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Executive Summary
Why energy matters to the RSPB
The way that we currently generate and use energy in the UK is not sustainable and is driving us towards
dangerous climate change – one of the greatest long-term threats to wildlife. The UK has started to
decarbonise its energy supply, but has a long way to go and must make this transition in a way that
avoids harming wildlife. Poorly-planned energy infrastructure can seriously harm wildlife, adding to
existing pressures, including those caused by climate change.

Putting nature in the “energy trilemma”
We need a system that delivers environmentally sustainable, secure and affordable energy – the
“energy trilemma”. However, the trilemma as it currently stands tends to equate environmental
sustainability solely with low carbon energy, overlooking ecological impacts. Planning our energy future
requires us to take the natural environment into account. Our challenge in this report is to put nature
firmly within the energy trilemma.

Our approach: mapping energy futures
In order to understand how the UK can decarbonise in harmony with nature, we have:
 Analysed ecological risks of all major renewable energy technologies.
 Mapped where technologies which require large areas of land or sea could be deployed at low
ecological risk (see Figures 1 and 2).
 Conducted a literature review of key ecological risks of other renewable technologies.
 Using these results, estimated the energy generation potential of each technology.
 Used the DECC 2050 Pathways Calculator1 to develop three low ecological risk (LER) 2050 energy
scenarios for the UK, balancing other elements of the energy trilemma.
Step 1: Map where the energy resource is technically
viable e.g. sufficient wind speed for wind turbines
Step 2: Exclude areas with physical constraints that
prevent deployment (e.g. buildings, roads)
Step 3: Exclude areas where there are policy
constraints to deployment (e.g. heritage designations)
Step 4: Exclude areas of high and medium ecological
sensitivity (e.g. Natura 2000 sites)
Result: Indicative area where technology may
potentially be located with low ecological risk
Figure 1. Framework for assessing the deployment potential of renewable energy technologies within areas of
high, medium and low/unknown ecological sensitivity (adapted from SQW Energy 2010)

1

A UK Government tool for developing energy scenarios: http://2050-calculator-tool.decc.gov.uk/#/home
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We created maps for onshore wind, solar farms, bioenergy crops, offshore wind, wave and tidal stream.
The full methodology and results have been peer-reviewed and published (see Gove et al 2016), and are
also in the Annex of this report. Figure 2 shows maps produced for solar farms, as an example. Green
areas in Map D indicate where solar farms could be sited with low ecological risk, based on current
understanding of distribution of priority species and habitats. Maps are not intended for fine-scale use
to identify sites, but provide a high-level indication of aggregate areas of land suitable for development.

Figure 2. Indicative areas of (A) resource availability, (B) physical constraints, (C) policy constraints and (D)
ecological sensitivity for solar farms in the UK
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Results of the spatial analysis
The spatial analysis indicates that up to 6,277 TWh/year of renewable energy could be generated with
low ecological risk by the technologies assessed. The UK’s final energy consumption in 2014 was 1661
TWh (DECC 2015a), suggesting that approximately four times the UK’s current energy use could be
generated from renewables by 2050, if carefully sited. This assumes no change to overall energy
demand in 2050, meaning that this figure could be considerably higher if demand is reduced (although
other considerations relating to the requirements of the overall energy system have to be considered).
There is significant scope for the low ecological risk deployment of all technologies considered,
especially onshore wind, floating wind and solar. The joint energy generation potential for onshore wind
and solar is equivalent to roughly a quarter (23%) of the UK’s current energy consumption. Offshore
wind could generate up to three and a half times the UK’s current energy consumption (up to 5,558
TWh/yr), though most suitable areas identified are far from shore, so would require floating turbines
and may not be economically viable. Data on marine species distribution is limited, so figures could
change as data and therefore understanding of ecological risk improves.

Our findings: Low Ecological Risk UK energy scenarios for 2050
Using results from our analysis, we have developed three Low Ecological Risk (LER) 2050 energy
scenarios to see whether and how the UK’s 2050 80% emissions reduction target2 could be met in
harmony with nature, using a combination of demand reduction and renewable technologies.
Scenario 1. Mixed Renewables
A diverse portfolio of renewables, on and offshore, with ambitious demand reduction.

Figure 3. 2050 electricity supply mix in the Mixed Renewables scenario

2

The Climate Change Act 2008 commits the UK to reducing greenhouse gas emissions by at least 80% in 2050 from
1990 levels.

5

Scenario 2. High Marine Renewables
High levels of marine renewables, including floating wind, wave and tidal stream, with ambitious
demand reduction.

Figure 4. 2050 electricity supply mix in the High Marine Renewables scenario

Scenario 3. High Onshore Renewables
High levels of onshore renewables including wind and solar, with ambitious demand reduction.

Figure 5. 2050 electricity supply mix in the High Onshore Renewables scenario
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Broader energy mix
Figures 3 – 5 show the electricity mix in each of the LER scenarios, which are a combination of
renewable and low carbon energy sources such as Carbon Capture and Storage (CCS) power stations.
Figure 6 (below) shows the broader energy mix in the LER scenarios, including electricity, heat and
surface transport (excluding aviation and shipping). Renewable energy dominates each scenario,
reaching 88% of supply in High Marine Renewables. Coal and unabated gas power power stations are
completely phased out in each scenario. Nuclear power is not included in any of the scenarios as this
study focuses on renewables and other technologies that would be compatable with a renewablesbased energy system. The remaining fossil fuel usage in the scenarios (between 9-11%) reflects limited
use of oil and gas in (mainly commercial) transport and heating. This is because it is not possible to
assume the complete phase out of these energy sources in the DECC 2050 Calculator model. In total,
‘low carbon energy’ (which in this report primarily refers to renewable energy and CCS power) forms 8991% of the UK’s total energy supply across the LER scenarios.

Figure 6: UK 2050 energy supply in the Low Ecological Risk scenarios covering electricity, heat and domestic
surface transport *excludes electricity imports NB. Each scenario has a different total annual supply, as different
energy mixes will produce different amounts of electricity to export over the course of a year

Key findings of our analysis




With careful planning, it is possible to meet the UK’s climate targets using high levels of renewable
energy, whilst avoiding significant negative impacts on nature.
Massive strides in demand reduction and energy efficiency are required to deliver this energy
future.
Development of energy storage, demand-side response3 and a smart grid network are critical to
security of supply in this energy future.

3

Tariffs and schemes to incentivise consumers (the ‘demand-side’) to lower their electricity use at peak times for
example through using smart meters, enabling more flexible energy usage.
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Available technologies such as onshore wind and solar have significant potential for continued
growth in the UK, whilst avoiding important areas for wildlife.
There are opportunities for new technologies, in particular floating offshore wind turbines, to unlock
substantial renewable energy capacity with low ecological risk – depending on how knowledge of
impacts develops.

Demand reduction and electrification of heat and transport
By 2050, energy demand across the three LER scenarios is reduced by over a third – from 1661 TWh in
2014 (DECC 2015a) to between 1063-1092 TWh/yr in 2050. Reducing energy demand reduces ecological
risks as it lowers the overall need for new energy infrastructure, and it is also important to ensure that
the energy system is affordable in future. Each scenario follows the energy efficiency first principle, and
also entails substantial electrification of heating and transport which is powered by renewable and low
carbon electricity.

Energy security in harmony with nature
Switching to renewable energy sources can increase energy security by reducing reliance on imported
fossil fuels. However, there are challenges associated with weather-related variability of renewable
energy technologies. Each of the LER scenarios maintains security of supply using a combination of
renewables, demand reduction, energy storage, interconnection and demand-side response. A diverse
portfolio of renewables across the UK, as in the LER scenarios, helps to reduce weather-related
variability.
Carbon capture and storage (CCS) may also play a role in ensuring security of supply, although the
research carried out for this report suggests commercial CCS power stations could be excluded if there is
strong progress with renewable energy, particularly marine renewables. Given risks associated with CCS
(see Section 3.4), investment in CCS power stations are regarded in this report as a ‘Plan B’ to energy
storage, demand reduction, interconnection and demand-side response. However, CCS technologies
also offer opportunities for decarbonising the industrial sector, so could play an important role in our
energy mix beyond electricity generation.

Affordable energy in harmony with nature
The three LER scenarios are achievable at a similar cost to other example decarbonisation pathways
provided in the DECC 2050 Calculator, which would entail an estimated average cost increase of 9.3%
above business-as-usual. By comparison:




The Mixed Renewables scenario: 8.2% above business-as-usual
The High Marine Renewables scenario: 9.5% above business-as-usual
The High Onshore Renewables scenario: 9.4% above business-as-usual

These are indicative estimates and should not be regarded as precise calculations of costs. For example,
they do not take account of the savings that could be incurred by avoiding conflicts with the natural
environment through careful siting and strategic planning, such as litigation costs. Nor do they take
account of the value of ecosystem services generated or protected by delivering the UK’s climate targets
8

in harmony with nature. More detailed economic analysis is recommended to explore this area further.
These figures should not be confused with additional cost to household energy bills, which cannot be
estimated using the DECC 2050 Calculator.

Policy Recommendations
The LER scenarios demonstrate that protecting the natural world can be compatible with decarbonising
the UK’s energy system, and can be done in line with other policy aims in the energy trilemma.
However, achieving this will require concerted action. The following recommendations, if followed,
would help to ‘embed nature within the energy trilemma’ and enable the delivery of the UK’s climate
targets in harmony with nature.
1. Set the ambition: 100% low carbon energy by 2050
The UK Government and Devolved Administrations should set a target of 100% low carbon energy by
2050 covering electricity, heat and domestic transport. Setting this strong ambition would provide a
clear framework for the long-term direction of travel towards a low carbon energy system in the UK.
2. Plan for nature: identify suitable sites
Suitable renewable energy sites are a limited resource. The UK Government, Devolved Administrations
and local authorities have a key role to play in facilitating strategic spatial planning, informed by robust
strategic environmental assessment, to steer development towards the least sensitive sites. Strategic
planning also helps to minimise planning conflicts, leading to more efficient outcomes. This report sets
out a methodology to support strategic planning at national, regional and local scales.
3. Develop roadmaps for decarbonisation in harmony with nature
The UK Government and Devolved Administrations need to strategically consider how decarbonisation
can be delivered in harmony with nature in the long-term. Combined with scenario modelling, the
results of strategic spatial planning could be used to develop energy roadmaps that take into account
potential impacts on nature when planning the UK’s energy future.
4. Eliminate energy waste
Ambitious measures to reduce energy waste are critical to transition to low carbon energy with low
ecological risk. Energy savings reduce the requirement for new energy infrastructure, and help ensure
energy is affordable in the long-term.
5. Improve the ecological evidence base
Investment in closing ecological data gaps, especially relating to wildlife in the marine environment,
could enable renewable industries to move forward more cost-effectively. Understanding impacts could
be improved through more standardised monitoring and systematic storage of environmental
information. Currently, large amounts of data gathered at project level are not shared to enable learning
to be transferred between projects.
9

6. Promote low carbon, low ecological impact innovation
Many decarbonisation technologies are already available, such as onshore wind and solar PV. However,
in the longer term, meeting targets in harmony with nature will require investment in innovation. This
includes developing a smarter grid, energy storage, and technologies to unlock renewable energy,
particularly in the marine environment, such as floating wind turbines. Novel technologies must be
accompanied by robust environmental assessment to fully understand ecological risks.
7. Transform low carbon heat and transport
Decarbonisation of heat and transport is crucial to meeting climate targets. The UK Government and
Devolved Administrations should encourage shifts to electric vehicles, public transport and active travel.
Use of biomass as a transport fuel must be subject to robust sustainability standards. Measures are
needed to speed up transition to low carbon heat technologies such as heat pumps.
8. Make economic incentives work for nature and the climate
The transition to low carbon energy will require economic incentives to shape the energy mix. The UK
Government should continue to support onshore wind and solar, which provide opportunities for rapid
decarbonisation. Perverse subsidies for fossil fuels also need to be phased out in order to create a more
level playing field. Governments should avoid incentivising projects likely to cause significant
environmental harm, such as tidal barrages.
9.

Ensure bioenergy supplies are sustainable

Bioenergy could play a role in the UK’s energy future in harmony with nature. However, demand for
biomass can pose risks to wildlife. Lifecycle emissions assessments should be carried out to ensure
genuine emissions reductions, and use of biomass should be limited to sustainable supply – ensuring
bioenergy crops do not replace natural habitats. Genuine wastes and residues should be prioritised, and
robust sustainability criteria should be applied.
10. Build a grid network fit for the future
The UK’s grid network will require significant investment in upgraded connections, alongside smarter
system management, to integrate high levels of renewable electricity. More interconnection with other
nations will be needed to optimise how we use energy, and distribution networks need to become
smarter in order to integrate more decentralised generation and demand-side response. To enable the
UK’s climate targets to be delivered cost effectively, securely, and in harmony with nature, a grid
network that is fit for the future is urgently needed.
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1. Introduction
1.1 Background
The scientific evidence for climate change is well established (IPCC 2013), with data from across the
globe indicating that terrestrial, freshwater and marine ecosystems are being affected by changes in the
climate (IPCC 2014). There is strong evidence that climate change is already affecting UK biodiversity,
and impacts are expected to increase as the magnitude of climate change increases (Morecroft and
Speakman 2015). There is greater than 95% certainty that anthropogenic greenhouse gas emissions are
the dominant cause of rising global temperatures (IPCC 2013).
The effects of climate change are complex. However, there is growing evidence that it will have
widespread negative impacts on human health, food security, economic development, ecosystems and
biodiversity (IPCC 2014). It is estimated that under the business-as-usual emissions trajectory, climate
change threatens one in six species around the world with extinction (Urban 2015). This presents a
strong imperative to reduce emissions and keep global average temperatures to well below 2°C above
pre-industrial levels, aiming for 1.5°C, as agreed under the United Nations Framework Convention on
Climate Change (UNFCCC). Limiting temperature rises to 2°C is expected to reduce the risk of extinction
from one in six to around one in twenty species globally (Urban 2015).
In 2008, the UK became the first country to introduce a legally binding climate change target, set out in
the Climate Change Act 2008, to achieve a reduction in greenhouse gas emissions of at least 80% by
2050, relative to 1990 levels. Reducing the UK’s emissions, as part of a global effort to tackle climate
change, is vital for avoiding serious climate impacts on wildlife and the natural environment. Meeting
this target will require significant changes to the UK’s energy system, including major reductions in the
use of fossil fuels and the overall demand for energy, and significant expansion of renewable and low
carbon energy technologies.
It is crucial that this transition takes place in a way that minimises impacts on sensitive species and
habitats. All energy infrastructure entails some level of ecological impact, and renewable energy
technologies are no exception (Abbasi and Abbasi 2000; Birdlife Europe 2011). The UK is committed to
reducing biodiversity loss under agreements such as the EU Biodiversity Strategy and UN Convention on
Biological Diversity, which includes the Aichi Biodiversity Targets. It is therefore essential to understand
the ecological risks involved in the transition to low carbon energy, and to plan ahead in order to
minimise impacts on nature. At a time when biodiversity is in long-term, persistent global decline, with
60% of assessed UK species having declined in the last 50 years (State of Nature Partnership 2013),
meeting this challenge is all the more urgent.
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1.2 Aims and scope
This report aims to assess how the UK can transition to a low carbon energy system, and deliver the 80%
emissions reduction target, whilst limiting negative impacts on sensitive species and habitats. It focuses
on renewable energy4, and aims to identify the deployment potential of a range of major renewable
energy technologies that can be delivered at different levels of ecological risk. The range of technologies
considered is based upon those included in the DECC 2050 Pathways Calculator (Section 2). Other low
carbon energy technologies, such as carbon capture and storage (CCS) and nuclear power, are
considered (see Section 4) but are not the central focus; the report’s analysis concentrates on whether
and how a renewable-based energy system could be delivered in the UK in harmony with nature. This
analysis is used to identify 2050 UK energy scenarios that meet the 80% target with low ecological risk
(Sections 4 and 5), based on current understanding of the potential impacts of technologies and the
known distribution of sensitive species and habitats. The report concludes with policy recommendations
(Section 6) for how the UK could transition to low carbon energy, including high levels of renewable
energy, whilst limiting impacts on the natural environment.
The focus of this report is the UK’s energy system, including electricity, heat and domestic surface
transport. There is a particular focus on electricity as decarbonisation of electricity is central to
economy-wide decarbonisation (Committee on Climate Change 2013), and because there are particular
ecological risks associated with large-scale deployment of some renewable electricity technologies.
Renewable and low carbon electricity also provides opportunities for the decarbonisation of other
sectors, for example through electric vehicles and heat pumps. Where relevant, this report also
considers ecological implications of other aspects of the energy system, such as the use of biofuels in
the transport sector.

4

This report defines renewable technologies as those harnessing energy from a source that is not depleted when
used e.g. the wind or sun, rather than other low carbon technologies such as nuclear power or Carbon Capture and
Storage (CCS) technologies, which are reliant on extraction of limited resources. Bioenergy is categorised as
renewable, although its ‘renewability’ is dependent on sustainable management, which is addressed later in the
report.
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Figure 7. The energy trilemma: environmental sustainability, energy security and afforability

The report also aims to understand how a low ecological risk energy future can be achieved in tandem
with other key aims of UK energy policy. The three key objectives of energy policy – environmental
sustainability, energy security and affordability – are often described as the ‘energy trilemma’ (World
Energy Council 2015), and it is widely accepted that the energy transition must take each of these
factors into account (see Figure 7). However, ‘environmental sustainability’ is frequently taken to mean
decarbonisation only, meaning that wider environmental criteria such as impacts on biodiversity are
often overlooked in energy debates.
As a society, we have legal and moral responsibilities to protect our wildlife. Approximately one in 10 UK
adults is a member or supporter of an environmental or conservation group (Cracknell et al 2013), and
94% of the public agree we have a moral obligation to halt biodiversity loss, with 90% feeling that
nature and biodiversity are important for our well-being and quality of life (European Commission
2013a). Sensitive species and sites must be considered as part of planning decisions, which means that,
in combination with other constraints, appropriate sites for energy infrastructure are a limited resource.
Avoiding harm to nature is also important to the public acceptability of new energy infrastructure.
A key aim of this report is therefore to highlight to decision-makers the need to reintroduce ecological
sustainability into the energy trilemma, and to underline the importance of accounting for impacts on
sensitive species and habitats when seeking to plan the UK’s future energy mix.

1.3 Limitations to the analysis
This report takes account of a wide range of ecological risks and seeks to incorporate a range of taxa
into its analysis. There is a particular focus on birds, as this is the RSPB’s core area of expertise, and birds
are a particularly well-known group in terms of the ecological data available. This report uses up-to-date
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knowledge where possible, and expert judgement where knowledge gaps exist.5 It should be noted that
knowledge of the ecological impacts of some renewable energy technologies is not comprehensive, and
in many cases there are limited data on the interaction between renewable energy technologies and the
natural environment. The results presented in this report represent best estimates based on currently
available evidence (see Gove et al 2016 for full details)6. It is a key recommendation of this report that
further scientific research is carried out urgently in order to build a more detailed picture of how the UK
can deliver its climate targets whilst limiting ecological risks.
This report is highly ambitious in scope, attempting for the first time to undertake a comprehensive
analysis of how the UK can transition to a low carbon energy system and deliver its climate change
targets in harmony with nature. In particular, the spatial analysis of renewable energy technologies in
Annex 1 of this report has not previously been undertaken at this scale for a number of the technologies
analysed. The most recent obtainable data have been used wherever possible, but in some cases the
process has been limited by the quality of data available, current knowledge of ecological impacts
and/or resource constraints. Additionally, some of the technologies are at an early stage of
development, meaning that their ecological impacts are currently uncertain or unknown. New data sets
are constantly becoming available which could be usefully incorporated into future studies.
Given the ambitious nature of the analysis contained in this report, the future energy scenarios
presented in Section 4 are not intended to be definitive or prescriptive at the detailed level. Rather they
have been developed as a means to explore whether and how the UK can meet the 80% emissions
reduction target using high levels of renewable energy with low ecological risk, and to understand the
possible implications for financial costs and security of energy supply. In future, the options available
may change, since the renewable energy sector is rapidly developing with new technologies emerging,
whilst others are faced with unanticipated challenges. Knowledge of the distribution of vulnerable
species is also rapidly developing, as well as the understanding of how species are impacted by different
types of renewable energy technology. This means that further alternative scenarios are likely to
become possible between now and 2050. The limitations to the conclusions that can be drawn from this
research are discussed further in Section 5.
The approach taken in this report demonstrates how spatially analysing opportunities and constraints to
renewable energy deployment, combined with energy system modelling, could be used to plan
strategically for an energy system that delivers for people and the environment. This analysis could be
improved by modelling the UK’s energy systems in greater spatial and temporal detail. See Section 5 for
suggestions for future work to build on the analysis presented in this report.

