

This study addresses the identified research gap concerning different
types of climate risks that renewable energy companies face and the
measures that are in place to adapt to these risks. In particular, our
findings shed light on two issues: first, company awareness and pre-
paredness and second, the broader consideration of adaptation in the

whole sector and its significance to society.

[ ] 1915
and the Environment @ E_WI LEYJ_

In terms of the first issue, the results show that the level of under-
standing and knowledge of climate risks varies between the compa-
nies. Some companies, particularly the larger ones, were very familiar
with the topic in general and had identified different types of climate
risks, while other companies had very little understanding of how dif-
ferent climate risks might affect their operations, despite the topic
itself being considered important. Similarly, generic risk assessments
were conducted by all the companies, but climate risks were rarely
extensively covered. Only a few companies, with large enough
resources to allocate, had specifically considered climate risks in their
risk assessments. This means that while the awareness of climate
change risks in general is high, knowledge of specific risks to a compa-
nies' own operations and possible adaptation measures is low. Addi-
tionally, adaptation measures mainly account for direct physical risks
with little consideration of more complex risks. In general, the overall
risk from direct climate change was considered moderate among the
companies and something that is already being addressed in current
risk management practices. This situation has also been highlighted in
previous literature (Devis et al., 2018; Gaetani et al., 2015; Pérez
et al., 2019; Solaun & Cerda, 2019; Weinhofer & Busch, 2013).

However, the climate change risk literature is currently expanding
to also consider risks arising from indirect sources, in addition to
direct impacts. According to this new strand of literature, climate
change creates systemic, cascading and cross-border risks in physical
and ecological systems, the economy and society, and these are often
interconnected, creating the conditions for irreversible threshold
exceedance at multiple scales (Groundstroem & Juhola, 2021). While
studies stress the importance of systemic risks caused by climate
change, these studies provide little support regarding the identifica-
tion or assessment of these types of risks (Hui Min et al., 2021).

Hence, the second issue that this study contributes to is the over-
view of adaptation across the sector and its implications for society,
though admittedly with a limited view. The findings of our study show
that preparing for and adapting to unpredictable, more complex future
trends or sudden shocks that may arise due to climate change were
largely absent in the risk strategies of the companies. Thus, current
risk assessment and management practices do not account for longer-
term trends or systemic impacts that span sectors and borders. This is
a cause of concern, as energy infrastructure built today is meant to be
operational for several decades. Furthermore, energy infrastructure
and operations are considered part of the critical infrastructure of
societies (Huddleston et al., 2022), meaning that a failure in the
energy system may compromise other societal sectors through cas-
cading events. However, evaluation of climate risks across sectors and
scales, while maintaining the relevance for companies and decision
makers, remains a major scientific challenge (Adger et al., 2018).

The lack of knowledge and available tools to assess complex risks
also has implications for companies' staff and management. When
comparing the significance of direct risks to systemic risks, the latter
are less well-known within companies but potentially more severe if
realised. This further stresses the need to address the role of energy
company managers and the role their perception of climate risks plays

for the resilience of the company as pointed out by Todaro et al.
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(2021). Similarly, political decisions in the form of legislation and regu-
lation affect companies' operations, accruing more costs for manage-
ment, for example, in the form of developing sustainability criteria
(Bryant et al., 2020). While direct physical risks are considered to
some extent uncertain, transition and systemic risks are even more
unpredictable and something that the companies have less control
over in terms of their own management practices. This is also echoed
in the call for companies to engage in more comprehensive sustain-
ability reporting and address climate change more actively in company
practices (Ngo et al., 2022).

While the findings are not particularly surprising, they further
underline the need to consider the division of responsibility for adap-
tation between the public and the private sectors (Juhola, 2019). So
far, most adaptation planning and policy have been exclusively aimed
at promoting public sector actions with little direct steering of the pri-
vate sector, although some examples of this are emerging (Cameron
et al., 2018). In the case of the renewable energy sector, there seems
to be major information needs that the sector does not have the
capacity or the resources to fulfil on its own nor is it at the core of
their operations. Thus, information steering for adaptation, in the form
of development of different tools or information portals, is crucial
(Fayolle et al., 2019; Goldstein et al., 2019). Similarly, there are some
steering instruments, for example, the Adaptation Reporting Power
(ARP) tool (operated by the UK government), that have been used to
engage the public sector in adaptation. Though it has hitherto only
been used for public companies (Dale et al., 2021), its application in
private companies within sectors that are critical for society at large
may be worth undertaking.

It is also clear that the ongoing energy transition is having a pro-
found impact on energy companies, by forcing them to seek alterna-
tive methods of producing and supplying energy that does not rely
on fossil fuels. Also, other sources of energy, such as bioenergy and
nuclear power, are highly controversial, and their continued profit-
ability depends on uncertain factors related to financing, technologi-
cal developments, sustainability standards, people's perceptions and
political will. While these types of concerns are beyond the capacity
of individual companies to solve, there is clearly a need to address
these questions in the sector as a whole and in collaboration with
the relevant ministries. This calls for studies which account for the
sector more broadly with large sample sizes, allowing for a quantita-
tive analysis of the state of preparedness of the sector. Any new sig-
nificant actions taken need to be contrasted with up-to-date climate
change predictions and a systems perspective to ensure the resil-

ience of the sector.

6 | CONCLUSION

The energy sector has predominantly been focused on the pressing
need to reduce GHG emissions to mitigate climate change. However,
as climate change impacts are increasingly being experienced, there is
a need to examine to what extent climate risks may affect the renew-

able energy sector and what the sector is doing to increase adaptive

capacity in the future. If climate change impacts complicate and delay
the decarbonisation of the energy sector, it may lead to increasing
hardship for society.

This study has shown that direct physical risks and transition risks
are well-known and acknowledged within renewable energy compa-
nies, and they are often already included in existing risk assessments.
More complex systemic risks are difficult to comprehend; hence, no
risk assessment frameworks or tools currently exist to assess these
risks, despite their potentially significant consequences. Consequently,
the study shows that, in the absence of sufficient knowledge and
foresight planning, adaptation measures mainly account for direct
physical risks with little preparation for long-term trends. Given that
most countries have net zero targets (Chen et al., 2022), combined
with increasing pressure on companies to disclose climate risks, the
findings of this study are of high relevance to a wide variety of renew-
able energy companies in different countries.

These findings are also important for the wider governance of
adaptation and further highlight the need to clarify the roles of the
public and the private sectors in adaptation. Steering the private sec-
tor with information and incentives may enable private companies to
prepare for climate change impacts in a situation where uncertainty
and lack of information are rife. It is also important to note that these
steering mechanisms are largely absent at the moment. However, the
success of adaptation within the energy sector is fundamental in
ensuring that the level of risk to society is kept moderate.
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