5

Expert judgment is an approach for soliciting informed opinions from individuals with particular expertise. For the
purposes of this report, expert judgment has been solicited from within the RSPB and the assumptions made have
been reviewed through an external review process (see Acknowledgement Section).
6
See Annex 1 for information on the data used for the spatial analysis. GIS data used for the assessment of
offshore technologies was provided in 2012 and could therefore be updated in future studies.
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1.4 Structure of the report
This report is organised as follows. Section 2 classifies the renewable energy technologies considered
into high, medium and low ecological risk categories, explains the approach that has been taken to
assessing the UK deployment potential of each category, and explains how technologies have been
modelled as part of the UK’s energy system. Section 3 reviews the key ecological risks associated with
each technology analysed, and estimates the deployment potential in the UK that can be delivered with
low ecological risk. Section 4 outlines three low ecological risk (LER) scenarios for the UK’s energy future
that meet the 80% emissions reduction, as well as taking account of the need to maintain security of
supply and affordability. Section 5 discusses the LER scenarios and spatial analysis carried out (see
Annex 1), and makes suggestions for future work. Section 6 concludes with policy recommendations for
how the UK can transition to low carbon energy and achieve the 80% emissions reduction target whilst
limiting impacts on the natural environment.
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2. Approach to analysis
2.1 Ecological risk classification of renewable energy technologies
There have been a number of assessments and reviews of the ecological risks of different renewable
energy technologies (e.g. BirdLife Europe 2011). The impacts of some technologies are now relatively
well established, for example the potential for collision risk and disturbance or displacement of birds
and bats from wind farms, although even these can be difficult to quantify in terms of likelihood and
scale of impacts. Many technologies would benefit from more research, including longer-term
monitoring studies than are currently available. The impacts of some emerging renewable energy
technologies remain largely untested. The specific impacts of individual technologies will be discussed in
more detail in Section 3. This section provides a description of the ecological risk categories that have
been used to structure this report’s analysis.
Quantifying the ecological risks presented by different renewable energy technologies can be difficult,
as many risks depend on technical and site-specific variables, such as where developments are located,
how they are constructed and managed, and the types of mitigation measures put in place. For the
purposes of this report, the major renewable energy technologies currently available have been split
into three general categories: high, medium and low ecological risk (see Table 1), in line with the
approach taken by Birdlife Europe in its ‘Meeting Europe’s Renewable Energy Targets in Harmony with
Nature report (Birdlife Europe 2011). The categories should be seen as indicative rather than definitive,
and are informed by the precautionary principle where ecological impacts are uncertain. The range of
technologies considered is based upon those included in the DECC 2050 Pathways Calculator (see
Section 2.3), which has been used as an indicator of the key technologies that could be deployed in the
UK between now and 2050, based on current understanding.
The ‘high ecological risk’ category contains technologies that are likely to result in significant impacts on
biodiversity in most existing or remaining technically viable locations in the UK. The technologies
considered as high risk are new large-scale hydropower and tidal range power schemes (including shoreto-shore barrages and tidal lagoons). With adequate safeguards and/or technical innovation, it may be
possible for some of these technologies to be developed without significant ecological impacts. To
ensure appropriate ecological protection, individual projects should be considered only after very
careful appraisal of their potential impacts on sensitive species and habitats under the Environmental
Impact Assessment (EIA) process, alongside robust mitigation measures to limit negative impacts. These
technologies are discussed in Section 3.1, and their deployment level in the LER scenarios is described in
Section 4.2.1.
The ‘medium ecological risk’ category contains technologies that have the potential to result in
significant impacts on biodiversity, if deployed without adequate safeguards. In many cases however,
their impacts can be minimised through appropriate siting, design, mitigation and/or management. The
technologies considered to be medium risk are onshore wind, solar farms, bioenergy technologies,
offshore wind (both fixed-base and floating turbines), wave power and tidal stream technologies. Each
of these technologies, if deployed at scale in the UK, is likely to extend across large areas of land or sea
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and therefore have the potential to affect the availability of habitats, as well as a range of direct and
indirect impacts on sensitive species. This means that locating these technologies in the least
ecologically sensitive locations, for instance through strategic spatial planning, is particularly important.
These technologies are discussed in Section 3.2, and their deployment level in the LER scenarios is
described in Section 4.2.2.
The ‘low ecological risk’ category contains technologies that are unlikely to result in significant impacts
on biodiversity in most locations in the UK. Technologies considered to be low ecological risk are
generally small-scale, involve little new infrastructure and are unlikely to result in major land-use
changes. The risks to biodiversity are expected to be minimal and very localised, although micro-siting
may still be required due to local sensitivities. The technologies considered to be low risk are solar PV in
the built environment, small-scale wind, geothermal electricity, small-scale hydropower7 and low carbon
heat technologies. Given that there is some degree of uncertainty regarding the ecological impacts of
some low risk technologies (particularly if deployed significantly more widely than at present), these
technologies may be reclassified at a later date if evidence indicates that this is appropriate. These
technologies are discussed in Section 3.3, and their deployment level in the LER scenarios is described in
Section 4.2.3.
Other low carbon technologies e.g. CCS, nuclear, that have not been categorised as high, medium or low
ecological risk, but that are important to consider in terms of the UK’s energy system as a whole, are
considered in Section 3.4. As these technologies are outside of the central scope of this report, they
have not been analysed in as much detail as the renewable energy technologies outlined above.
However, an overview of their key ecological risks is provided. Their deployment level in the LER
scenarios is described in Section 4.3. Energy demand in the LER scenarios is discussed in Section 4.4.

7

Small-scale hydropower is included as a ‘low risk technology’ as it is unlikely to result in significant land-use
change, however it is recognised that micro, small and medium-scale hydropower plants must be sited and
constructed carefully to avoid negative impacts on sensitive freshwater ecosystems and species such as migratory
fish and bryophytes. Mapping these sensitivities was considered to be outwith the scope of this report, however
studies are available which have been used to estimate a sustainable deployment potential.
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Table 1. Ecological risk classification of renewable energy technologies

High risk technologies

Medium risk technologies

Low risk technologies

New large-scale hydropower

Onshore wind

Tidal range power (shore-toshore barrages and lagoons)

Solar farms

Solar PV in the built
environment
Small-scale wind

Bioenergy technologies

Geothermal electricity

Offshore wind (fixed-base and
floating turbines)

Small-scale hydropower

Wave power

Low carbon heat technologies

Tidal stream

2.2 Assessing deployment potential of renewable energy technologies
This section describes the approach taken to evaluating the deployment potential of each ecological risk
category of technology outlined in Section 2.1. For some technologies, it has been possible (based on
the known or inferred ecological impacts of the energy technology) to spatially analyse the areas
available for deployment in the UK with high, medium and low ecological sensitivity. This is particularly
important for technologies that have the potential to be deployed across large areas of land or sea. For
technologies that are categorised as medium ecological risk, which do have this potential for large-scale
deployment, a spatial analysis approach has therefore been adopted.
To achieve this, Geographical Information Systems (GIS) have been used to map the area of the UK in
which each medium risk technology could be deployed at high, medium and low ecological sensitivity
(see Figure 1). The amount of energy that can be generated from these technologies at each level of
ecological sensitivity has then been quantified (see Section 3.2 for results). The maps used to inform
these estimates are contained in Annex 1 of this report, along with details of the methodology used to
conduct the spatial analysis.
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Step 1: Map where the energy resource is technically
viable e.g. sufficient wind speed for wind turbines
Step 2: Exclude areas with physical constraints that
prevent deployment (e.g. buildings, roads)
Step 3: Exclude areas where there are policy
constraints to deployment (e.g. heritage designations)
Step 4: Exclude areas of high and medium ecological
sensitivity (e.g. Natura 2000 sites)
Result: Indicative area where technology
potentially be located with low ecological risk

may

Figure 8. Framework for assessing the deployment potential of renewable energy technologies within areas of
high, medium and low/unknown ecological sensitivity (adapted from SQW Energy 2010)

The maps in Annex 1 are not intended to provide fine-scale information for use at the individual project
level. The scale at which the spatial analysis has been carried out means that the maps should be
interpreted as indicative only, and tools such as EIA remain crucial in order to identify appropriate sites
at a local scale.
Due to incomplete data, it is not possible for the spatial analysis to distinguish between areas of known
low ecological sensitivity and areas of unknown ecological sensitivity, since data on the distribution of
many sensitive species is not of high enough spatial resolution to prove the absence of species in those
areas. These areas are therefore represented in the same colour on the maps, meaning that precaution
is needed when interpreting them. This is a significant limitation to the sensitivity mapping, and
consequently to the estimates of deployment potential that are derived. Similarly, given the spatial scale
of the analysis and limitations of data availability, areas identified on the maps as medium or high
sensitivity do not necessarily represent locations where renewable energy technologies could not be
deployed with acceptable levels of ecological impact, as further assessment, micro-siting or appropriate
mitigation and management may mean this is possible in some instances. However, the data available
indicates that higher levels of precaution will be needed in these locations, and there is more likely to be
an ecological constraint to deployment. See section A1.6 for further discussion of intepreting the maps
contained in this report.
For technologies that are categorised as high or low ecological risk, a spatial analysis approach was not
considered appropriate either because: a) they are not likely to be deployed across large areas of land
or sea; b) it is unlikely that there are enough suitable sites in the UK for deployment to necessitate this
approach; c) siting is less critical to minimising ecological risk; or d) it was not possible to spatially
analyse these technologies at the necessary spatial scale within the parameters of this study. For these
technologies, a literature review has been undertaken in order to qualitatively assess key ecological
risks, combined with expert judgement where literature is not available. This analysis has then been
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considered in conjunction with published estimates of UK deployment potential for these technologies
up to 2050. This two step approach has enabled an informed estimate of the deployment potential of
these technologies with low ecological risk in the UK. This approach has also been used to analyse other
low carbon technologies and other approaches to reducing emissions from the energy system (see
Sections 3.4 and 4.3).
It is also important to consider the potential for local or regional cumulative impacts, either of different
renewable technologies in combination, or when individual technologies are deployed at a large scale in
one geographic area. However, this report is unable to address cumulative impacts to a significant
extent due to the lack of certainty around their scale, extent and duration, as well as the importance of
location specific elements. This is an important caveat in relation to the estimates of deployment
potential presented in Section 3. The approach to minimising the potential for cumulative impacts in the
LER scenarios is discussed in more detail in Section 5.1.1. Deployment in areas of low/unknown
ecological sensitivity are considered least likely to result in cumulative impacts.

2.3 Modelling energy scenarios for 2050
In order to understand how the UK can reduce greenhouse gas emissions and meet the 80% target, it is
important to consider not just the contribution of individual technologies in isolation, but complete
scenarios where energy supply and demand are balanced. To this end, the UK Government’s
Department of Energy and Climate Change (DECC) has developed a publicly available tool for modelling
energy scenarios, which sets out energy supply and demand options and presents the outcome of those
decisions in terms of emission levels in 2050 (see Figure 2). This tool, the DECC 2050 Pathways
Calculator (the ‘DECC 2050 Calculator’ or simply ‘the Calculator’), provides a useful framework through
which to consider different choices and compare different scenarios. The Calculator is free, open source
and
can
be
downloaded
from
the
DECC
website
(http://2050-calculator-toolwiki.decc.gov.uk/pages/140). This report uses Version 3.6.1. The methodology and assumptions
underpinning the Calculator are detailed in the UK Government’s 2050 Pathways Analysis Report (DECC
2010).
Users select a level for each of the 23 supply and 19 demand options. The levels range between 1 and 4,
ranging from little or no significant changes to reduce emissions or save energy, to highly ambitious
changes at the estimated physical or technical limits of what could be achieved (DECC 2012a). For some
options, it is possible to select levels on a continuous scale between the fixed-point integers; for
example, a user could select 1.4 rather than 1. For a small number of options (when an increasing scale
of effort is not applicable), the user chooses between four differing ‘trajectories’ labelled A to D.
Based on the levels selected, the Calculator indicates the percentage of UK greenhouse gas emissions
reductions (from a 1990 baseline) that can be expected under that scenario by 2050. It also estimates
the expected financial cost of the scenario, and the expected security of energy supply. The content of
the DECC 2050 Calculator was agreed following a call for evidence in 2010 (DECC 2012a), however the
ecological implications of different options were not considered in any detail. The levels are intended to
26

reflect the whole range of potential futures, and are not based on assumptions about future policy
(DECC 2012a). It should be noted that other modelling tools will make different assumptions about how
the UK energy system will evolve up to 2050, and the analysis conducted in this report using the DECC
2050 Calculator could also be carried out using alternative tools which rely on a different set of
assumptions.
The DECC 2050 Calculator has been used in this report to model three energy scenarios that meet the
80% emissions reduction target whilst limiting ecological risk, based on the analysis of ecological risks
and deployment potential in Section 3. These scenarios, referred to as the low ecological risk (or LER)
scenarios, are presented in Section 4. As well as enabling an understanding of the expected emissions
reductions under different scenarios, using the DECC 2050 Calculator also enables an understanding of
the expected financial costs and security of energy supply under the scenarios, enabling consideration
of the different aspects of the energy trilemma. However it should be noted that these are complex
areas of analysis and the results derived from the tool are indicative only. The limitations of the
conclusions that can be drawn are discussed in more detail in Section 5.
It is worth noting that for the spatial analysis of medium risk technologies (see Section 2.2), installed
capacity and annual energy output has been calculated using up-to-date sources for each technology,
such as power density per unit area of land or sea. However for the purposes of the LER scenarios, the
assumed power density within the DECC 2050 Calculator has been adopted.
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Figure 9. The DECC 2050 Pathways Calculator, showing the supply and demand options available (DECC 2010). NB. In this scenario, all options are set to the
lowest level of ambition (either level 1 or Trajectory A).
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Box 1. Ecological risks of fossil fuels
Although this report focuses on the ecological risks of renewable energy technologies in
order to develop future ‘low ecological risk’ energy scenarios, there are also major risks to
wildlife and the natural environment associated with the continued use of fossil fuels as
the UK’s main source of energy. These include direct ecological risks, for example through
the extraction and transport of fossil fuels (oil, coal and natural gas), as well as indirect
ecological risks posed by climate change, which is driven by the combustion of fossil fuels.
Direct ecological risks of fossil fuel-based energy generation occur through the extraction
of fossil fuels using techniques such as drilling, mining and hydraulic fracturing. This can
lead to habitat destruction and fragmentation, noise disturbance, pollution, increased
human activity in highly biodiverse areas, the introduction of invasive species and
pathogens, soil erosion and deforestation (Bell and Donnelly 2006; Butt et al 2013).
Although it is possible for restoration to deliver conservation benefits in areas of
extraction, ecosystem disturbance can have significant lasting impacts (Ruiz-Jaen and Aide
2005), and restoration does not always take place to the standard required or promised.
A study of the risks to global biodiversity from fossil-fuel production compared to biofuel
production found that future potential petroleum production areas intersect more than
double the area and a higher total number of threatened species than future biofuel
production (Dale et al 2014). The extraction and transportation of offshore oil is
particularly hazardous, with spills in the marine environment having catastrophic impacts
over wide areas (Kingston 2002). Local impacts of power stations and infrastructure such as
grid networks and road construction also need to be taken into account.
Fossil fuel-based energy generation is also a key factor contributing to climate change. The
effects of climate change on biodiversity are complex and highly diverse, but on the whole
they are expected to be negative. In the UK, for instance, warmer springs in recent decades
have caused a trend towards many biological events (such as flowering, bud-break and the
laying and hatching of eggs) occurring earlier in the year, which can alter the interactions
between species, including prey availability. Extreme weather events such as droughts and
floods, which are likely to become more frequent and severe under climate change, pose
risks to vulnerable ecosystems, and climate change is also expected to exacerbate the risk
that non-native invasive species will establish and spread (Morecroft and Speakman 2015;
RSPB 2015).
In the marine environment, warming seas are leading to changes in the abundance,
distribution and seasonal cycle of organisms such as sandeels, which will have serious
consequences for seabirds (Carroll et al 2015; Wanless et al 2010). Examples outlined here
represent a small sample of the ways in which climate change is expected to affect wildlife.
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3. Analysis of renewable and low carbon
energy technologies
3.1 High ecological risk renewable energy technologies
The definition of high ecological risk renewable energy technologies is provided in Section 2.1. The
technologies considered in this section are new large-scale hydropower and tidal range power, including
both shore-to-shore barrages and tidal lagoons. This section describes these technologies, reviews the
ecological risks associated with them, summarises their current deployment levels in the UK, and
estimates their 2050 deployment potential with low ecological risk.

3.1.1 New large-scale hydropower
3.1.1.1 Definition
Hydropower is energy derived from flowing water. Turbines are placed within the flow of water, causing
them to rotate. This drives a generator, which converts this energy into electricity. There are three main
types of hydroelectric schemes in the UK: reservoir schemes, run-of-river schemes and pumped storage.
This section will consider large-scale reservoir schemes, in which a dam is used to store water in a
reservoir, from where it is released in order to generate electricity. We define large-scale hydropower
schemes as those which have a capacity of 5MW or greater. Run-of-river schemes, which in the UK are
much smaller scale than reservoir schemes, are considered in Section 3.3.
3.1.1.2 Key ecological risks
New large-scale hydropower schemes are likely to have significant and lasting impacts on wildlife and
habitats in the UK. Species can be disturbed during the construction of dams and reservoirs, and
dramatic changes in physical and hydrological conditions are likely to be caused. Flooding land for a
hydroelectric reservoir can result in permanent loss of freshwater and terrestrial habitats, drainage of
wetland and bogs, and subsequent loss of habitat and species diversity (Rosenberg et al 1997). Large
dams also disrupt the natural flows of rivers and migratory pathways of fish, and can interrupt natural
transport of sediments leading to a build-up or deprivation of silt and nutrients (Rosenberg et al 1997).
Impacts on fish species can be mitigated to some extent using ‘fish passes’ (Hecker and Cook 2005). The
impacts of new large-scale hydropower schemes will depend on the location and scale of the
development and the specific attributes of the facility (Gleick 1992). The area occupied by infrastructure
such as hydraulic works, pipelines and access roads should be taken into account, as well as the
potential cumulative impacts of schemes, including habitat fragmentation and simplification (Bakken et
al 2014; Rosenberg et al 1997).
3.1.1.3 Current levels of deployment in the UK
In 2015, the UK generated 6.4 TWh of electricity from hydropower, around 1.9% of total UK electricity
production (or 8% of total renewable electricity generated). This was generated from 1,744 MW
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installed capacity, of which 1,477 MW is large-scale, most of which is located in the Scottish Highlands
(DECC 2016a).
3.1.1.4 Deployment potential of new large-scale hydropower in the UK
In the UK, it is unlikely that there are any suitable sites for the development of new large-scale
hydropower reservoir schemes with low ecological risk, as the most economically and environmentally
viable sites have already been developed. However, it is possible that some existing schemes may be
refurbished with relatively low ecological impact, enabling continued electricity generation to 2050.
There is also potential for small-scale hydropower schemes to be deployed more extensively than at
present with low ecological risk, if sited and managed appropriately (see Section 3.3.4).

3.1.2 Tidal range power
3.1.2.1 Definition
Tidal range power harnesses the energy from the vertical movement of water in the rise and/or fall of
the tide. In this report, we consider two types of tidal range technology: shore-to-shore barrages and
tidal lagoons. Shore-to-shore barrages are large dams constructed across tidal rivers, bays and estuaries.
Turbines are built into this structure, which are powered by the tides to generate electricity. Tidal
lagoons are similar structures to breakwaters, used in many coastal defence schemes. They operate by
enclosing an area of coastal sea to create a lagoon. Energy is harnessed by opening and closing gates
built into the lagoon walls, so that water is trapped inside or outside of the lagoon. When the height
difference is greatest between water levels inside and outside of the lagoon, water is released through
the gates in order to power turbines. One of the benefits of tidal range power is that it generates a
predictable and consistent source of energy. Tidal lagoons are also long-lasting structures, which could
produce electricity for up to 120 years (Cebr 2014). Tidal stream technologies differ from tidal range
technologies, as they harness energy from fast-flowing currents of water created by tides, rather than
the height difference between incoming and outgoing tides. They are considered in Section 3.2.5.
3.1.2.2 Key ecological risks
Shore-to-shore tidal barrages are likely to have significant impacts on biodiversity and lead to
substantial losses of important intertidal habitats. Several proposed sites for tidal barrages in the UK,
such as the Severn Estuary and the Solway Firth, support a wealth of biodiversity and are designated for
nature conservation at national and international levels. These estuary sites often support
internationally important numbers of bird species, and consist of a range of important habitats such as
mud flats, sandbanks, salt marsh and reefs (Wolf et al 2009). Tidal barrages may cause mortality to
migratory fish such as shad and lampreysm, which pass through the barrage on their migration routes,
though it may be possible to mitigate such impacts using measures such as fish passes which have
proven effective in hydropower schemes. Collision with turbines is also a potential risk for marine
mammals and diving bird species such as grebes.
The ecological risks of tidal lagoons are potentially significant, although they are not expected to be as
great as shore-to-shore barrages, depending on where they are located. There are currently no tidal
lagoons deployed anywhere in the world, so understanding of ecological impacts is limited. As with
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shore-to-shore barrages, collision with turbines is a potential risk for fish, marine mammals and diving
birds. Each tidal lagoon will change the shape of the coastline, affecting flows of water and sediment
transportation. This could have knock-on effects on intertidal and coastal habitats, and may increase
flood risk in some areas. The salinity inside of the tidal lagoon is also likely to be affected, which could
have implications for marine organisms and the bird species which forage in these areas. Cumulative
impacts may be substantial if multiple lagoons are built. Thorough monitoring and research into the
ecological impacts of tidal lagoons will be necessary before a roll-out of this technology in order to
prevent potentially significant ecological damage.
3.1.2.3 Current levels of deployment in the UK
There are currently no shore-to-shore tidal barrage schemes or tidal lagoons deployed in the UK. There
are several sites which have been proposed for tidal lagoon development, for example Swansea Bay in
Wales. This is expected to have a capacity of 320MW and would produce around 0.5 TWh/yr (Tidal
Lagoon Swansea Bay 2015). If constructed, this would be the first tidal lagoon energy scheme deployed
anywhere in the world. There are a number of shore-to-shore tidal barrages currently in operation
internationally. The first was built at La Rance in France in 1966 and has a 240MW installed capacity.
Other schemes include the Bay of Fundy in Canada (20MW), the Jiangxia Tidal Power Station in China
(~5 MW), and the Sihwa Lake Tidal Power Station in South Korea (254 MW) which is the largest tidal
power installation in the world at present (IRENA 2014).
3.1.2.4 Deployment potential of tidal range power in the UK
In the UK, it is unlikely that there are any suitable sites for the ecologically sustainable development of
shore-to-shore tidal barrage schemes. However, it may be possible to deploy tidal lagoon technology
without significant ecological risk - depending on the location, the design of the technology and the
environmental management programme. The impacts of any proposed scheme would require extensive
surveying and monitoring to establish the impacts on wildlife and habitats. Studies have estimated that
the UK’s total theoretical tidal range resource is between 25 and 30GW, which is enough to supply
around 12% of current UK electricity demand (DECC 2013a). Much of this capacity (between 8 and
12GW) is in the Severn Estuary, with the North West of England estimated to have a similar amount and
the East coast a further 5-6GW (DECC 2013a).
Suitable locations are limited given the need for sufficient tidal range to make projects economically
viable. However, the above DECC estimates do not take into account the ecological implications of tidal
range development at this scale, and a precautionary approach should be adopted until the impacts of
schemes are better understood. A phased approach to the deployment of tidal lagoons would allow
learning to be applied to any later developments, starting with one or two projects following careful
appraisal of potential ecological implications, coupled with robust monitoring of ecological impacts.

3.2 Medium ecological risk renewable energy technologies
The definition of medium ecological risk renewable energy technologies used in this report is provided
in Section 2.1. The technologies considered in this section are onshore wind, bioenergy technologies,
solar farms, offshore wind (fixed-base and floating turbines), wave power and tidal stream technologies.
This section provides a definition of each technology, reviews ecological risks associated with them,
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summarises their current deployment levels in the UK, and estimates their 2050 deployment potential
at different levels of ecological risk. Details of the spatial analysis approach used to assess deployment
potential are provided in Annex 1.

3.2.1 Onshore wind
3.2.1.1 Definition
Onshore wind turbines capture the kinetic energy from the wind and convert it into electrical energy.
They are deployed as single turbines or in groups (wind farms). Currently, the most common technology
is the three-bladed horizontal axis turbine, although there are a number of other designs available.
Energy generation from onshore wind can be considered at two scales: commercial and small-scale.
Commercial-scale refers to wind farm developments for commercial energy generation and supply.
Usually, this involves multiple turbines, although single large turbines can also be commercial scale.
Small-scale installations typically comprise single turbines and usually supply electricity for individual
homes or businesses. In this report, small-scale wind is defined as installations which have a capacity of
less than 100kW, and commercial scale as any onshore wind installation with a capacity of 100kW or
greater (SQW Energy 2010). Small-scale wind is discussed in further detail in Section 3.3.2.
3.2.1.2 Key ecological risks
Risks to biodiversity from onshore wind technologies strongly depend on where the turbines are sited.
Commercial-scale onshore wind farms are typically located in exposed areas with high average wind
speeds. These areas can coincide with priority wildlife sites such as upland and coastal areas that are
important for breeding, wintering and migrating birds (Drewitt and Langston 2006). Wind farms can
have negative impacts on birds and other wildlife such as bats, through disturbance and/or
displacement (Gove et al 2013; Pearce-Higgins and Stephen 2009), barrier effects (Drewitt and Langston
2006), collision risk (Hotker et al 2006), and habitat loss or damage (BirdLife Europe 2011). Many of the
negative impacts on biodiversity from onshore wind can be mitigated by appropriate siting and design
which takes into account the habitats affected, the species present, their population and their
vulnerability to wind farms (BirdLife Europe 2013; Gove et al 2013).
3.2.1.3 Current levels of deployment in the UK
The first commercial-scale wind farm in the UK was built in Cornwall in 1991. By the end of 2015, over
5,200 onshore wind turbines were deployed in the UK (RenewableUK 2015a), with a total installed
capacity of 9,073 MW (DECC 2016a), generating 23 TWh of electricity, or 7% of the UK’s total electricity
generation (28% of renewable electricity generation).
3.2.1.4 Deployment potential of onshore wind in the UK
The results shown in this section are derived from the spatial analysis of potential for onshore wind
deployment in the UK presented in Annex 1 (see the Annex for full details of this analysis).
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Table 2. Estimates for the UK deployment potential of onshore wind at high, medium and low ecological risk,
considering the available resource after physical and policy constraints are applied

High ecological risk
(no ecological
sensitivity applied)

Medium ecological
risk (areas of high
ecological sensitivity
excluded)
10,523

Low ecological risk
(areas of high and
medium ecological
sensitivity excluded)
5,932

Total land area
16,976
2
(km )
Percentage of UK
6.9%
4.3%
land area
Potential
153
95
installed capacity
(GW)
Annual energy
402
249
output (TWh/yr)
Indicative
61,200
38,000
number of
2.5MW turbines
Assumptions: onshore wind power density = 9 MW/km2, load factor = 0.30

2.4%
53

140
21,200

The results of the spatial analysis show that if deployed only in areas of low ecological sensitivity in the
UK, onshore wind has a potential installed capacity of 53GW, producing 140 TWh/yr. This corresponds
to a total land area of 5,932km2, or approximately 2.4% of the UK land area. This could be delivered by a
total of 21,200 2.5MW turbines, or fewer turbines with larger capacities and/or an improved capacity
factor if the technology improves in the period to 2050. For the purposes of this analysis, an average
power density of 9MW/ km2 and a load factor of 0.30 was used (see Annex 1 for full details).
This analysis relies on the assumption that there is suitable accessibility e.g. road infrastructure to site
turbines in these areas, and that sufficient grid connectivity exists. It is important to note that these
estimates do not take account of potential cumulative ecological impacts, however, deployment within
areas of low/unknown ecological sensitivity is least likely to result in cumulative impacts.

3.2.2 Solar farms
3.2.2.1 Definition
Large scale solar electricity generation can be deployed in two main forms: solar photovoltaic (PV)
arrays and concentrated solar power (CSP). CSP technology uses mirrors to reflect sunlight onto a
receiver, where the thermal energy is used to create steam to drive turbines and generators (Zhang et al
2013). Mirrors can also be used to concentrate sunlight on to heat-resistant PV panels. CSP technology is
primarily suitable for regions with high solar irradiance and little cloud cover, meaning that CSP is not
well suited to deployment in the UK (IEA 2014), and therefore not considered further in this report.
Solar PV panels convert photons of light into electrical energy using a semi-conductor material such as
silicon. Solar PV panels are able to produce electricity in relatively low levels of solar irradiance, even on
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cloudy days (although power levels will be lower), meaning that they are more suitable for deployment
in the UK. This section focuses on ground-mounted solar PV arrays (solar farms). At a commercial scale,
solar farms can cover anything between 0.4 and 40 hectares; approximately 10 hectares of land is
required for every 5MW of installation (Solar Trade Association 2015). Solar PV in the built environment
(for example on rooftops) is classified in this report as low ecological risk and is addressed in Section 3.3.
3.2.2.2 Key ecological risks
There is relatively limited research on the impacts of solar farms on biodiversity, meaning that
understanding of ecological risks is largely based upon inferences about farmland species and their
interaction with agriculture and other human activities. Impacts will strongly depend on the location of
the solar farm and the type of land upon which it is built. Potential negative impacts include
disturbance, displacement, habitat loss and/or habitat fragmentation (BirdLife Europe 2011). Cumulative
impacts and indirect land-use change (ILUC) also needs to be taken into account, for example, solar
farms built on agricultural land may potentially displace agricultural production. However, solar farms
can also be deployed in areas outside agricultural land such as on brownfield sites or contaminated land.
If appropriately managed, solar farms can present opportunities for biodiversity enhancement, meaning
that ecological impacts may be positive. For example, intensively farmed land could be converted to
low-intensity grazing or wildflower meadow between or beneath panels and around field margins
(Birdlife Europe 2011). Enhancements should be selected to fit the attributes of the site and
complement existing habitats and species (BRE 2014). Examples of management measures that might be
successful include grass strips for butterflies or bees , pollen and nectar strips or winter food for birds.
Effectiveness of these measures should be monitored, as they are currently largely untested in these
environments. Development is likely to have lowest impact on land of low wildlife value such as
intensive arable or improved grassland. There are some ecological risks associated with the production
of solar PV panels; these are discussed further in Section 3.3.1.
3.2.2.3 Current levels of deployment in the UK
Solar PV, both in the built environment and in the form of ground mounted arrays, has increased
substantially in the UK in recent years. Since 2009 it has increased from an installed capacity of 27MW to
9,071MW across over 800,000 installations at the end of 2015 (DECC 2016a; DECC 2016b).
Approximately 50% (around 4,400MW) of this capacity is accounted for by ground-mounted solar farms,
and the rest by building-mounted installations (DECC 2016b). In 2015, solar PV generated 7.6 TWh, or
9.1 per cent of renewable electricity generation, and was by far the fastest growing renewable energy
industry, with an 86.6% increase in generation between 2014 and 2015.
3.2.2.4 Deployment potential of solar farms in the UK
The results shown in this section are derived from the spatial analysis of solar farm deployment in the
UK presented in Annex 1.
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Table 3. Estimates for the UK deployment potential of solar farms at high, medium and low ecological risk,
considering the available resource after physical and policy constraints are applied

High ecological
risk (no
ecological
sensitivity
applied)

Medium
ecological risk
(areas of high
sensitivity
excluded)

Low ecological
risk (areas of
high & medium
sensitivity
excluded)

Deployment
potential
considering
ILUC and
impacts on
food
production*
14,170

Total land area
146,028
134,793
56,808
2
(km )
Percentage of UK
59.8%
55.2%
23.3%
5.8%
land area
Potential installed
3,213
2,965
1,250
312
capacity (GW)
Annual energy
2,535
2,340
986
246
output (TWh/yr)
Indicative number
321,300
296,500
125,000
31,200
of 10 MW solar
farms
*Figures take into account the potential for ILUC and impacts on food production as a result of
deployment on agricultural land (see below for further discussion)
Assumptions: power density = 22 MW/km2; load factor = 0.09; average size of solar farm 10MW
(Renewable Energy Foundation 2013)

There are a range of estimates for the amount of UK agricultural land that could be sustainably used for
energy generation, without resulting in ILUC or impacting on food production. Estimates range from
350,000 ha (Defra 2007; Lovett et al 2009) to 3.63 million ha (DECC et al 2012b). The results of the
spatial analysis conducted in this report (see Annex 1) show that if the most precautionary estimate is
assumed (350,000 ha or 3,500km2), solar farms have a potential installed capacity in areas of low
ecological sensitivity of 312GW, producing 246 TWh/yr. This corresponds to a total land area of
14,170km2 (3,500km2 agricultural land and 10,670km2 non-agricultural land), which is equivalent to 5.8%
of the UK land area. This could be delivered by 31,200 solar farms, assuming an average installation size
of 10MW (Renewable Energy Foundation 2013), or fewer if the technology improves or average size
increases in the period up to 2050.
For the purposes of this analysis, an average power density of 22 MW/km2 was used (MacKay 2009) with
a load factor of 0.09 (see Annex 1 for full details). This analysis relies on the assumption that there is
suitable accessibility e.g. road access to develop these areas, and that sufficient grid connectivity exists.
It is important to note that these estimates do not take account of potential cumulative ecological
impacts, although deployment within areas of low/unknown ecological sensitivity is least likely to result
in cumulative impacts. It is emphasised that solar farms must be appropriately sited and managed in
order to minimise ecological impacts and to potentially deliver conservation benefits.
36

3.2.3 Bioenergy technologies
3.2.3.1 Definition
Bioenergy technologies generate energy by burning solid, liquid or gaseous fuels made from biomass
feedstocks. In this report, biomass refers to any material obtained from organic biological matter
including marine and terrestrial crops and wastes. Bioenergy is often referred to as a renewable
resource, but regrowth of the feedstock can vary between a few years and many decades. It is essential
to consider the environmental sustainability of the feedstock used, the potential for direct impacts
and/or ILUC, or changes in the marine environment through converting land or sea to biomass
production, as well as the full lifecycle assessment of the greenhouse gas emissions produced or saved
(see Box 2).
There are a number of different ways in which biomass can be converted into energy in the form of
heat, electricity or transport fuels. Wood pellets can be burned in power stations to generate electricity,
either in dedicated power stations or in former coal-power stations converted for the use of biomass. In
some cases, biomass is ‘co-fired’ alongside coal. Biomass (either as a solid fuel, or as biogas produced
through anaerobic digestion (AD) or gasification), can be used to produce heat using a boiler system or a
combined heat and power (CHP) system (see Section 3.3.5 for further discussion). Some biomass
feedstocks are converted into liquid or gaseous biofuels, such as bioethanol, biomethane or biodiesel,
for use as transport fuels in cars or other vehicles.
The main classes of feedstock currently used for energy production in the UK are dedicated energy
crops, energy forestry products and waste products such as industrial and agricultural waste. Each is
described in more detail below.
Energy crops
Some biomass feedstocks are grown for the specific purpose of energy generation. These are known as
‘dedicated energy crops’. In the UK, the main dedicated energy crops are Miscanthus and Short Rotation
Coppice (SRC) willow (Lovett et al 2014); the latter is discussed in the ‘energy forestry products’ section
below. Miscanthus, also known as elephant grass, is currently the main perennial grass crop grown
commercially for bioenergy in the UK. Food crops such as cereals, maize and oilseed rape can also be
used for bioenergy production (for heat/power or as a transport fuel). However, there are a number of
concerns about the use of food crops for fuel, including the consequences for food availability
(Searchinger and Heimlich 2015). These types of bioenergy crops are sometimes described as ‘first
generation’ feedstocks, with dedicated crops such as Miscanthus and SRC willow being described as
‘second generation’ feedstocks (Lovett et al 2014).
Another type of dedicated energy crop that is currently under development is algae, although this is not
currently in use on a commercial scale. There are two broad classes of algae: macro-algae (such as
seaweed) and micro-algae (microscopic plants which are generally free floating and found in freshwater
and saline habitats). UK conditions are likely to be more suitable for the production of macro-algae on a
scale required to make a significant contribution to energy supply (DECC 2010). This feedstock could be
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converted into biogas such as biomethane for combustion, injection into the gas grid or for use as a
transport fuel, or it could be fermented in order to produce bioethanol for use as a transport fuel (DECC
2010). Macro-algae can be farmed in ocean environments, attached to lines or other floating structures.
Energy forestry products
As well as the growth of grassy and nonwoody dedicated energy crops, trees can also
be grown for bioenergy. There are two types
of energy forestry in the UK: short rotation
coppice (SRC) and short rotation forestry
(SRF). The most common SRC crops are
willow and poplar, harvested on a 3-5 year
cycle. SRF typically involves the cultivation of
fast-growing single stem tree species, such as
poplar, ash and eucalyptus, which are
harvested after one growth cycle, typically
around 15-20 years. Existing neglected
woodlands can also be brought back into
management for wood-fuel production,
although this must be carefully managed in
order to deliver carbon savings and benefits
to wildlife (see Section 3.2.3.2 for further
discussion). In addition to dedicated energy
forestry products, wood unsuitable for timber
including stems and branches, poor quality
roundwood, brash, deadwood, diseased
trees, municipal arboriculture arisings and
sawmill by-products (such as sawdust, bark
and pellets) can also be bioenergy feedstocks.

Box 2. Is bioenergy carbon neutral?
Bioenergy is sometimes referred to as a carbon
neutral source of energy, the assumption being
that growing feedstocks absorb carbon dioxide,
which is released back into the atmosphere
through combustion, subsequently being
absorbed again through regrowth.
However, the lifecycle of these emissions
greatly depends on the feedstocks used and
management system applied. Regrowth takes
time and net emissions may remain positive for
decades, precisely at the time when emissions
need to fall in order to mitigate climate change.
The ‘carbon payback time’ (Gibbs et al 2008) or
‘carbon debt’ (Fargione et al 2008) of some
biomass feedstocks is measured in decades or
even centuries.
There is also a need to take into account
whether the regrowth is ‘additional’, meaning
that it would not have occurred anyway, and
therefore
whether
genuine
emissions
reductions are realised (Searchinger and
Heimlich 2015). There is a significant level of
uncertainty in the evaluation of impacts of
bioenergy systems, and further research is
needed in order to better understand potential
ecological risks and likely carbon savings
(Thornley and Gilbert 2013).

Wastes
Waste products such as food and industrial
waste, agricultural residues, animal manures,
sewage and by-products/co‐products from
other production processes are another
potential resource for bioenergy production.
Wastes can be converted into digestate and
biogas using AD or gasification, or can be
used for combustion in bioenergy power
stations, CHP systems or other heating
schemes such as district heat networks.
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3.2.3.2 Key ecological risks
The ecological risks of bioenergy generation will strongly depend on the type of feedstock used and
management system applied. However, a key risk across a range of bioenergy feedstocks is the potential
for impacts owing to land-use change, ILUC and/or changes in the use of the marine environment, as a
result of converting land or sea to biomass production. This can result in the release of greenhouse
gases (where land is cleared for the production of bioenergy), or the production of bioenergy causing
other land uses such as food production to be shifted elsewhere. The types of habitats displaced
through ILUC, such as grassland or woodland, often absorb high levels of carbon dioxide. Additionally,
some bioenergy fuel cycles may deplete freshwater, soil and/or forest resources, and even lead to
increased carbon emissions and air pollution if poorly designed and managed (see Box 2). In the marine
environment, cultivation of macro-algae crops may impact on marine ecosystems through the release of
nutrients, or as a result of increased human activity causing the disturbance and/or displacement of
marine species. The specific ecological risks of different bioenergy feedstocks are addressed below.
Energy crops
The potential biodiversity impacts of dedicated energy crops relate to where and how the crops are
grown, and the type of land use that is replaced (or displaced) by them (Gove et al 2010). Few field
studies have been carried out on the impacts of perennial grass crops, and there are no studies longer
than five years. The longer-term and cumulative impacts of Miscanthus planting on biodiversity are
therefore currently unknown. In the first years of growth of perennial grass crops, higher biodiversity
has been found in comparison with arable crops (Semere and Slater 2004; Semere and Slater 2007a;
Semere and Slater 2007b; Bellamy et al 2009; Rowe et al 2009) related to reduced pesticide use and soil
disturbance. However, there is a concern that these crops may act as a breeding sink, because ground
nesting bird species are attracted to the area at the beginning of the season, but as the crops grow
rapidly the habitat soon becomes unsuitable (Sage et al 2010). Crop management will be crucial in
establishing longer-term biodiversity benefits. The largest impacts on biodiversity are likely to be seen
where energy crops replace habitats other than arable crops or intensive grassland.
The use of large monoculture food crops such as maize for biofuel production, in the UK and other parts
of the world, can drive land-use change, deforestation and soil erosion, which also degrades valuable
carbon stores. The chemical inputs used to grow biofuels and the processes required to convert the
feedstock into biofuels or biogas also need to be considered in terms of both their ecological impact and
greenhouse gas emissions. Even where bioenergy crops are grown on previously cultivated land, this can
lead to the displacement of food crops onto other land with negative impacts on habitats and wildlife
(Searchinger et al 2008). Although it is sometimes assumed that ‘marginal land’ can be used for growing
bioenergy feedstocks, this category of land is not well defined and may still provide valuable habitats.
For example, moorland habitats, which could be considered marginal because arable crops cannot be
grown there support globally important assemblages of birds (Thompson et al 1995).
Marine algae has been suggested as a potentially environmentally beneficial alternative to land-based
energy crops, as it would not provide competition with other land uses, such as food production, and
therefore drive direct or indirect land use changes. It also does not compete for freshwater as it can
grow in marine, brackish or nutrient-rich waste water, and growth rates tend to be considerably faster
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than land plants (Schlarb-Ridley 2011). Impacts on terrestrial biodiversity are therefore potentially
lower; however the scale of cultivation required to utilise macro-algae as an energy source may have
significant implications for marine ecosystems. For example, the intensive cultivation of macro-algae
crops at a large scale would entail significant activity across large marine areas, which is likely to cause
disturbance to marine species and potential habitat loss. If nutrients were to be added, this could cause
algal blooms which can have negative impacts on biodiversity as they deplete oxygen supplies, release
toxins and block sunlight from other organisms, and can also increase greenhouse gas emissions
through the production of ammonia and nitrous oxide. Investment in research and development would
be needed in order to investigate potential environmental impacts before marine algae bioenergy could
be developed in the UK (Schlarb-Ridley & Parker 2013).
Energy forestry products
SRC and SRF have been found to sustain higher abundance and diversity of species than arable and
improved grassland (Cunningham et al 2006; Sage et al 2006; Woods et al 2006; Rowe et al 2009), and
reduced ground disturbance and less intensive weed and pest control may lead to the development of
more diverse communities. In particular, older stands of rotation coppice or forestry with greater
structural complexity have been found to attract a higher number of species as a perennial ground flora
is able to develop (Cunningham et al 2006; Rowe et al 2009). However, these stands are still
fundamentally different from and poorer in comparison to natural habitats. Species associated with
scrub, hedgerows and woodland are more likely to benefit (Britt et al 2002; Cunningham et al 2006;
Hardcastle 2006; Sage et al 2006; Rowe et al 2009); however large-scale planting could negatively
impact open-habitat and farmland specialists (Cunningham et al 2006; Rowe et al 2009). These benefits
or impacts largely depend on location, management, and scale, and there may be trade-offs between
value for wildlife and productivity.
In the UK, careful targeted management of forests for bioenergy may produce some biodiversity
benefits, for example by increasing structural diversity (Fuller et al 2007). However, overexploitation for
wood fuel has potential for negative impacts on species requiring old growth features. Clear felling and
replanting will encourage species associated with early succession habitats or open habitats within
woodland (Helle and Fuller 1988; FC and Forestry Commission 2007). Intensive planting and
management can negatively impact water regulation, soil condition and biodiversity, and should be
avoided in priority non-woodland habitat. Removal of forestry arisings and residues could have adverse
impacts on the habitat and food resources of a wide range of biodiversity. Impacts have been observed
on microbial organisms (Kappes et al 2007); bryophytes and lichens (Humphrey et al 2002);
invertebrates (Kappes et al 2007); fungi (Humphrey et al 2000); saprophytic beetles (Jonsell et al 2007);
and small vertebrates including bats (FC and Forestry Commission 2007) and detritivores (Lonsdale et al
2008). There is also a risk of over-extraction of dead-wood which many species rely on for food (FC and
Forestry Commission 2007).
Wastes
Biomass feedstocks derived from secondary products are likely to be more environmentally benign as
their use as an energy feedstock does not drive their production. However, if demand for these products
significantly increases, a waste product can become a by-product or a co-product, and may eventually
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become a driver for production with potential negative environmental impacts. Depending on the type
of waste used, and the process employed to convert it to energy, there can be impacts on air quality and
the emission of greenhouse gases. Robust regulation is required in order to ensure that waste streams
are processed in the most efficient way, in accordance with the waste management hierarchy (Defra
2011a). Potential benefits of using waste material for energy includes a reduction in the need to dispose
of these materials in other ways, and a reduction in the demand for other biomass sources. Pollution is
potentially reduced by less material going to landfill, resulting in a reduction of leachate and greenhouse
gas emissions. In some cases, digestate from AD can be used in place of raw slurry or manure to fertilise
crops and can also help to destroy weed seeds, thereby reducing the need for herbicide and fertiliser.
3.2.3.3 Current levels of deployment in the UK
In the UK, bioenergy is currently used for electricity, heat and transport using a variety of biomass
feedstocks. Installed electricity generation capacity from biomass power plants (including power plants
using wood pellets, straw and energy crops, anaerobic digestion, energy from waste facilities, sewage
sludge digestion and animal biomass) was 4,094 MW at the end of 20158, providing around 24.2 TWh in
that year, or 29% of renewable electricity generation (DECC 2015a).
In 2014, 122,000 hectares of agricultural land was used for bioenergy in the UK. The main crops
currently grown are Miscanthus (7,000 Ha – England only) and SRC (2,800 Ha – England only) (Defra
2015). The UK currently imports more plant-based biomass from overseas than it produces (see Box 3);
for example, in 2013/14, more than half of the solid biomass used in the UK (around 3 million tonnes)
accredited under the Renewables Obligation was imported from the USA and Canada (Ofgem 2015). The
area of crops grown for bioenergy equated to 2% of all arable land in the UK in 2014. Just over 68% of
land used for bioenergy in 2014 was for biofuel for the UK road transport market (Defra 2015).

8

The plant biomass figure includes enhanced co-firing (>85% biomass)
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Box 3. Bioenergy imports
The UK currently strongly relies on imported feedstocks for bioenergy. In 2013/14, more
than half of the solid biomass used in the UK (around 3 million tonnes) and accredited
under the Renewables Obligation was imported from the USA and Canada (Ofgem 2015).
In 2014/15, 71% of the biofuel used in the UK under the Renewable Transport Fuel
Obligation was not sourced from UK feedstocks (DfT 2015). Lack of abundant supplies in
the UK, coupled with government incentives to promote the use of bioenergy, are likely to
sustain and drive up demand for imported feedstocks.
Current legal mechanisms for ensuring that bioenergy imports are sustainable are not
sufficient to safeguard the natural environment, or to ensure that genuine greenhouse gas
emissions reductions are realised. A major concern is the import of feedstocks whose
production is driving the destruction of highly biodiverse forests. For example, in order to
plant palm oil crops for the production of biofuels, large areas of rainforest are clear-felled
(particularly in South East Asia) resulting in a considerable loss of biodiversity (Ferber 2000;
Aratrakorn et al 2006; Fitzherbert et al 2008).
Another key concern is the import of wood pellets from temperate forests such as the
South Eastern forests of the USA. These forests contain some of the most biodiverse
ecosystems in North America, and have experienced huge degradation as a result of
biomass production, mostly for export to the UK. The industry is growing rapidly and there
is little regulation of the level of harvesting or of how operations are conducted on private
land, where a large majority of the feedstock is obtained.

3.2.3.4 Deployment potential of bioenergy crops in the UK
Estimating the ecologically sustainable deployment potential of the range of bioenergy feedstocks and
technologies that could be deployed in the UK between now and 2050 is difficult and complex. Many of
the risks around land use change and ILUC are extremely difficult to quantify, and the direct impacts of
growing and converting feedstocks into bioenergy are currently uncertain or unknown. Of the variety of
feedstocks available, the widespread cultivation of dedicated energy crops grown on agricultural land
(such as Miscanthus or maize) are most likely to have a significant impact in terms of requirement for
land and subsequent land-use change in the near future. Therefore, dedicated energy crops are the only
bioenergy feedstock to be spatially analysed in this report. The results of the spatial analysis are
presented below (see Annex 1 for further details). For other sources of bioenergy such as marine algae
and energy forestry products, this report has not been able to spatially analyse the deployment
potential in the UK. They are discussed in relation to the LER scenarios in Section 4.2.
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Table 4. Estimates for the UK deployment potential of bioenergy crops at high, medium and low ecological risk,
considering the available resource after physical and policy constraints are applied

High ecological
risk (no
ecological
sensitivity
applied)

Medium
ecological risk
(areas of high
ecological
sensitivity
excluded)

Low ecological
risk (areas of
high and
medium
ecological
sensitivity
excluded)

Deployment
potential
considering
risks around
ILUC and
impacts on
food
production*
3500

Total land area
104,289
102,058
46,138
(km2)
Percentage of
42.7%
41.8%
18.9%
1.4%
UK land area
Potential
78
77
35
3
installed
capacity (GW)
Annual energy
362
355
160
12
output
(TWh/yr)
Annual energy
686
671
303
23
output
(including
heat) (TWh/yr)
*Figures take into account the potential for ILUC and impacts on food production as a result of
deployment on agricultural land (see below for further discussion)
Assumptions: power density for electricity = 0.75 MW/km2, load factor = 0.53, or 1.00 where
waste heat is utilised

As with solar energy, there are a range of estimates for the amount of UK agricultural land that could be
sustainably used for energy generation, without resulting in ILUC or impacting on food production.
Estimates range from 350,000 ha (Defra 2007; Lovett et al 2009) to 3.63 million ha (DECC et al 2012b). If
the most precautionary estimate is assumed (350,000 ha) for the land available for the growth of
bioenergy crops (approximately 1.4% of total UK land area), this corresponds to 3GW generating 12
TWh/yr of electricity, or 23 TWh/yr including heat energy. For the purposes of this analysis, a power
density of 0.75 MW/km2 and a load factor of 0.53 was assumed (see Annex 1 for full details). Bioenergy
crops could also be converted into a transport fuel, but this has not been calculated within this study.
It should be noted that 350,000 ha (3500km2) is significantly lower than the amount of land area
estimated to be available for the growth of bioenergy crops with low ecological sensitivity (46,138km2).
This level is a precautionary estimate taking into account the potential for ILUC and possible impacts on
food production. It is important to note that these estimates do not take account of potential
cumulative ecological impacts. Deployment within areas of low/unknown ecological sensitivity is least
likely to result in cumulative impacts. It should also be noted that there is uncertainty associated with
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this estimate due to variables such as climate, soil or water availability being key to successful bioenergy
crop production (Allen et al 2014), which it has not been possible to account for within this report.
It should be noted that bioenergy crops require the same type of land for deployment as solar farms
(although solar farms can also be deployed on non-agricultural land such as brownfield sites). This
means that the maximum deployment potential identified for each of these technologies is unlikely to
be able to be achieved simultaneously at low ecological risk, and decisions will be required around how
to prioritise the use agricultural land for energy production.

3.2.4 Offshore wind
3.2.4.1 Definition
Offshore wind turbines generate energy in the same way as onshore wind turbines; they capture the
kinetic energy from the wind and convert this into electrical energy. They are usually deployed in the
offshore environment in groups (offshore wind farms or ‘arrays’). Offshore wind farms have some
advantages over onshore wind farms; winds are often stronger and less variable at sea, and
developments may face less local objection due to the likely lower visual impact (Birdlife Europe 2011).
However, costs of installation are currently significantly higher than onshore wind farms, and there is
less accurate data on the distribution of marine species that may be sensitive to offshore wind
development, meaning that appropriate siting can be more difficult to achieve (see Box 4). The fact that
there is not a complete network of effectively managed marine protected areas in UK waters is also a
concern in this context. Ecological survey data gathered through pre- and post-construction monitoring
of offshore wind farms can help to better understand potential ecological impacts and inform the
identification of suitable locations for development.
In this report, two types of offshore wind technology are considered: fixed-based turbines and floating
turbines. Fixed-base offshore wind turbines (with foundations driven into the seabed) are currently the
main type of commercially deployed offshore wind turbine, and can be installed in waters up to a depth
of around 60m (The Crown Estate & DNV-KEMA 2012). Deep-water offshore wind turbines mounted on
a floating structure (referred to in this report as floating turbines) enable electricity generation in water
depths above 60m where bottom-mounted (fixed) turbines are unfeasible. This technology is currently
in the early stages of development, but has the potential to be a considerable source of renewable
energy generation in UK waters.
3.2.4.2 Key ecological risks
Risks to biodiversity of offshore wind are similar to those for onshore wind turbines:
disturbance/displacement, collision risk, barrier effects and habitat loss or fragmentation (Birdlife
Europe 2011). There are lower levels of certainty regarding the impacts of offshore wind as there is less
data on the distribution of sensitive marine species, their interaction with turbines and the location of
key foraging areas.
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Collision risk is likely to be greatest
for bird species with a similar flight
height to the turbine blades, such as
gulls and terns (Everaert and Stienen
2007). However some bird species
have been shown to avoid offshore
wind farms, thereby reducing the risk
of collision (Desholm and Kahlert
2005). This could result in indirect
habitat loss if birds begin to avoid
particular areas of sea, or if turbines
create a barrier effect between
functionally linked areas such as
roosting and foraging areas. Barrier
effects can have consequences in
terms of energy expenditure, for
example if birds fly greater distances
to feed, which can have an impact
upon
breeding
success
and
population viability if significant
diversions are made (Masden et al
2010).

Box 4. Offshore renewable energy
Given the urgent need for renewable sources of
energy to mitigate climate change, the planning
and installation of offshore renewable energy, in
particular fixed-based offshore wind turbines, is
moving at a relatively quick pace. However,
there is currently not an ecologically coherent
network of well-managed marine protected
areas in UK waters, meaning that some of the
most important sites for marine wildlife are
vulnerable
to
potentially
damaging
development.
Offshore renewable energy developments offer
significant potential to reduce greenhouse gas
emissions. For example, a 500MW offshore wind
farm is expected to save around 850,000 tonnes
of carbon dioxide being emitted every year.
However it is vital that developments are sited
in locations that limit harmful impacts on wildlife
and marine ecosystems. It is important that the
potential impacts of offshore renewable energy
developments are assessed within the context of
other human pressures on the sea, such as
fisheries, large-scale oil and gas operations, and
other anthropogenic sources of pollution.

Changes in food availability are
another potential impact of offshore
wind farms, as a result of
displacement from preferred foraging
habitats, or alterations to seabed
communities (Gill 2005). However, in
some circumstances, impacts may be
positive, for instance through
creating an ‘artificial reef effect’ that provides foraging grounds for birds or marine mammals, or by
reducing vessel activity within certain sea areas (Bergstrom et al 2014; Russell et al 2014).
Impacts can also arise from the construction of offshore wind turbines. In particular, construction
related noise during the installation of offshore wind turbines can potentially have significant impacts on
cetaceans, ranging from avoidance behaviour to auditory damage or even fatal injury (Gordon et al
2007; Hastie et al 2015). Measures are under development within the offshore wind industry to better
understand and mitigate these impacts. An advantage of floating wind turbines is that ecological risks
from construction-related noise are likely to be reduced. Appropriate site selection and project design
can help to limit some of the potential ecological risks of offshore wind technologies.

45

3.2.4.3 Current levels of deployment in the UK
The UK has been the world leader in fixed offshore wind farm developments since 2008. At the end of
2015, approximately 1500 offshore wind turbines were in operation with a capacity of 5,118 MW (DECC
2016a; RenewableUK 2015b), equivalent to 6% of the UK’s total renewable electricity generation.
The UK offshore wind sector has been developed through a series of leasing rounds: Rounds 1 and 2
were held in 2000 and 2003 respectively, with Round 3 (in 2009) being significantly larger in the areas of
sea offered for leasing. Round 3 identified nine zones within UK waters, which aimed to deliver 33GW of
capacity, as identified in DECC’s Offshore Energy Strategic Environmental Assessment (SEA) in 2009 (The
Crown Estate 2015). Developers bid for exclusive rights to develop offshore wind farms within the
zones. In addition to Rounds 1, 2 and 3, there are separate processes for Scottish Territorial Waters
overseen by the Scottish Government, and for Northern Irish Territorial Waters.
Although not currently commercially available, there are several floating wind demonstration projects
in development around the world, using technological innovations developed in the oil and gas industry
(Offshore Renewable Energy Catapult 2015). Investment in research and development is greatest in
countries with a deep sea bed where fixed wind technology is difficult to deploy such as Japan, with
projects also under development in France, Portugal, the USA and at the Hywind Pilot Park in Scotland.
3.2.4.4 Deployment potential of offshore wind in the UK
The results shown in this section are derived from the spatial analysis of offshore wind deployment in
the UK presented in Annex 1. The results in Tables 5 and 6 are presented in the form of ranges in order
to account for the higher level of uncertainty regarding renewable energy deployment in the offshore
environment (as compared to onshore), in terms of availability of ecological data, complexity of the
environment, multiplicity of uses and economic feasibility. Opportunity for deployment is separated into
three categories: prime, good and technical, referring to different levels of theoretical feasibility and
estimated economic viability. Within each category of opportunity, figures are presented as a range in
order to account for different levels of policy constraint that could apply to UK offshore wind
development between now and 2050 (see Annex 1 for further details).
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Table 5. Estimates for the UK deployment potential of fixed-base offshore wind at high, medium and low
ecological risk, considering the available resource after physical and policy constraints are applied

High ecological risk
(no ecological
sensitivity applied)

Medium
ecological risk
(areas of high
ecological
sensitivity
excluded)
107 – 498
0.0 – 0.1%

Low ecological
risk (areas of high
and medium
ecological
sensitivity
excluded)
37 – 95
0.0 – 0.0%

Total area (km2)
1,536 – 8,555
Percentage of UK 0.2 – 1.0%
sea area
Potential
8 – 43
1–2
0–0
installed capacity
(GW)
Annual
energy 34 – 187
2 – 11
1–2
output (TWh/yr)
Prime
and Total area (km2)
15,276 – 54,842
3,049 – 6591
233 – 1763
good
Percentage of UK 1.7 – 6.3%
0.3 – 0.7%
0.0 – 0.2%
opportunity*
sea area
Potential
76 – 274
15 – 33
1–9
installed capacity
(GW)
Annual
energy 335 – 1202
67 – 144
5 – 39
output (TWh/yr)
Prime,
good Total area (km2)
22,700 – 69,237
7,341 – 11,578
3,162 – 5,229
and technical
opportunity*
Percentage of UK 2.6 – 7.9%
0.8 – 1.3%
0.4 – 0.6%
sea area
Potential
114 – 346
37 – 58
16 – 26
installed capacity
(GW)
Annual
energy 497 – 1,517
161 – 254
69 – 115
output (TWh/yr)
*Areas of opportunity have been categorized as prime, good and technical depending on the
feasibility of development in these areas (see Annex 1 for further details)
NB. Ranges presented refer to different levels of policy constraint applied (see Annex 1).
Assumptions: power density = 5 MW/km2, load factor = 0.50
Prime
opportunity*
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Table 6. Estimates for the UK deployment potential of floating offshore wind at high, medium and low
ecological risk, considering the available resource after physical and policy constraints are applied

Prime
opportunity*

High ecological
risk (no
ecological
sensitivity
applied)
26,619 – 94,029

Medium ecological risk
(areas of high
ecological sensitivity
excluded)

Low ecological risk
(areas of high and
medium ecological
sensitivity
excluded)
7,241 – 10,945

Total area
8,152 – 13,003
(km2)
Percentage of
3.0 – 10.7%
0.9 – 1.5%
0.8 – 1.2%
UK sea area
Potential
133 – 470
41 – 65
36 – 55
installed
capacity (GW)
Annual
583 – 2,061
179 – 285
159 – 240
energy
output
(TWh/yr)
Prime and good Total area
219,233 –
150,886 – 178,072
128,998 – 152,476
2
opportunity*
(km )
326,125
Percentage of
25.0 – 37.2%
17.2 – 20.3%
14.7 – 17.4%
UK sea area
Potential
1,096 – 1,631
754 – 890
645 – 762
installed
capacity (GW)
Annual
4,804 – 7,147
3,307 – 3,902
2,827 – 3,341
energy
output
(TWh/yr)
Prime, good
Total area
412,552 –
296,813 – 323,999
230,149 – 253,627
and technical
(km2)
519,446
opportunity*
Percentage of
47.1 – 59.3%
33.9 – 37.0%
26.3 – 28.9%
UK sea area
Potential
2,063 – 2,597
1,484 – 1,620
1,151 – 1,268
installed
capacity (GW)
Annual
9,041 – 11,383
6,505 – 7,100
5,044 – 5,558
energy
output
(TWh/yr)
* Areas of opportunity have been categorized as prime, good and technical depending on the
feasibility of development in these areas (see Annex 1 for further details)
NB. The ranges presented in this table refer to the range produced by different levels of policy
constraint (see Annex 1)
Assumptions: offshore wind power density = 5 MW/km2, load factor = 0.50
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The spatial analysis in Annex 1 considers both fixed-base and floating offshore wind turbines. The results
show that there is between 3,162 and 5,229km2 of sea area available in UK waters to deploy fixed
offshore wind in areas of low/unknown ecological sensitivity, once physical and policy constraints have
been applied. This corresponds to between 16 and 26 GW, potentially generating between 69 and 115
TWh/yr. For floating offshore wind, the results of the spatial analysis indicate that there is between
230,149 – 253,627km2 available in UK waters for deployment in areas of low/unknown ecological
sensitivity, once physical and policy constraints have been applied. This corresponds to between 1,151
and 1,268 GW, potentially generating between 5,044 and 5,558 TWh/yr. For the purposes of this
analysis, it is assumed that fixed offshore wind turbines can be deployed in sea depths up to a maximum
of 60m, and floating offshore wind turbines in sea depths above 60m. An average power density of 5
MW/ km2 and a capacity factor of 0.5 has been assumed, which is comparable to the best performing
projects currently operating (Offshore Valuation Group 2010; Energy Numbers 2016). However, it
should be noted that cost and accessibility might make some of these sea areas difficult to utilise –
hence figures in the table for prime, or combined prime and good areas may be more useful or
meaningful for different purposes.
It is important to note that these estimates do not take account of the effects of potential cumulative
ecological impacts, although deployment in areas of low/unknown ecological sensitivity are least likely
to result in cumulative impacts. It should also be noted that whilst the spatial analysis indicates that
there are significant areas of sea available for the deployment of offshore wind energy, particularly
floating turbines, data on the distribution and abundance of marine species (many of which are very
mobile) remain incomplete, and this knowledge gap increases further away from the shore. Therefore it
is probable that cumulative impacts will occur; the extent of such impacts will depend on a number of
factors including siting, design and the scale of deployment.

3.2.5 Wave power and tidal stream
3.2.5.1 Definition
Waves carry kinetic energy that can be converted into electricity by wave energy devices. The size of
waves depends on wind speed, duration, distance it travels over the water, bathymetry of the seafloor
and currents. There are a range of possible devices, with different device concepts under development,
most at a relatively early stage. Some are designed to extract energy from the shoreline, whilst others
are designed to be deployed in deeper waters offshore (EMEC 2016).
Tidal stream technologies capture the kinetic energy of currents created by tides. This differs from tidal
range technologies, which utilise the height difference between incoming and outgoing tides. There are
a range of tidal stream devices currently under development, including turbines and hydrofoil devices,
some of which are anchored to the seabed, and others which are floating or tethered to the seabed.
Tidal stream resources are generally greatest in areas with a good tidal range, and where the speed of
currents is given velocity by the funnelling effect of the seabed or coastline, such as in bay entrances,
around headlands or between islands (EMEC 2016). Tidal stream technologies are at varying stages of
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advancement, although tidal stream is closer to commercialisation than wave energy. Both industries
are still to converge around one or two leading technologies.
3.2.5.2 Key ecological risks
As wave and tidal stream devices are in relatively early stages of development, there is limited data on
their ecological impacts, and impacts will depend on the type of device used and the location in which it
is deployed. Inferences about potential effects are largely derived from existing knowledge of the
marine ecosystem and the behaviour of wildlife in relation to marine infrastructure (McCluskie et al
2012). The main risks of wave and tidal stream technologies to birds and other wildlife are collision,
displacement and/or disturbance (including noise impacts), and barrier effects (McCluskie et al 2012;
Thompson et al 2013). Rotating underwater turbines pose a potential risk to diving seabirds and marine
mammals, particularly where the device has no surface presence or if the structure has exposed moving
parts underwater (Furness et al 2012; Thompson et al 2013). However the risk to seabirds of collision is
generally expected to be lower than for offshore wind turbines (Grecian et al 2010).
Noise disturbance during construction, installation, maintenance, operation and decommissioning can
potentially have negative effects on marine mammals, and there may be increased collision risk with
boats if vessel activities associated with construction and maintenance are increased (James 2013).
Disturbance to sedimentary processes and pollution are another potential risk, for example moving
parts are associated with an increase in turbidity, which can reduce visibility and potentially increase
collision risk (Langhamer et al 2010; McCluskie et al 2012). However, wave and tidal stream technologies
may also have some positive ecological impacts, for example their deployment may reduce human
activities such as fishing and other vessel activity, which may reduce disturbance and collision risks.
Given the diversity of technologies in development and the limited knowledge surrounding potential
ecological impacts, phased deployment with a commitment to monitoring will be important to
understanding and mitigating potential impacts on wildlife. An understanding of cumulative impacts will
also be crucial for the ecologically sustainable deployment of wave and tidal stream at scale.
3.2.5.3 Current levels of deployment in the UK
The UK, and Scotland in particular, has some of the best natural resources in the world in terms of tidal
flow and wave production, and in the past few years has been testing tidal stream and wave energy
devices at a number of sites. A number of areas in Scottish territorial waters have been leased for
development, and demonstration centres such as the European Marine Energy Centre (EMEC) in Orkney
and Wavehub in Cornwall have allowed devices to be piloted in real conditions, which has enabled
greater understanding of likely environmental impacts. Demonstration projects in the UK currently have
an installed capacity of around 10MW (RenewableUK 2015c). Although the wave and tidal stream
industries are still at relatively early stages, there are steps towards commercialisation for some
technologies, particularly for tidal stream; for example, the world’s first tidal stream array is currently
under construction in the Pentland Firth in Scotland (MeyGen 2015).
3.2.5.4 Deployment potential of wave and tidal stream technologies in the UK
The results shown in this section are derived from the spatial analysis of wave and tidal stream
deployment in the UK presented in Annex 1. The results in Tables 7 and 8 are presented in the form of
50

ranges in order to account for the higher level of uncertainty regarding renewable energy deployment in
the offshore environment (as compared to the onshore environment), in terms of availability of
ecological data, complexity of the environment, multiplicity of uses and economic feasibility.
Opportunity for deployment is separated into three categories: prime, good and technical, referring to
different levels of theoretical feasibility (see Annex 1 for further details). Within each category of
opportunity, figures are presented as a range in order to account for different levels of policy constraint
that could apply to UK wave and tidal stream development between now and 2050 (see Annex 1). It is
important to note that these estimates do not take account of the effects of potential cumulative
ecological impacts. Deployment in areas of low/unknown ecological sensitivity are least likely to result in
cumulative impacts.
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Table 7. Estimates for the UK deployment potential of tidal stream at high, medium and low ecological risk,
considering the available resource after physical and policy constraints are applied

High ecological
risk (no ecological
sensitivity applied)

Prime
opportunity*

Prime and good
opportunity*

47 – 789
0.0 – 0.1%

Medium ecological
risk (areas of high
ecological
sensitivity
excluded)
27 – 486
0.0 – 0.1%

Low ecological risk
(areas of high and
medium ecological
sensitivity
excluded)
7 – 168
0.0 – 0.0%

1 – 14

0–9

0–3

3 – 48

2 – 30

0 – 10

610 – 6,747

448 – 4,656

168 – 2,219

0.1 – 0.8%

0.1 – 0.5%

0.0 – 0.3%

11 – 118

8 – 81

3 – 39

Annual energy
output (TWh/yr)

37 – 414

27 – 286

10 – 136

Total area (km2)

774 – 7,871

573 – 5,560

284 – 2,875

Percentage of UK
sea area
Potential installed
capacity (GW)

0.1 – 0.9%

0.1 – 0.6%

0.0 – 0.3%

14 – 138

10 – 97

5 – 50

47 – 483

35 – 341

17 – 176

Total area (km2)
Percentage of UK
sea area
Potential installed
capacity (GW)
Annual energy
output (TWh/yr)
Total area (km2)
Percentage of UK
sea area
Potential installed
capacity (GW)

Prime, good
and technical
opportunity*

Annual energy
output (TWh/yr)

*Areas of opportunity have been categorized as prime, good and technical depending on the feasibility
of development in these areas (see Annex 1 for further details)
NB. The ranges presented in this table refer to the range produced by different levels of policy
constraint (see Annex 1)
Assumptions: tidal stream power density = 17.5 MW/km2, load factor = 0.40
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Table 8. Estimates for the UK deployment potential of wave technologies at high, medium and low ecological
risk, considering the available resource after physical and policy constraints are applied

High ecological
risk (no ecological
sensitivity applied)

Prime
opportunity*

Prime and good
opportunity*

Prime, good
and technical
opportunity*

Total area (km2)
Potential wave
farm frontier
(km)**
Annual energy
output (TWh/yr)**
Total area (km2)
Potential wave
farm frontier
(km)**
Annual energy
output (TWh/yr)**
Total area (km2)

25,054 – 31,708

Medium ecological
risk (areas of high
ecological
sensitivity
excluded)
18,296 – 21,608

Low ecological risk
(areas of high and
medium ecological
sensitivity
excluded)
2,641 – 2,829

-

-

198

-

-

15

129,235 – 183,050

101,419 – 137,473

58,903 – 73,058

-

-

793

-

-

61

159,068 – 219,519

129,263 – 171,503

86,726 – 107,067

Potential wave
815
farm frontier
(km)**
Annual energy
64
output (TWh/yr)**
*Areas of opportunity have been categorized as prime, good and technical depending on the feasibility
of development in these areas (see Annex 1 for further details)
**Ares of opportunity were only converted to potential wave farm frontiers and annual energy output
for areas with low/unknown ecological risk
NB. The ranges presented in this table refer to the range produced by different levels of policy
constraint (see Annex 1)
Assumptions: DECC Calculator Excel Version 3.6.1 used to convert frontier length to TWh/yr, assuming
0.25 load factor
The results of the spatial analysis in Annex 1 show that there are between 284 and 2,875km2 of UK sea
available to deploy tidal stream energy technologies in areas of low/unknown ecological sensitivity. This
corresponds to between 5 and 50 GW, generating between 17 and 176 TWh/yr. For the purposes of this
analysis, an average power density of 17.5 MW/km2 and a capacity factor of 0.4 has been used (Offshore
Valuation Group 2010), representing an estimate of likely future efficiencies of these technologies. The
power density for tidal stream was estimated to lie in the range of 5 – 30 MW per km2 (Offshore
Valuation Group 2010). The resource size was calculated by multiplying the area technically available by
the median power density estimate from this range (17.5 MW/km2), acknowledging that this might not
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accurately reflect power densities at all sites. It is recognised that this analysis is based on the
theoretical extraction in the area. In practice, there could be many parts of the area where machines
cannot be installed due to technical restrictions. Practical elements such as the requirements of other
sea users should also be considered.
For wave energy technologies, the results of the spatial analysis show that there are between 86,726
and 107,067km2 of sea area available with low/unknown ecological sensitivity. However, it is not
possible to calculate the available energy from wave power technologies on an area basis, as the
maximum extractable power is per unit length of wave crest, not per area (see MacKay 2009; The
Offshore Valuation Group 2010).
In order to estimate the potential extractable energy resource within areas of low ecological risk,
potential wave energy farms or ‘frontiers’ have been drawn across areas of low/unknown ecological
sensitivity in areas of opportunity where there are no physical or policy constraints. This approach is
based upon the Carbon Trust UK Wave Energy Resource study (AMEC 2012), which drew frontiers
approximately perpendicular to the predominant wave direction, using wave direction maps. The
frontiers focused on three areas of opportunity off the coast of South West England, North West
Scotland and East of Orkney, and elected to discount areas of opportunity to the East of mainland
Scotland, given that the Carbon Trust study indicated these areas would not be economic.
The results indicate potential wave energy frontiers of 815km in areas of prime, good and technical
opportunity with low ecological sensitivity, comprised of 793km in areas of prime and good opportunity,
and 198km in areas of prime opportunity. This was predicted to produce a low ecological-risk
generation capacity of 15-64 TWh/yr (installed capacity 8-33GW, using assumptions in the DECC 2050
Calculator Excel Version 3.6.1, including a 0.25 load factor). For the purposes of developing low
ecological energy scenarios in Section 4, an upper limit of 42 TWh/yr has been adopted for wave energy,
using the 32 – 42 TWh/yr ‘practical resource’ range in AMEC 2012, which includes a more sophisticated
analysis of viable sites from an economic perspective. Therefore, although this report’s analysis has
identified a theoretical resource of up to 64 TWh/yr in areas of low/unknown ecological risk, the
scenarios have been limited to a maximum of 42 TWh/yr to incorporate more detailed available
evidence regarding economic viability.
3.2.6 Total annual energy output from medium ecological risk technologies in areas of low/unknown
ecological sensitivity
In total, the results of the spatial analysis in Annex 1 indicate that renewable technologies categorised as
medium ecological risk in this report could generate up to 6,277 TWh/yr in areas of low/unknown
ecological sensitivity. This figure takes account of physical and policy constraints to using the resource.
For solar farms and bioenergy crops, the figure has been capped to take account of the potential for
ILUC and impacts on food production, with an upper limit of 350,000 ha applied (see Sections 3.2.2 and
3.2.3). Bioenergy crops have been excluded from the 6,277 TWh/yr estimate, as they would require land
also assumed to be available for solar farms. Solar farms have been prioritised in this estimate as this
technology generates more energy per unit area than bioenergy crops. The estimates for offshore wind
(fixed), offshore wind (floating) and tidal stream are presented as a range to take into account different
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levels of policy constraint that could apply to offshore renewable energy development (see Annex 1),
reflecting the increased uncertainties of development in the marine environment. The upper ranges
have been included in the 6,277 TWh/yr estimate, which indicate the potential annual energy output
from these technologies in areas of low/unknown ecological sensitivity, with the lowest level of policy
constraint applied (Policy Constraint level 1). See Annex 1 for further information on the types of policy
constraint included in each level.
Table 9. Estimated annual energy output (TWh/yr) of medium ecological risk technologies in areas of
low/unknown ecological sensitivity, considering the available resource after physical and policy constraints are
applied

Medium ecological risk renewable energy Annual energy output in areas of low/unknown
technology
ecological sensitivity (TWh/yr)
Onshore wind
140
Solar farms
246*
Bioenergy crops
23*
Offshore wind (fixed)**
69 – 115
Offshore wind (floating)**
5,044 – 5,558
Wave energy
42
Tidal stream**
17 – 176
TOTAL
5,558 – 6,277***
* Precautionary estimate taking account of land-use change and potential impacts on food production
(see Sections 3.2.2 and 3.2.3). Bioenergy figue includes electricity and heat generation.
** The ranges presented in this table refer to the range produced by different levels of policy constraint
(see Annex 1)
*** This total does not include bioenergy crops as they would require land also assumed to be available
for solar farms. Solar farms are prioritised in this table as they generate more energy per unit area.

3.3 Low ecological risk renewable energy technologies
The definition of low ecological risk renewable energy technologies used in this report is provided in
Section 2.1. The technologies considered are solar PV in the built environment, small-scale wind,
geothermal electricity, small-scale hydropower and low carbon heat technologies. This section provides
a definition of these technologies, reviews the ecological risks associated with them, summarises their
current deployment levels in the UK and estimates their 2050 deployment potential with low ecological
risk.

3.3.1 Solar PV in the built environment
3.3.1.1 Definition
Solar photovoltaic (PV) panels convert photons of light into electrical energy using a semi-conductor
material such as silicon. Solar PV can be deployed in a variety of contexts, including domestic roofs,
commercial and industrial properties, and on the ground in brownfield and greenfield sites. Groundmounted solar PV arrays (or solar farms) are discussed in Section 3.2.2; this section will consider solar
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PV deployed in the built environment, such as on rooftops or other built infrastructure, for example car
parks and bridges.
It should be noted that not all buildings are suitable for rooftop solar PV. A south-facing aspect with
little or no shade is most likely to be viable. Installations can be retrofitted to suitable buildings, or
integrated into the design of new properties. Performance can be influenced by factors such as the level
of solar irradiance, weather conditions and time spent on maintenance. There may be competition for
roof space between solar PV and solar thermal panels; this must therefore be considered when
assessing potential deployment scenarios (although some modern systems are able to integrate both).
3.3.1.2 Key ecological risks
When deployed on rooftops or other built infrastructure, solar PV is not expected to have a significant
impact on biodiversity and is likely to pose few risks to the natural environment. When installing on
rooftops there is a possible risk of disturbing roof-nesting or roosting birds and bats; installation should
therefore ideally take place outside of the breeding season and avoid blocking access points. Given that
these types of installation are located in developed areas, they are unlikely to cause significant levels of
disturbance or displacement to wildlife, and particularly not to species of conservation concern. Their
location also means that they have much lower land-use implications than many other energy
technologies.
Solar PV panels are composed of some raw materials that are toxic, such as arsenic and cadmium.
Production can also be quite energy intensive, and the silicon used in PV panels are needs to be mined,
unless it is sourced from recycled components (Tucker et al 2008). There can therefore be indirect
ecological impacts associated with the manufacturing of panels, as well as with their disposal once they
have reached the end of their lifespan. During decommissioning, if PV cells are inappropriately handled
or damaged these chemicals can become exposed which can be hazardous to the natural environment.
Additionally, chemical spill of materials such as coolant liquids and heat transfer fluids can pollute
surface water and groundwater (Hernandez et al 2014). These risks should be mitigated by adopting
stringent safety regulations and good working practices in the manufacture, use and disposal of panels.
3.3.1.3 Current levels of deployment in the UK
Solar PV, both in the built environment and in the form of ground mounted arrays, has increased
substantially in the UK in recent years. Since 2009 it has increased from an installed capacity of 27MW
to 9,071MW across over 800,000 installations at the end of 2015 (DECC 2016a; DECC 2016b).
Approximately 50% (around 4,600MW) of this capacity is accounted for by building-mounted
installations, and the rest by ground-mounted solar farms (DECC 2016b).
3.3.1.4 Deployment potential of solar PV in the built environment in the UK
Given that solar PV deployed in the built environment is unlikely to entail significant ecological risks, this
report assumes that the maximum UK deployment potential of solar PV in the built environment is likely
to be ecologically sustainable. The DECC 2050 Calculator assumes that if all currently available southfacing domestic roofs had solar PV installations (equivalent to 10m2 per person), this would total 165GW
of capacity producing 140 TWh/yr (DECC 2010). As well as domestic rooftops, it is estimated that there
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are up to 250,000 ha of south-facing commercial roofs in the UK (DECC 2014a). If the same assumption
is made about electricity generation as is made for domestic rooftops in the DECC 2050 Calculator
(20W/m2), this totals 50GW of capacity on commercial roofs, producing around 42 TWh/yr. In total,
domestic and commercial rooftops are therefore estimated to have an ecologically sustainable
deployment potential of 215GW, producing approximately 182 TWh/yr. This figure could be increased
further if other locations for solar PV deployment are included, such as car parks, bridges or other built
infrastructure.
The potential for solar in the built environment was also highlighted in a study focusing on deployment
potential in developed areas in the state of California (Hernandez et al 2015). It found that the potential
for energy generation from PV and concentrating solar power (CSP) within the built environment
exceeded current statewide demand, and could meet the state of California’s energy demand three to
five times over. It concluded that solar energy within the built environment may be an overlooked
opportunity for meeting energy needs sustainably in places with land and environmental constraints.

3.3.2 Small-scale wind
3.3.2.1 Definition
Definitions of small-scale wind vary. However, for the purposes of this report, small-scale wind refers to
installations with a capacity of less than 100kW, in line with the SQW Energy methodology (SQW Energy
2010). The DECC 2050 Calculator does not define small-scale wind in terms of size, though it assumes
that a small-scale turbine will produce an average output of 4000kWh per year, which is roughly
equivalent to a domestic 2.5kW turbine installed in a windy rural location (Centre for Alternative
Technology 2015).
Small-scale wind installations can be roof-mounted or ground-mounted, also known as ‘free-standing’.
The majority of developments are ground-mounted (RenewableUK 2015d). Developments typically
comprise single turbines, and turbines are much smaller than those used in commercial-scale wind
developments, with typical heights of 15-35m. Turbines usually supply on-site demand first, before
providing any excess to the grid. They are therefore located in or next to built-up areas, so the number
of potential small-scale wind installations is a function of the number of buildings or sites rather than
land area (SQW Energy 2010). This report does not attempt to spatially analyse small-scale wind energy
as this would need to be done at a finer scale than is possible within the parameters of this study.
3.3.2.2 Key ecological risks
Small-scale wind installations have the potential to impact birds and other wildlife in similar ways to
commercial-scale wind installations: collision risk, disturbance and/or displacement, barrier effects and
habitat loss or damage. There is also the potential for multiple installations to result in cumulative
impacts. However, at present there is a limited amount of research on the scale and nature of the
ecological impacts of small-scale wind installations, including the impacts of novel turbine designs such
as vertical axis turbines or turbines fitted with a fine-scale mesh – which could potentially reduce risks.
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Given that small-scale installations are commonly located in closer proximity to buildings and habitat
features such as hedgerows and tree lines, the species at risk are likely to differ to those affected by
commercial-scale wind. Such features typically hold bird species such as farmland passerines, as well as
some bat species at relatively high densities (Minderman et al 2014). For large-scale wind
developments, bird species groups such as raptor and wildfowl are more commonly affected (Gove et al
2013). This is of greater conservation concern as species groups such as raptors are long-lived with low
reproductive rates and low natural mortality rates, meaning that an increase in the mortality rate can
lead to population decline (Drewitt and Langston 2006).
There is some evidence that bat activity may be depressed in close proximity to operating small wind
turbines (Minderman et al 2012). There is also evidence that bird and bat mortality occurs at small-wind
sites, at an estimated mean rate of 2,847 birds per year and 603 bats per year (across all small-scale
turbines in the UK at 2014, not per turbine) (Minderman et al 2014). Whilst some of the birds at risk are
of conservation concern in the UK, such as swallow and kestrel, the majority are not. Therefore smallscale wind installations are not expected to have population level impacts on key bird populations.
Further research is recommended in order to increase certainty in this area and to inform future
planning policy. Potential impacts on birds and bats should be taken account of in siting decisions, and a
precautionary approach should be adopted until further research has been undertaken. This is
particularly true for cumulative impacts, as there is currently very limited understanding of the potential
ecological impacts of multiple small-scale wind installations.
3.3.2.3 Current levels of deployment in the UK
At the beginning of 2015, there were approximately 27,500 small-scale wind installations (<100kW) with
a total installed capacity of 120MW (RenewableUK 2015d). Flexibility in size and design allows smallscale wind turbines to be installed in a much wider range of settings than large-scale wind turbines.
Therefore, small-scale wind has the potential to extend deployment of wind capacity into areas where
large developments are likely to be constrained.
3.3.2.4 Deployment potential of small-scale wind in the UK
The DECC 2050 Calculator assumes that in the most ambitious scenario, small-scale wind capacity
reaches 4.1GW in 2020 and is sustained at this level to 2050, producing 8.9 TWh/yr. This corresponds to
around 820,000 5kW turbines, requiring 1,968km2 or nearly 1% of the UK’s land. Given the limited
amount of research on the ecological impacts of small-scale wind and the site-specific nature of risks, it
is difficult to estimate the deployment potential of small-scale wind at low ecological risk. This report
takes a precautionary approach and assumes that at least half of the total capacity assumed by the DECC
2050 Calculator as potentially deployable by 2050 (equating to approximately 2GW and 4.5TWh/yr) is
likely to be able to be delivered with low ecological risk.
Careful siting and monitoring of impacts will be important for the ecologically sustainable deployment of
this capacity. Further research is recommended in order to better establish impacts, particularly
cumulative impacts and impacts of different turbine designs. Depending on the conclusions of any
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further research, a lower (or higher) capacity of small-scale wind could potentially be deployed in the UK
with low ecological risk.

3.3.3 Geothermal electricity
3.3.3.1 Definition
Geothermal electricity is generated from heat stored underneath the Earth’s surface. The most widely
developed type of geothermal power plants (known as hydrothermal plants) create electricity by
pumping naturally occurring hot water and steam from underground to the surface in order to drive an
electricity-generating turbine. They are often located near plate tectonic boundaries or in areas of
volcanic activity such as Iceland, New Zealand, the USA and Italy. In the UK, the most viable means of
geothermal electricity generation is through Enhanced or Engineered Geothermal Systems (EGS). In
these systems, electricity is typically created by cold water being pumped down a borehole, which is
then heated up as it moves through fractures in hot dry rocks (at temperatures over 120°C, usually 45km deep) and returned to the surface via another borehole to drive a turbine (DECC 2015b). This is
known as deep geothermal power generation. Geothermal sources can also be used to supply heat
energy; this is discussed in Section 3.3.5.
3.3.3.2 Key ecological risks
EGS systems are at a relatively early stage of development, meaning there is a lack of research on their
ecological impacts. However, many impacts are likely to be broadly similar to those of hydrothermal
plants. In terms of land usage, geothermal plants have relatively low requirements. This will vary
according to the specific conversion and cooling technologies employed on site (DiPippo 2007). Local
impacts on biodiversity must be properly accounted for in the planning and design of geothermal power
plants.
There is potential for EGS systems to disturb and displace birds and other wildlife, particularly during the
construction phase when surrounding habitat may be cleared in order to accommodate roads, well
pads, pipe routes and other facilities. The drilling and testing of wells can also lead to disturbance via
noise impacts (DiPippo 2007). Land use for geothermal power generation can be dispersed over a larger
area with multiple wells, which can lead to habitat fragmentation, lower species numbers and changes
to community composition (Bayer et al 2013). Siting should avoid important areas for wildlife such as
SACs, SPAs, SSSIs, Ramsar sites and Important Bird Areas (IBAs), and construction should take place at
times of year that minimise disturbance to local species.
The process of generating geothermal electricity produces solid wastes and geofluids, which contain
varying concentrations of toxic minerals and other elements. There is a risk that these wastes can
contaminate surface water and groundwater if not handled appropriately, which can cause damage to
surrounding ecosystems. Most geothermal plants re-inject geothermal fluids back into geothermal
reservoirs as part of a closed-loop system, which helps to mitigate this risk (Kagel et al 2007). Fluid
withdrawal can in some cases cause land subsidence, lowering of the groundwater table and induced
seismicity (Kristmannsdóttir and Ármannsson 2003). There are also water usage implications associated
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with geothermal electricity generation, which can negatively impact freshwater and other aquatic
ecosystems, depending on where the water is sourced. These hazards must be proactively managed in
order to minimise risk to the local environment.
3.3.3.3 Current levels of deployment in the UK
At present, there is no commercial deep geothermal power generation in the UK, though there have
been a limited number of demonstration projects such as at the Rosemanowes site near Falmouth in
Cornwall. There are limited sites in the UK where rocks are confidently predicted to be hot enough to
support electricity generation. The main ‘hotspot’ areas are in the South West of England, the Lake
District, the North East of England and the Eastern Highlands of Scotland, which have large masses of
high heat producing granite (Busby 2010).
3.3.3.4 Deployment potential of geothermal electricity in the UK
Estimates vary as to the potential opportunity for geothermal electricity generation in the UK. One study
by engineering consultants Sinclair Knight Merz estimates that deep geothermal resources could provide
9.5GW of base load renewable electricity, which could generate 20% of the UK’s current annual
electricity consumption (Sinclair Knight Merz 2012). Another study commissioned by DECC finds this
figure to be substantially lower – between 1 and 1.5GW up to 2050, which equates to approximately 4%
of the annual average current UK electricity requirements (Atkins 2013). This variation is due to the lack
of certainty surrounding reservoir characterisation and the economic viability of exploiting these
resources. The DECC 2050 Calculator estimates that in the most ambitious scenario, total capacity
reaches 5GW by 2030 and is maintained at this level until 2050, which is equivalent to roughly 500
10MW plants. This could supply 35 TWh/yr, equivalent to 10% of current electricity demand.
This report assumes that as deep geothermal power generation is not expected to pose significant
ecological risks if appropriately sited and managed, the full capacity (5GW) estimated by the DECC 2050
Calculator as potentially deployable by 2050 is likely to be able to be deployed with low ecological risk.
However, as this technology has not previously been deployed in the UK, thorough monitoring and
research into the ecological impacts of deep geothermal power generation will be necessary before a
large roll-out of this technology, and a precautionary approach should be taken to its development in
the UK.

3.3.4 Small-scale hydropower
3.3.4.1 Definition
Small-scale hydropower is defined in this report as hydropower schemes which have a capacity of less
than 5MW. Micro-hydropower schemes that have a capacity of less than 50kW are also included in this
definition. In the UK there is scope for developing small-scale hydropower using run-of-river schemes,
which use the natural flow of a river to generate electricity. Turbines placed within the flow of water
extract its kinetic energy and convert it to mechanical energy. This causes the turbines to rotate, driving
a generator that converts the mechanical energy into electrical energy. The amount of hydroelectric
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power generated depends on the water flow and the vertical distance (known as the ‘head’) that the
water falls through.
3.3.4.2 Key ecological risks
Small-scale hydropower schemes have the potential to affect both the physical and ecological conditions
of river systems. Although impacts are not on the same scale as large hydropower developments, smallscale run-of-river schemes can pose risks to wildlife and ecosystems, including changes to stream or
river flows and impacts on fish populations. The upstream and downstream movement of fish such as
salmon, lamprey and eel can be affected, which can prevent access to spawning or feeding grounds and
threaten life-cycle completion (Anderson et al 2015). The extent of this risk may depend on whether the
hydro scheme is ‘high-head’ or ‘low-head’. High head schemes (which have a high vertical distance,
usually provided by natural waterfalls or cascades) may already create natural barriers to fish migration,
meaning that the risk may be more significant in low-head schemes without mitigation measures
(Anderson et al 2015). For low-head schemes, this impact can be mitigated by locating developments in
sites with existing in-river barriers such as weirs and incorporating a fish pass and fish-friendly turbine
design such as an Archimedes Screw. In some cases, this could potentially improve ecological function
by enabling fish passage where migratory barriers have previously existed, resulting in a ‘win win’
opportunity for renewable energy generation and ecosystem functioning (Environment Agency 2010).
However, if significant volumes of water are diverted for use in a small-scale hydropower scheme, this
can result in depleted stretches of water (from the point of abstraction to the point at which it is
returned to the main channel). This change in water flow can have consequences for ecosystems
functions and habitat connectivity (Anderson et al 2015). A particular concern is the impact of flow
depletion on bryophytes (a group of plants that include mosses, liverworts and hornworts), which are of
international significance in the UK, particularly in the West Highlands and Wales. More research is
needed into the impacts of small-scale hydropower schemes on river ecology, especially the cumulative
impacts of multiple schemes. It has been suggested that the widespread use of small-scale hydropower
along one river system could cause (per kW of electricity generated) cumulative environmental impacts
equally as significant as large-scale hydropower systems (Abbasi and Abbasi 2011). Further research is
needed into the potential risks and mitigation measures for small-scale hydropower, and robust
regulation is needed to ensure that schemes are sited, installed and managed in a way that minimises
impacts on the natural environment.
3.3.4.3 Current levels of deployment in the UK
In 2014 there was around 220MW of installed small-scale hydropower schemes in the UK. Of this, 61%
was owned by small-scale energy producers, with the remainder owned by major power producers
(DECC 2014b).
3.3.4.4 Deployment potential of small-scale hydropower in the UK
A 2010 study commissioned by DECC and the Welsh Assembly Government estimated that the total
small-scale hydro resource in the UK is 322MW, with a large majority (over 80%) in Scotland. A total
capacity of 19MW was identified in England, and 15MW for Wales (BHA and ITP 2010). Northern Ireland
was not included in this study. A study commissioned by the Environment Agency, focused on England
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and Wales, estimates that there is substantially more capacity – almost 1.2GW (Environment Agency
2010). Of this total capacity, the Environment Agency estimates that 44.7% (equivalent to around
530MW) are ‘win-win’ opportunities which could deliver renewable energy and potentially improve the
ecological status of a river by incorporating a fish pass which enables the passage of fish upstream.
Further development of large-scale hydroelectric schemes is limited in the UK, due to a lack of suitable
sites for economic and/or environmental reasons. However, as indicated by the studies above, there is
likely to be scope for the continued deployment of small-scale hydro resources in an ecologically
sustainable way, provided that effective mitigation measures are put in place and that there is further
research into long-term ecological impacts. This report assumes that it is likely that there is a low
ecological risk deployment potential for small-scale hydropower of at least 530MW, in line with the
Environment Agency’s estimate for England and Wales, with a generation potential of 1.8 TWh/yr9. In
Scotland, a 2009 study estimated a potential additional installed capacity of up to 1.2 GW (Forrest and
Wallace 2009), made up of relatively small projects, using remote hydro modelling software, suggesting
this figure could be significantly higher were Scotland (and also Northern Ireland) to be included in this
estimate. However, the study did not penalise schemes in environmentally sensitive areas. It is
extremely difficult to accurately quantify environmental risks of small-scale hydro without in-depth
spatial analysis, which is beyond the parameters of this study. Careful environmental appraisal is
necessary in order to deploy small-scale hydropower with low ecological risk, which needs to be carried
out on a site-by-site basis.

3.3.5 Low carbon heat technologies
3.3.5.1 Definition
There are a range of energy technologies that generate heat from renewable or low carbon sources. This
section will discuss the key low carbon heat technologies currently available in the UK: ground source
and air source heat pumps, other electric heating technologies, solar thermal technology, combined
heat and power (CHP) and district heating schemes. These low carbon heat technologies can be used in
either domestic or commercial buildings.
Ground source heat pumps and air source heat pumps draw heat from the ground or the air and use it
to provide heat or hot water to buildings. The heat pump performs the same role as a boiler does in a
central heating system, but uses ambient heat from the ground or the air rather than burning fuel to
generate heat. These technologies require electricity to function and therefore contribute towards the
electrification of heating, along with other technologies that use electricity rather than combustion to
produce heat, such as electric resistance heaters. The potential to use low carbon electricity to power
heat pumps and other electric heating technologies mean that they have the potential to significantly
reduce carbon emissions from heat generation, and replace the current high levels of fossil fuel used for

9

Estimated using the DECC 2050 Calculator, which assumes a capacity factor of 38% by schemes in 2050.
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space and water heating. However, R&D will be required in order to reduce costs and enable these
technologies to produce heat as effectively as existing combustion-based heating systems.
Solar thermal installations are heating systems (typically roof-mounted) that use solar panels to warm
water, which is then stored in a hot water cylinder to meet the heating or hot water demand of
buildings. Solar thermal energy can also be used to generate electrical energy, however this technology
is not viable for use in the UK as it requires intense sunshine and little cloud cover. Not all buildings are
suitable for solar thermal technologies. Flats, for example, are frequently unsuitable locations for solar
thermal installations as they are densely populated and therefore have a high daily hot water
requirement, meaning that large and expensive installations would be required.
CHP systems integrate the production of electricity and heat, by capturing and utilising the heat that is
produced in the process of electricity generation. This makes the whole process more efficient, as only a
proportion of the heat produced in an electricity only power plant is used to produce electricity
(typically less than 40%), the rest being wasted. The heat produced in a CHP system may also replace
heat requirements that would otherwise need to be met by other means of generation. By generating
heat and power simultaneously, it is estimated that CHP could reduce carbon emissions by up to 30%
(DECC 2015c), although this may be an underestimate.
District heating schemes are networks which deliver heat, in the form of hot water or steam, from a
central source across a distributed area such as a city, a suburb, community buildings or an industrial
area. The heat is often obtained from a CHP system, for example powered by gas, biogas or biomass.
Heat can also be obtained through sources such as power stations (for example coal or nuclear), energy
from waste facilities, industrial processes, heat-only boilers, geothermal sources or heat pumps. District
heating schemes are typically more energy efficient than heating buildings with dedicated boiler
systems, however the amount of carbon saved will strongly depend on the type of fuel used to generate
heat.
3.3.5.2 Key ecological risks
The potential ecological risks of heat pumps are relatively low. Some localised biodiversity impacts may
occur, for example through disturbance of habitats during installation, or small changes to ground
temperatures for ground source heat pumps. Refrigerant leaks are another possible risk, but significant
ecological impacts are unlikely (Birdlife Europe 2011). For large schemes, appropriate assessment of
environmental risks is important in order to mitigate any potential impacts to the wider natural
environment, particularly if a ground source heat pump scheme is located within a groundwater source
protection zone and uses an open loop system (Environment Agency undated). Electric resistance
heaters, which are installed within buildings, are not likely to have significant ecological impacts.
Solar thermal installations are unlikely to have significant ecological impacts. Panels are typically roofmounted, meaning that disruption to wildlife and habitats is minimal (see Section 3.3.1.2 for discussion
of rooftop solar PV). To avoid wasting the excess heat delivered in the summer, seasonal heat storage
systems may be needed so that this heat can be used during the winter (DECC 2010). Depending on the
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type of storage, these systems could result in some level of ecological impact; these impacts should be
minimised through appropriate planning and design.
The potential ecological risks of CHP systems depend largely on the type of fuel used to generate power.
If powered by a fossil fuel, the impacts of extraction and mining need to be considered, as well as the
atmospheric emissions produced including greenhouse gases (DECC 2008). If powered by biofuels,
biomass or biogas, the ecological risks will depend on the type of feedstock used (this also applies to
biomass used in boiler systems not connected to CHP systems). CHP systems themselves are likely to be
located in the built environment and are therefore not expected to have significant risks for wildlife or
priority habitats. Some pollutants such as nitrogen oxide and particulates may be emitted if the system
is not correctly designed and operated, and there may be some noise pollution and release of liquid
effluent, which can cause environmental damage if not controlled (Local Government Association 2012).
The ecological risks of district heating networks are also largely dependent on the type of fuel used. If
heat is supplied from CHP systems or power stations, the ecological risks described in the above
paragraph need to be taken into account; if heat is supplied by heat pumps, the ecological risks
described in the first paragraph of this section need to be taken into account; if heat is supplied by
geothermal sources, the ecological risks described in Section 3.3.3.2 need to be taken into account. It is
important to note that district heating networks are not low carbon unless the fuel used is renewable or
low carbon. In terms of the direct impacts of district heating infrastructure, ecological risks would
depend on the location in which the network is developed. It is likely that potential ecological impacts
can be mitigated by appropriate planning and design.
3.3.5.3 Current levels of deployment in the UK
In the UK, the low carbon heat sector is not as advanced as the low carbon electricity sector. It is very
important to reduce emissions from this part of the energy system as nearly half of the energy used in
the UK is for heating (DECC 2013b). The current UK deployment levels of each type of low carbon heat
technology considered in this report is outlined below, although accurate and up-to-date data on the
low carbon heat sector is not available in all cases.
The DECC 2050 Calculator estimates that in 2007, 82% of homes were heated with gas boilers, 10% with
electric heaters, and the remainder used oil, coal or biomass, heat pumps or community heating
schemes. In the same year, 70% of commercial heating was from gas boilers, 20% from electric heaters
and 10% from oil boilers with less than 1% from coal, biomass, heat pumps or community heating
schemes (DECC 2010).
The UK Government supports the deployment of renewable heat via the Renewable Heat Incentive
(RHI), by paying the owner of the installation for renewable heat generation. At the end of 2015, 5.1
TWh of renewable heat had been generated and paid for under the non-domestic scheme, by 12,468
installations totalling 2.2 GW installed capacity (DECC 2015d). This comprised of 86% biomass boilers
and 12% biomethane generation. In the domestic scheme, 42,800 domestic schemes had generated 0.6
TWh, from a combination of air source heat pumps (43%), biomass boilers (25%), solar thermal (17%)
and ground source heat pumps (15%).
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District heating networks provide less than 2% of the UK’s total heat supply, in over 2,000 heat networks
of various sizes, serving 200,000 dwellings and 2,000 commercial and public buildings (AECOM 2015).
Over half of these schemes are situated in London; for example, the Pimlico District Heating Undertaking
scheme in London provides heating and hot water services to over 3,000 dwellings and 50 businesses
(Energy Research Partnership 2011).
It is estimated that there are around 1,500 CHP schemes in operation in the UK. Of these, around 1,100
are in the commercial, public administration, residential, transport and agriculture sectors, with the
remaining schemes in the industrial sector (Local Government Association 2015). However, as the
industrial schemes are much larger scale, most CHP capacity in the UK is currently industrial.
3.3.5.4 Deployment potential of low carbon heat technologies in the UK
As none of the low carbon heat technologies discussed here are expected to pose significant ecological
risks, this report does not assume a limit to their deployment potential in the UK based upon ecological
risk. The deployment potential indicated in the DECC 2050 Calculator has been used to inform the levels
for these technologies selected in the LER scenarios. If it is assumed that 80-100% of all new domestic
and non-domestic heating systems use electricity, and all domestic and non-domestic cooking is entirely
electrified, then low carbon heat technologies would be required to supply a total 200 TWh/yr. The
calculator assumes this is generated through a combination of ground and air source heat pumps,
Combined Heat and Power Stations, district heating schemes and solar thermal.

3.4 Other low carbon technologies and approaches to reducing energy sector
emissions
This section considers other non-renewable low carbon energy technologies that are important to
consider in terms of the UK’s energy system as a whole. The technologies considered in this section are
nuclear power, Carbon Capture and Storage (CCS) technologies, geosequestration, energy storage,
demand shifting, interconnection and electricity imports. This section provides a definition of these
technologies, reviews the ecological risks associated with them and summarises their current
deployment levels in the UK. As these technologies fall outside of the central scope of this study, which
focuses on renewables, this report does not estimate their 2050 deployment potential at low ecological
risk. However, the approach to minimising the potential ecological risks posed by these technologies
within the LER scenarios is described in Section 4.3.

3.4.1 Nuclear power
3.4.1.1 Definition
Nuclear power stations operate in the same way as conventional fossil-fuelled power stations: they
generate heat to produce steam to drive turbines which drive generators and produce electricity. Heat is
produced through nuclear fission: neutrons smash into the nucleus of uranium atoms causing them to
split and release energy in the form of heat. One of the disadvantages of this process is that it produces
radioactive waste. Most of the UK’s radioactive waste is currently being stored at the Sellafield storage
facility in Cumbria, until a longer-term solution for disposal can be put in place. Research is also ongoing
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to develop nuclear fusion, which would generate heat through the fusing rather than the splitting of
uranium atoms, though this technology is still in the early stages of development.
3.4.1.2 Key ecological risks
There are a range of ecological risks associated with nuclear power. Storing nuclear waste so that it does
not pose a risk to humans or the environment is currently very expensive and requires high levels of
technical competence. Whilst there has been considerable debate over whether nuclear disasters such
as the Chernobyl disaster are beneficial or detrimental to local wildlife (Meeks et al 2009; Møller and
Mousseau 2011), a nuclear disaster is clearly not a desirable outcome, as any conservation benefits arise
from the exclusion of local human populations and economic activity. Under normal operation the
ecological risks associated with nuclear power are relatively low, although will depend on the specifics
of the site. Stringent safety measures must be applied during construction, operation, waste disposal
and decommissioning.
Nuclear power stations require large amounts of water for their cooling systems, and almost all of the
world’s nuclear reactors use water from ecosystems such as the sea or nearby rivers (Bryhn et al 2013).
Water used to cool reactors is then released back into the environment at significantly above ambient
temperatures, which can reduce algal species diversity, alter fish species composition and enhance
water eutrophication (Campbell et al 2009). Species such as the European eel, which is currently listed
as Critically Endangered on the IUCN Red List, can become trapped and killed in filtering stations (Bryhn
et al 2013). Mining for uranium also entails some ecological risks. Uranium mine ponds can contaminate
groundwater and soil, affecting ecosystems with either high levels of arsenic or radioactivity (Campbell
et al 2009). Habitat degradation and fragmentation can occur as a result of uranium mining activities.
3.4.1.3 Current levels of deployment in the UK
The UK currently has 16 nuclear reactors across nine sites, with a combined capacity of approximately
10GW. In 2014, these power stations produced approximately 20% of the UK’s total electricity supply
(DECC 2014c). All except one of this first generation of nuclear power stations is due to close by the mid
2020s; the last is due to close in 2035. Plans for a second generation of nuclear power stations were
made by the UK Government in 2008, although deployment of this new fleet has been repeatedly
delayed. The UK Government’s aim is to have 16GW of new nuclear capacity operating by 2030, which
broadly translates to 12 new reactors across five sites (HM Government 2013). The Scottish Government
has indicated that it will not grant planning permission to any new nuclear power stations in Scotland.

3.4.2 Carbon Capture and Storage (CCS)
3.4.2.1 Definition
Carbon Capture and Storage (CCS) consists of processes for capturing, transporting and storing carbon
dioxide. CCS technologies are capable of capturing 90% or more of the carbon dioxide emissions
produced from the combustion of fossil fuels in electricity generation (CCSA 2011). Captured carbon
dioxide is then transported and stored in depleted oil and gas fields or deep saline aquifers. CCS can also
be applied to industrial processes such as chemical processing and steel and cement manufacture.
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3.4.2.2 Key ecological risks
There are risks surrounding the use of CCS, both for wildlife and for the delivery of climate targets.
These broadly fall into two categories:
 Non-commercialisation: if the UK invests in CCS at the expense of developing other security of
supply options such as energy storage, and CCS fails to become viable at scale, we risk ‘lock in’
to high carbon infrastructure, jeopardising achievement of climate targets;
 Fossil fuel extraction: if CCS power stations are developed at scale, the continued extraction and
combustion of fossil fuels poses direct risks to wildlife, including risks associated with new,
unconventional forms of fossil fuel extraction, such as fracking (RSPB 2014).
Direct risks to the environment associated with the continued use of fossil fuels include:
 Habitat loss, fragmentation and disturbance caused by fossil fuel extraction, and increased human
activity in ecologically sensitive areas
 Pollution caused by combustion and transportation of fuels or chemicals associated with extraction;
for example, oil spills can have catastrophic impacts on marine areas and pollution of groundwater
is a key concern in relation to unconventional gas development
 Overuse of water supplies, putting pressure on sensitive hydrological ecosystems
 Failure to restore areas following fossil fuel extraction to a standard required to deliver benefits for
wildlife.
Another key environmental risk associated with CCS technology is the potential for carbon dioxide
leakage, for example through rupture of pipework, fugitive emissions from valves, or venting during
emergency shutdowns (Environment Agency 2011). Because the processes used for CCS are already
deployed separately in a range of established industrial processes, in most cases it should be possible for
this to be effectively regulated; it is primarily the combination and commercialisation of the chain of
technologies at a large scale that poses more significant ecological risks (Environment Agency 2011).
Staged implementation is a key risk control requirement, with demonstration plants informing whether
full commercialisation is possible whilst controlling ecological risks.
Other ecological risks include pollution from releases of amines and the control of amine waste,
although this only applies if an amine separation technology is employed. There are also risks associated
with pipeline infrastructure including damage or disturbance to protected and sensitive habitats.
Increased demand for cooling water (as a result of the additional heat produced in carbon capture and
storage processes) could impact on water availability and/or habitats through the release of warm
waste water. This issue could increase as a result of climate change impacts, particularly under a
scenario in which water availability decreases at power stations located by rivers (Environment Agency
2011).
If the availability of CCS technologies enables the continued use of fossil fuels for electricity generation,
and therefore prolongs the life of or enables the building of new fossil fuel power stations, the indirect
ecological impacts of continued fossil fuel extraction and combustion should also be taken into account.
An energy mix with significant reliance on CCS becoming commercially available risks locking the UK into
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unabated high carbon generation, should CCS not prove viable until the early 2020s (or later), and
further lock in to the environmental impacts of fossil fuel extraction and combustion.
Underground carbon dioxide injection is also routinely used by the oil industry in the US to assist with
enhanced oil recovery (EOR), in the effective exploitation of oilfields. It has been suggested that
combining EOR with CCS could assist with the development and commercial viability of the industry in
the UK, through creating a demand for the carbon dioxide (Scottish Enterprise et al 2012). There is
potential for perverse outcomes should CCS result in increased levels of oil extraction and therefore
further global emissions.
Finally, if CCS technology is used on biomass power stations, the land required to provide sufficient
feedstocks must be taken into account, and the potential for direct or indirect land-use change. If
bioenergy with CCS (BECCS) is deployed at scale, the land requirements for this would be very
considerable (see Section 3.2.3 for further discussion of the ecological impacts of bioenergy feedstocks).
This is likely to have impacts on important natural areas and habitats (Smith et al 2015). Additionally,
BECCS is often referred to as a type of negative emission technology, as it is assumed that the
feedstocks used will be carbon neutral and the application of CCS technology will result in a net
withdrawal of greenhouse gas emissions from the atmosphere. However, the full lifecycle of emissions
from bioenergy feedstocks depends upon a number of factors (see Section 3.2.3), and the assumption
that it is a carbon neutral source of energy is often flawed. It is important to account for the full lifecycle
emissions of feedstocks and to consider the carbon payback time when making an assessment of
whether BECCS technology would deliver genuine negative emissions, and to consider its relationship
with enhanced oil recovery.
3.4.2.3 Current levels of deployment in the UK
Despite high hopes for the CCS industry and various government initiatives to support CCS development,
there has been little progress so far at UK and European levels. In the UK, there are currently no
operational CCS projects and funding to support projects to commercialisation was withdrawn in
November 2015 (BBC 2015).

3.4.3 Geosequestration
3.4.3.1 Definition
Geosequestration technologies are those that have potential to create ‘negative emissions’ through the
removal of carbon dioxide directly from the atmosphere (Smith et al 2015). This differs from carbon
capture and storage, which captures carbon dioxide from power stations and other industrial processes.
The carbon dioxide removed from the atmosphere by geosequestration is stored in soils, building
materials, rocks or other parts of the geochemical system. The ‘Geosequestration’ option in the DECC
2050 Calculator focuses on engineered air capture technologies and enhanced weathering processes,
which includes biological carbon sequestration activities such as the use of biochar but does not include
afforestation. It should be noted that all geosequestration technologies are at very early stages of
development.
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Examples of geosequestration technologies include:





Increasing ocean carbon sinks through enhanced ocean alkalinity techniques, such as
decomposing heated limestone into lime and adding it to seawater
Artificial ‘carbon trees’ that capture carbon dioxide via an ion exchange resin
‘Solar scrubber’ technology which pumps air into tubes containing calcium oxide pellets at high
temperatures, which reacts with the carbon dioxide to form calcium carbonate
Producing ‘biochar’ through the conversion of organic materials in an oxygen depleted
atmosphere, creating a substance similar to charcoal thereby enabling long-term storage of
carbon for example in soils

3.4.3.2 Key ecological risks
Due to the early stage of development of geosequestration technologies and the lack of demonstration
projects at scale, quantifying potential ecological risks is particularly difficult. In 2012, the Secretariat of
the Convention on Biological Diversity (CBD) produced the report ‘Geoengineering in Relation to the
Convention on Biological Diversity: Technical and Regulatory Matters’, which found that there is very
limited understanding among stakeholders of geoengineering concepts, techniques and their potential
positive and negative impacts on biodiversity (Secretariat of the CBD 2012).
In relation to enhanced ocean alkalinity techniques, the CBD report predicts very low effectiveness due
to the very large volume of the ocean, hence substantive interventions would be needed to have any
drawdown effect on atmospheric carbon dioxide. Potential impacts of such techniques on biodiversity
are highly uncertain, as no field experiments have been carried out. Whilst local use of enhanced
alkalinity techniques may provide a means of counteracting effects of ocean acidification for high-value
marine ecosystems such as coral reefs, the potential for ecosystem disruption and unintended negative
effects is significant and poorly understood (Smith et al 2015).
Understanding of the environmental impacts of using biochar to store carbon in soils is also limited.
There is some evidence that it could increase crop yields through increasing soil quality, but there are
also potential risks of soil contamination. Climate benefits of biochar would have to take into account a
life cycle assessment of greenhouse gas emissions, as it cannot be assumed that the organic material
used as a feedstock is carbon neutral. Indirect land use change issues would also need to be considered

(Brownsort et al 2010).
3.4.3.3 Current levels of deployment in the UK
There are no geosequestration technologies currently deployed in the UK. All potential technologies
would need to be analysed according to their capacity to store carbon dioxide securely in the long term,
their potential to be scaled up, their material and energy requirements as well their environmental
impacts (DECC 2010). The feasibility of geosequestration developing at scale may be affected by the
development of CCS infrastructure to transport and store carbon dioxide, which could potentially also be
used for geosequestration.
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3.4.4 Storage, demand shifting and interconnection
3.4.4.1 Definition
Many renewable energy technologies, such as wind and solar power, produce variable supplies of
electricity. This can make it difficult for renewable electricity supply to meet changes in demand relating
to seasonal changes, daily routines or business requirements. Electricity storage, demand shifting and
interconnection represent different approaches to ensuring that electricity supply can meet demand,
without the need for large quantities of back-up generation which can be expensive, inefficient and
carbon intensive. Electricity storage, demand shifting and interconnection are all included in the same
option in the DECC 2050 Calculator. The deployment levels of these technologies cannot be set
independently of one another, which is why they are dealt with in the same section of this report.
However, it should be noted that each of these technologies has a distinct definition and different
ecological risks. What they have in common is that they each help to balance supply and demand in the
electricity network.
Storage technologies involve storing electricity for use at a different time of the user’s choosing. The
most established type of storage is pumped hydro storage, which accounts for approximately 99% of the
world’s grid energy storage (ARUP 2012). A pumped storage scheme utilises the differential in height
between two reservoirs to store energy; during periods of low electricity demand water is pumped from
the lower reservoir to the higher one, before being released at times of high demand in order to power
turbines which generate electricity. Other types of electricity storage include batteries, liquid air
storage, compressed air storage, pumped heat electricity storage, hydrogen and flywheels, all of which
have advantages and disadvantages for different applications (ARUP 2012).
Demand shifting or demand side management involves finding ways to influence the times at which
domestic consumers and businesses want to use electricity, for example by making it cheaper for people
to use electricity outside the peak times of the day or week, or by giving companies a discounted rate if
they agree to reduce their consumption during periods of short supply. Smart grids can also play a key
role in more complex optimisation solutions to manage flexible demand (DECC 2010).
Interconnection involves importing and exporting electricity between the UK and other countries such
as Norway, France and The Netherlands. As electricity is produced in different countries at different
times, greater levels of interconnection may reduce the need for back-up generation to meet peak
demands in each country individually. Interconnection can adjust flows very quickly (within seconds to
minutes), and could also provide longer-term support across hours or days (DECC 2010). Historically,
interconnection has principally been motivated by the trade of electricity between connected states,
however as part of a low carbon energy system it could be used to diversify electricity supply and help
to manage fluctuations in demand. The ability to do so would depend on the availability of suitable
interconnectors and the governance structures in place.
3.4.4.2 Key ecological risks
Different types of energy management technology entail different ecological risks. Pumped hydro
storage can have a high ecological impact at a site level, depending on the specific location and the
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design. For example, if a new artificial reservoir is constructed this will almost certainly lead to habitat
loss or fragmentation, and is likely to disturb and displace wildlife (see Section 3.1.1 for discussion of
large-scale hydropower, which entails similar ecological risks). Other types of storage such as batteries
are likely to have a lower ecological impact, although many of these technologies are still under
development meaning that precise ecological risks are not known. If new pumped hydro storage
facilities are built, they must only proceed after thorough environmental assessment and they must
avoid protected areas such as SACs, SPAs and SSSIs. Battery storage and other storage facilities must
also be appropriately sited in order to avoid adverse impacts on sensitive species and habitats.
Energy management through demand shifting is unlikely to entail significant ecological risks. Indeed,
reducing overall energy demand may reduce the need for large-scale energy infrastructure such as
power stations, renewable energy installations and grid networks, which may mean that certain
ecological impacts are avoided. Demand shifting is therefore likely to be a key low ecological risk means
of balancing electricity supply and demand, as well as reducing greenhouse gas emissions.
The ecological risks associated with interconnection are primarily disturbance and/or damage to
habitats and species caused by pipeline infrastructure or converter stations. In the UK, this would
primarily be sub-sea cables which are not expected to have major ecological impacts, provided routing
avoids sensitive habitats such as coral structures. Impacts are possible at land-fall sites when crossing
intertidal areas, and onshore infrastructure such as converter stations and onshore overhead lines may
also have impacts such as collision risk for birds.
3.4.4.3 Current levels of deployment in the UK
The main form of storage currently used in the UK is pumped hydro storage. There are four pumped
storage facilities in the UK, which can store around 30GWh between them, the largest of which is
Dinorwig in North Wales (Mackay 2009). There are also a number of other types of storage technology
currently under development which could be used in the UK in the future, such as batteries which store
electricity generated by small-scale installations for domestic use. There has been limited investment in
demand shifting as a form of energy management in the UK to date, although increased use of
technologies such as smart meters may increase its future role in the UK energy market. Studies have
already shown that electricity consumption reduces following receipt of an electricity bill, with the
implication that spending reminders can reduce peak demand, particularly during summer months
(Evans et al 2014). The existing capacity of interconnectors to Great Britain is approximately 4GW,
including links between France, The Netherlands and the Republic of Ireland. These links represent
around 5% of existing electricity generation capacity (National Grid 2014).

3.4.5 Electricity imports
3.4.5.1 Definition
Low carbon electricity generated in the UK can be supplemented by low carbon electricity imported
from abroad via new and strengthened grid infrastructure. Examples of potential sources include
geothermal power from Iceland, wind power and hydropower from Norway, or solar power from
southern Europe or northern Africa (DECC 2010). The distinction between electricity imports and
71

interconnection in the DECC 2050 Calculator is that interconnection only assumes the UK imports
electricity for grid balancing.
3.4.5.2 Key ecological risks
The main ecological risks associated with electricity imports are the local impacts of grid infrastructure
and interconnectors, as well as the potential ecological impacts of electricity generation in other
countries. For example, some scenarios in the DECC 2050 Calculator envisage the import of high levels of
solar power generated over large areas of southern Europe and northern Africa, which could lead to
disturbance and displacement of wildlife, habitat loss, habitat fragmentation and/or direct or indirect
land use change. Infrastructure employed to import low carbon electricity to the UK should be planned
and designed so that it minimises impacts on sensitive species and habitats, and the electricity imported
using this technology should be secured from renewable or low carbon sources as far as possible.
3.4.5.3 Current levels of deployment in the UK
In 2014, the UK imported 20.5 TWh of electricity – approximately 6% of overall electricity supply (DECC
2015a).
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4. Low ecological risk 2050 energy scenarios
4.1 Developing the low ecological risk (LER) scenarios
This section outlines three scenarios for the UK’s long-term energy future that meet the 80% emissions
reduction target whilst limiting ecological risk. They were developed using the DECC 2050 Calculator
(explained in Section 2.3), and using results of analysis presented in Section 3. The three scenarios
presented are not intended to be definitive, but rather suggest routes that the UK could follow to meet
climate targets in harmony with nature, recognising that there is not one exact ‘low ecological risk’
pathway, as there are various combinations of demand and supply side options that could result in low
ecological impact.
As far as possible, the scenarios also aim to take account of the other aspects of the energy trilemma:
maintaining security of energy supply and limiting financial costs. This has been done using the ‘Costs’
and ‘Security’ tabs of the DECC 2050 Calculator. However it should be noted that these are complex
areas, detailed analysis of which is beyond the scope of this report. The assessments of costs and
security of supply produced by the DECC Calculator should be regarded as indicative only.
For options where ecological impacts are not a significant concern, levels have been selected that best
contribute to the objectives of the energy trilemma – reducing emissions, security of supply and
minimising costs. In other words, options that are not likely to have significant ecological implications,
such as rooftop solar panels, were maximised unless that resulted in increasing costs without delivering
additional security of supply or emissions reductions.
Within each of the scenarios, priority is given to renewable technologies over other low carbon
technologies (e.g. CCS) and fossil fuels, as these technologies are reliant on the continued extraction of
limited resources. There are also ecological risks directly associated with the use of fossil fuels, as well as
the indirect impacts due to climate change (see Box 1). New nuclear power stations are excluded from
each of the scenarios as the focus of this report is to understand the ecological implications of
decarbonising the UK’s energy supply using high levels of renewable energy. There are also concerns
around the long-term storage of nuclear waste and other considerations (see Section 3.4 and 4.3.1 for
further discussion). CCS power stations are more compatable with a renewables-based energy system
than nuclear power stations as they can provide back-up generation more quickly to reduce weatherrelated variability. The availability of CCS technology is also important in order to reduce emissions from
industrial processes, which are otherwise very difficult to decarbonise (Green Alliance 2015).
The scenarios minimise the use of fossil fuels as far as is possible within the parameters of the DECC
2050 Calculator. They each assume that unabated coal and gas power stations are entirely phased out
by 2050, and that any CCS power stations use 100% natural gas or biogas. Oil is reduced as far possible
without requiring unsustainable levels of biofuel use in aviation, shipping and industry.
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In developing the scenarios the following steps were taken:
1. Levels of deployment of renewable technologies possible at low ecological risk, based on the results
of the spatial analysis undertaken in this report (see Section 3.2), were selected.
2. Levels of deployment of technologies that were not spatially analysed, but considered to be possible
at low ecological risk based on the outcome of literature reviews (see Section 3.1, 3.3 and 3.4), were
selected.
3. Demand reduction measures required to reach the 80% emissions reduction target were selected.
4. Demand and supply side options were varied (without increasing supply options above the upper
limit identified in steps 1 and 2) to explore which combinations minimised costs and ensured
security of supply10.
5. Three variations of this scenario were developed to take into consideration different potential
pathways, for example a pathway where greater progress is made with marine energy.
The three scenarios developed can be summarised as follows:
1. A ‘mixed renewables’ scenario (see Figure 10), which includes:
a. A diverse portfolio of renewable technologies
b. Limited CCS power stations
2. A ‘high marine renewables’ scenario (see Figure 11), which includes:
a. High levels of offshore wind (fixed and floating turbines), wave power and tidal stream
b. An assumption that CCS power stations will not be commercialised
3. A ‘high onshore renewables’ scenario (see Figure 12), which includes:
a. High levels of onshore wind and solar PV
b. Lower levels of marine renewables, and an assumption that floating wind technology is not
commercialised
c. Some CCS power stations
d. An assumption that geothermal electricity generation is commercialised in the UK
Common aspects of all scenarios include:








All deliver at least an 80% emissions reduction
No new nuclear power stations
Maximised levels of interconnection, energy storage and demand-side response measures
Significant growth in overall renewables capacity
Maximised levels of demand reduction
Substantial electrification of heating and transport
Ambitious measures to reduce emissions from international aviation and shipping

10

The Calculator assesses security of supply using a ‘stress test’ of whether additional gas plant would be required
on 5 cold, almost windless days. Scenarios were all developed so that 0GW of additional gas plant was required.
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It is important to emphasise that the maximum levels of each technology estimated to be achievable at
low ecological risk have not necessarily been included in each scenario. These levels were instead
treated as ‘ceilings’ beneath which other factors are taken into account, including costs of deployment,
or the need to further understand impacts on the environment of technologies at an earlier stage of
commercialisation. Also, in some cases, the maximum level in the Calculator for a technology represents
less energy generation than the results from the spatial analysis indicate is possible at low ecological
risk, therefore the Calculator itself limits the levels of those technologies. This is to be expected in some
cases, as the Calculator takes into account development constraints such as reasonable rates of
development and levels of commercialisation, which may in reality be a more significant constraint on
development than physical or ecological constraints.
For example, although the spatial analysis suggests there is very substantial opportunity for floating
wind at low ecological risk, the maximum level for offshore wind is not selected in all scenarios because:




the addition of further offshore wind may not necessarily give further emissions reductions, because
there is already sufficient supply of renewable energy;
demand reduction measures may provide a more affordable means of delivering objectives;
more research is required to ensure that floating wind can be deployed sustainably, and potential
cumulative ecological impacts are not currently well understood.

Deployment levels in the LER scenarios for the technologies analysed in Section 3 are discussed in the
following sections (Sections 4.2 for renewable technologies and 4.3 for other low carbon technologies).
Energy demand in the LER scenarios is discussed in Section 4.4. Section 5 then discusses the scenarios.

Figure 10. 2050 electricity supply mix in the Mixed Renewables scenario
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Figure 11. 2050 electricity supply mix in the High Marine Renewables scenario

Figure 12. 2050 electricity supply mix in the High Onshore Renewables scenario
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4.2 Renewable energy technologies in the LER scenarios
This section outlines the levels of deployment in the LER scenarios for each of the renewable energy
technologies analysed in Section 3. Deployment levels are provided in GW capacity and TWh/yr of
output. They are also expressed in terms of a level in the DECC 2050 Calculator.

4.2.1 High ecological risk renewable energy technologies
4.2.1.1 New large-scale hydropower
Each LER scenario has the same level selected for ‘Hydroelectric power stations’ (Level 2), which
assumes that no new large-scale hydropower is built, but that some existing schemes are refurbished,
enabling continued electricity generation to 2050. This level also assumes that there is some
development of small-scale hydropower (discussed in more detail in Section 4.2.3.4, as small-scale
hydropower is classified as a low ecological risk technology). This results in a total hydropower capacity
of 2.1GW by 2050. In total, hydropower generates around 7 TWh/yr of electricity in the LER scenarios.
4.2.1.2 Tidal range power
None of the LER scenarios include any shore-to-shore tidal barrages, as the deployment of this
technology in the UK is likely to have significant impacts on sensitive species and habitats. Tidal lagoons
are an alternative type of tidal range power, although the DECC 2050 Calculator does not distinguish
between these two types of technology (they are both included under ‘Tidal Range’). Level 2 has been
selected in each scenario, which assumes the development of approximately three small tidal lagoons
with a combined capacity of 1.7GW, generating 3.4 TWh/yr by 205011. This is a precautionary approach,
given that the ecological impacts of tidal lagoons are not yet well understood. Further schemes may be
acceptable once lessons have been learnt in terms of ecological impacts and appropriate environmental
management.

4.2.2 Medium ecological risk renewable energy technologies
4.2.2.1 Onshore wind
The results of the spatial analysis in Annex 1 show that if deployed in areas of low ecological sensitivity
in the UK, onshore wind has a potential installed capacity of 53 GW producing 140 TWh/yr. This
corresponds to a total land area of 5,932km2, which is equivalent to approximately 2.4% of the UK land
area. This could be delivered by a total of 21,200 2.5 MW turbines, or fewer turbines with larger
capacities and/or an improved capacity factor if the technology improves in the period to 2050. This is
approximately equal to Level 4 in the DECC 2050 Calculator. However, the maximum level has not been
selected in the LER scenarios as higher levels of deployment did not deliver further emissions reductions
as there was already sufficient supply of renewable energy based upon the demand assumptions made.

11

The Swansea Bay Tidal Lagoon discussed earlier in this report is expected to generate 0.5 TWh/yr (lower than
the average installation size assumed by the Calculator) because it would be the first tidal lagoon constructed
anywhere in the world, hence it is being developed as a smaller-scale prototype ahead of future projects.
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In the Mixed Renewables scenario, Level 3 is selected for onshore wind. This level assumes 32 GW
capacity of onshore wind in 2050 generating 84.2 TWh/yr. This could be delivered by around 12,800 2.5
MW turbines, or fewer turbines with larger capacities and/or an improved capacity factor if the
technology improves in the period to 2050.
In the High Marine Renewables scenario, Level 3.5 is selected for onshore wind. This level assumes 41
GW capacity of onshore wind in 2050 generating 107.9 TWh/yr. This could be delivered by around
16,400 2.5 MW turbines, or fewer turbines with larger capacities and/or an improved capacity factor if
the technology improves in the period to 2050.
In the High Onshore Renewables scenario, Level 3.6 is selected for onshore wind. This level assumes
42.8 GW capacity of onshore wind in 2050 generating 112.6 TWh/yr. This could be delivered by around
17,100 2.5 MW turbines, or fewer turbines with larger capacities and/or an improved capacity factor if
the technology improves in the period to 2050.
4.2.2.2 Solar farms
The results of the spatial analysis in Annex 1 show that if the lowest estimate of agricultural land
available for energy generation is assumed (350,000 ha) (DEFRA 2007; Lovett et al 2009), solar farms
have a potential installed capacity in areas of low ecological sensitivity of 312GW, producing 246
TWh/yr. This corresponds to a total land area of 14,170km2 (3,500km2 of agricultural land and 10,670km2
non-agricultural land), which is equivalent to approximately 5.8% of the UK land area. This is significantly
higher than any level in the DECC 2050 Calculator, the most ambitious of which assumes 165 GW by
2050 producing 140 TWh/yr. However, the maximum level has not been selected in the LER scenarios as
higher levels of deployment did not deliver further emissions reductions as there was already sufficient
supply of renewable energy based upon the demand assumptions made. Higher deployment levels of
solar PV also brought up the overall financial cost of the scenario, according to the assumptions made by
the DECC 2050 Calculator.
In the Mixed Renewables scenario, Level 3 is selected for ‘Solar panels for electricity’. This level assumes
94.7 GW capacity of solar PV in 2050 generating 80.5 TWh/yr. This capacity could be delivered by 5.4m2
of roof space for every person (roughly half of all South-facing domestic rooftops), or approximately
417km2 of solar farms (assuming a capacity factor of 10% and a conversion efficiency of 20%). These
estimates could change if solar PV technology continues to improve in the period to 2050.
In the High Marine Renewables and High Onshore Renewables scenarios, Level 3.4 is selected for ‘Solar
panels for electricity’. This level assumes 122.7 GW capacity of solar PV in 2050 generating 104.3
TWh/yr. This capacity could be delivered by 7m2 of roof space for every person (roughly three quarters
of all South-facing domestic rooftops), or approximately 541km2 solar farms (assuming a capacity factor
of 10% and a conversion efficiency of 20%). These estimates could change if solar PV technology
continues to improve in the period to 2050.
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The DECC 2050 Calculator does not distinguish between ground-mounted solar farms and solar PV in the
built environment, for example on rooftops. In the LER scenarios, it is assumed that deployment is
prioritised in the built environment as this is likely to entail lower ecological risks and will have lower
land-use requirements, thereby reducing the risks surrounding direct and/or indirect land use change. It
is assumed that any solar farms deployed in the LER scenario are located on non-agricultural land to
minimise the risk of displacing agricultural production, and to minimise competition with bioenergy
crops.
4.2.2.3 Bioenergy technologies
There are a number of different options that relate to bioenergy technologies in the DECC 2050
Calculator: ‘Biomass power stations’, ‘Land dedicated to bioenergy’, ‘Bioenergy imports’, ‘Marine algae’,
‘Volume of waste and recycling’ and ‘Types of fuel from biomass’.
In each of the LER scenarios, Level 1 is selected for ‘Biomass power stations’, which assumes that only
plants built or under construction in 2007 are operational in 2050. This amounts to a total installed
capacity of 0.6GW producing 4.7 TWh/yr of electricity. This level has been selected because there are
alternative sources of electricity generation available in the LER scenarios that are able to generate low
carbon electricity with lower ecological risk. Large-scale biomass power stations have the potential to
drive unsustainable biomass production, with significant risks for biodiversity (discussed in Section
3.2.3). In the LER scenarios it is assumed that any available bioenergy feedstocks are prioritised for use
in more efficient conversion technologies such as CHP, or in applications for which there are limited
alternatives such as transport fuels for the aviation and shipping industries (there is an emphasis on
electrified travel in the LER scenarios where possible, such as in surface transport).
In each of the scenarios, the ‘Land dedicated to bioenergy’ option is also set to Level 1. This assumes
that in 2050 the UK uses around 3500km2 to grow energy crops, equivalent to around 1.4% of the UK’s
total land area. The Calculator assumes that this deployment level would produce around 55 TWh/yr.
This level has been selected because it is closest to the estimate this report uses for the amount of UK
agricultural land that could be sustainably used for energy generation without resulting in ILUC (350,000
ha) (Defra 2007; Lovett et al 2009). It is not possible to select a lower amount of land dedicated to
bioenergy within the Calculator model. However, other energy scenarios may choose to prioritise
agricultural land for solar farms rather than bioenergy crops. In the LER scenarios, it is assumed that any
solar farms are deployed on non-agricultural land such as brownfield sites.
In each of the scenarios, the ‘Bioenergy imports’ option has been set to Level 2, which assumes that by
2050 the UK imports up to 70 TWh/yr of biomass feedstocks. This would require approximately
13,000km2 production in other countries. The Committee on Climate Change (CCC) estimate that
between 100–700 Mha of land is available globally for growing bioenergy crops, with the lower estimate
taking the most precautionary approach to uncertainties around impacts on natural habitats and food
production. This corresponds to between 100 and 500 TWh of bioenergy energy supply available for
import to the UK (Committee on Climate Change 2011). The level of bioenergy imports selected within
the LER scenarios is therefore able to be accommodated within the CCC’s most precautionary estimate.
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In each of the scenarios, the ‘Marine algae’ option has been set to Level 1, which assumes that macroalgae cultivation is not a significant source of liquid biofuel in 2050. This is a precautionary approach
given that the ecological impacts of large-scale marine algae cultivation are not currently well
understood, and because there is an emphasis on electrification of transport in the LER scenarios.
For the ‘Volume of waste and recycling’ option, Trajectory D has been selected in each of the LER
scenarios. This assumes that 30 TWh/yr of primary energy is generated from waste by 2050 in the LER
scenario. This includes landfill gas, sewage gas and non-biodegradable waste. This level also assumes
that there is a national focus on waste avoidance and the overall quantity of waste decreases by 33% by
2050. This smaller voume of waste is managed efficiently and both recycling and energy from waste
increase, by 70% and 7% respectively. By 2050, only 3% of waste is sent to landfill.
The ‘Types of fuel from biomass’ option has been set to Trajectory A in the LER scenarios. This assumes
that biomass is converted into a mixture of solid, liquid and gas biofuels. This enables bioenergy to be
used for a variety of applications in the LER scenarios, however it is assumed that bioenergy feedstocks
will follow the conversion route that offers the highest level of efficiency wherever possible, and that
robust sustainability criteria is applied to the production and conversion of all biomass in the LER
scenarios.
4.2.2.4 Offshore wind
The spatial analysis in Annex 1 of this report considers both fixed-base and floating offshore wind
turbines. The results of this analysis show that there is between 3,162 and 5,229km2 of sea area
available in UK waters to deploy fixed offshore wind in areas of low/unknown ecological sensitivity, once
physical and policy constraints have been applied. This corresponds to between 16 and 26GW,
generating between 69 and 115 TWh/yr. For floating offshore wind, the results of the spatial analysis
indicate that there is between 230,149 – 253,627km2 of sea area available in UK waters for deployment
with low/unknown ecological sensitivity, once physical and policy constraints have been applied. This
corresponds to between 1,151 and 1,268GW, generating between 5,044 and 5,558 TWh/yr. The results
are presented as a range in order to account for the higher levels of uncertainty regarding renewable
energy deployment in the offshore environment, compared with the onshore environment, in terms of
both ecological data and economic feasibility (see Annex 1 for full details).
The DECC 2050 Calculator does not distinguish between fixed and floating offshore wind turbines.
Therefore the estimates for both fixed-base and floating turbines are included in the level selected for
‘Offshore wind’ in the LER scenarios. The Mixed Renewables Scenario assumes a capacity of 84 GW,
generating 331 TWh/yr. The High Marine Renewables Scenario assumes an installed capacity of 181 GW,
generating 715 TWh/yr. In each of these scenarios it is assumed that 26 GW of this capacity is accounted
for by fixed-base turbines (equivalent to the maximum installed capacity in areas of low/unknown
ecological sensitivity), and the remaining 34 GW through floating turbines. The High Onshore
Renewables Scenario assumes that floating wind technology is not commercialised, therefore includes
24GW installed capacity generating 94.7 TWh/yr.
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It should be noted that even though the Mixed Renewables and High Marine Renewable Scenarios
contain significant amounts of floating wind, the levels adopted are still significantly lower than the
overall estimate for floating wind deployment potential in areas of low/unknown ecological sensitivity
produced in the mapping research (up to 1268 GW potential in areas of prime, good and technical
opportunity, and up to 762 GW in only areas of prime and good opportunity). This takes into acount that
this technology is not currently available at a commercial scale, and that there is less certainty regarding
ecological sensitivity further out to sea (where floating wind is likely to be deployed) given the limited
ecological data available. There also may be interactions with other sea users that have not been taken
into account in the mapping, such as the fishing industry.
4.2.2.5 Wave power and tidal stream
The results of the spatial analysis in Annex 1 show that there is between 284 and 2,875km 2 of sea
available to deploy tidal stream energy technologies in areas of low/unknown ecological sensitivity. This
corresponds to between 5 and 50 GW, generating between 17 and 176 TWh/yr.
The Mixed Renewables Scenario assumes an installed capacity of 5.7 GW generating 18 TWh/yr. The
High Marine Renewables Scenario assumes an installed capacity of 20.4 GW generating 64.2 TWh/yr,
which would require the installation of a maximum of 10,200 2 MW devices. The High Onshore
Renewables Scenario assumes an installed capacity of 1.9 GW, generating 6 TWh/yr. Similarly to the
approach for floating offshore wind, it is worth noting that none of the areas of ‘technical opportunity’
require to be exploited in this scenario, as the mapping research indicates up to 39 GW potential at low
ecological risk in areas of prime and good opportunity.
For wave energy technologies, the results of the spatial analysis show that there is between between
86,726 and 107,067km2 of sea available to deploy wave energy technologies in areas of low/unknown
ecological sensitivity. In order to estimate the potential extractable energy resource within these areas,
‘frontiers’ were drawn across areas of low/unknown ecological sensitivity, based on the approach used
in the 2012 Carbon Trust UK Wave Energy Resource study. The results indicate potential wave energy
frontiers of 815km in areas of prime, good and technical opportunity with low ecological sensitivity. It is
noted however that the Carbon Trust analysis estimates the maximum practical resource as 42 TWh/yr
(equivalent to Level 3.1 in the calculator), which includes a more sophisticated analysis of economic
viability of sites. The scenarios are therefore limited to 42 TWh/yr for wave power, noting that this is a
conservative approach.
The Mixed Renewables Scenario assumes there is 5.8 GW of wave devices installed in 2050, generating
11.4 TWh/yr. The High Marine Renewables Scenario assumes 21 GW installed capacity, generating 41.3
TWh/yr (similar to the maximum practical resource estimated by the Carbon Trust in 2012). This would
require an estimated 14,000 devices across 524km (although recognising that the industry has yet to
converge on a single type of device). The High Onshore Renewables Scenario assumes 2.9 GW installed
capacity, generating 5.7 TWh/yr.
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4.2.3 Low ecological risk renewable energy technologies
4.2.3.1. Solar PV in the built environment
The DECC 2050 Calculator does not distinguish between solar PV in the built environment (for example
on rooftops) and ground-mounted solar farms. These are both accounted for in the option ‘Solar panels
for electricity’. In the LER scenarios, it is assumed that solar PV deployment is prioritised in the built
environment as this is likely to entail lower ecological risks and will have lower land-use requirements,
thereby reducing the risks surrounding direct and/or indirect land use change. It is assumed that any
solar farms deployed in the LER scenarios are located on non-agricultural land, to minimise the risk of
displacing agricultural production, and to minimise competition with bioenergy crops.
In the Mixed Renewables scenario, Level 3 is selected, which assumes that solar PV capacity reaches
94.7GW by 2050, producing 80.5 TWh/yr. This is equivalent to 5.4m2 of roof space for every person by
2050 (roughly half of all South facing domestic rooftops), or solar farms over an area of approximately
417km2 (assuming a capacity factor of 10% and a conversion efficiency of 20%). These estimates could
change if solar PV technology continues to improve in the period to 2050.
In the High Marine Renewables and High Onshore Renewables scenarios, Level 3.4 is selected for ‘Solar
panels for electricity’. This level assumes 122.7 GW capacity of solar PV in 2050, generating 104.3
TWh/yr. This capacity could be delivered by 7m2 of roof space for every person (roughly three quarters
of all South-facing domestic rooftops), or approximately 541km2 solar farms (assuming a capacity factor
of 10% and a conversion efficiency of 20%). These estimates could change if solar PV technology
continues to improve in the period to 2050.
As well as on domestic rooftops, solar PV could also be deployed on commercial buildings, or other built
infrastructure such as car parks or bridges. It should be noted that the deployment level in the LER
scenarios is significantly lower than this report’s estimate for the deployment potential of solar PV in the
built environment with low ecological risk, which is 215 GW, producing approximately 182 TWh/yr (see
Section 3.3.1.4). These levels have been selected in the LER scenarios because they correspond with the
overall energy demand characteristics of the scenario, and because higher levels of solar PV deployment
bring up the overall financial cost of the scenario. If different assumptions were made about the UK’s
overall energy demand (for example, if it were assumed that the UK will have higher levels of energy
demand in 2050 than the LER scenarios assume), far higher levels of solar PV in the built environment
could be deployed with low ecological risk.
4.2.3.2 Small-scale wind
Given the limited amount of research on the ecological impacts of small-scale wind (see Section 3.3.2), a
precautionary approach has been adopted to selecting a level of deployment in the LER scenarios. Level
2 has been selected, which assumes that small-scale wind capacity increases to 0.6 GW in 2020 and is
sustained at this level to 2050 (delivering 1.3 TWh/yr). This would require the construction of around
127,000 5kW turbines, requiring around 1,968km2, equivalent to around 1% of the UK’s land.
Installations could also be mounted on buildings or other built infrastructure. Further research is
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recommended in order to better establish impacts, particularly the cumulative impacts of small-scale
wind installations. Depending on the conclusions of any further research, a higher (or lower) capacity of
small-scale wind than that which is included in this scenario could be deployed with low ecological risk.
4.2.3.3 Geothermal electricity
The DECC 2050 Calculator estimates that in the most ambitious scenario, deep geothermal power
generation could reach a capacity of 5 GW by 2030, supplying 35 TWh/yr between 2030 and 2050,
equivalent to 10% of current electricity demand. Given the slow progress to date in exploiting the UK’s
geothermal resources and the potential impacts of geothermal power generation on biodiversity, Level
1 has been selected in two of the LER scenarios (the Mixed Renewables and High Marine Renewables
scenarios), which assumes that there is no commercial use of geothermal sources for power generation
by 2050. In the High Onshore Renewables scenario, Level 2 has been selected, which assumes that the
current geothermal demonstration projects are successful, leading to a steady building of geothermal
plants. Total capacity would reach 1 GW by 2035 (approximately 100 x 10MW plants) and is maintained
at this level, leading to an output of 7 TWh/yr between 2035 and 2050. As geothermal electricity
generation is not currently advanced in the UK, this precautionary approach would allow thorough
monitoring and research into the ecological impacts of deep geothermal power generation, and
potential mitigation measures to be identified.
4.2.3.4 Small-scale hydropower
The DECC 2050 Calculator does not distinguish between small-scale hydropower and large-scale
hydropower schemes (both are included in the ‘Hydroelectric power stations’ option). In the LER
scenarios, Level 2 is selected for ‘Hydroelectric power stations’ which assumes that no new large-scale
hydropower is built (although some existing schemes are refurbished, enabling continued electricity
generation to 2050), and that there is some development of small-scale hydropower. This results in a
total hydropower capacity of 2.1GW by 2050. This is an increase of around 500MW from 2010 levels,
which is similar to the capacity that the Environment Agency estimates could be ‘win-win opportunities’
in England and Wales for renewable energy generation and ecosystem functioning (see Section 3.3.4).
Given that this level also includes the development of small-scale hydropower schemes in Scotland and
Northern Ireland (as well as the refurbishment of existing large-scale hydropower schemes), selecting
this level in the LER scenarios represents a precautionary approach which takes into account the
uncertainties around the cumulative impacts of small hydropower schemes and other impacts on river
ecology. In total, large-scale and small-scale hydropower generates around 7 TWh/yr of electricity in the
LER scenarios in 2050.
4.2.3.5 Low carbon heat technologies
There are a number of different options that relate to low carbon heat in the DECC 2050 Calculator:
‘Home heating electrification’, ‘Commercial heating electrification’, ‘Solar panels for hot water’, ‘Home
heating that isn’t electric’ and ‘Commercial heating that isn’t electric’.
In the LER scenarios, Trajectory D is selected for the ‘Home heating electrification’ option and the
‘Commercial heating electrification’ option. These levels assume that the proportion of new domestic
heating supplied using electricity is 80% to 100%, and the proportion of non-domestic heat supplied
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using electricity is 80% to 100%. Based on the analysis of the ecological risks and deployment potential
of low carbon heat technologies in Section 3, and the levels of low carbon electricity available in the LER
scenarios, it is expected to be possible to meet this electricity demand with low ecological risk. The key
technologies for the delivery of electrified heat in the LER scenarios are air source and ground source
heat pumps.
For heating that isn’t electrified, Level 3 is selected for for solar thermal technologies (under the option
‘Solar panels for hot water’) in the Mixed Renewables and High Marine Renewables scenarios. This
assumes that all suitable buildings have some level of solar thermal heating system in 2050, with around
30% of their annual hot water demand met by solar thermal, delivering around 57.8 TWh/yr of heat by
2050. This level of deployment of solar thermal technology would require around 1.6m2 of panels per
person. In the High Onshore Renewables scenario, Level 2.5 is selected, which assumes that around 65%
of suitable buildings have some level of solar thermal heating system in 2050, with around 30% of their
annual hot water demand met by solar thermal, delivering around 38.5 TWh/yr of heat by 2050. This
level of deployment of solar thermal technology would require around 1m 2 of panels per person. It is
important to be aware of the potential for competition for roofspace between solar thermal and solar
PV panels, and it may be necessary to utilise other locations in the built environment such as car parks
and bridges to accommodate high levels of deployment of both of these technologies.
For heating that is not electrified or generated through solar thermal technologies, Trajectory A is
selected for the ‘Home heating that isn’t electric’ option and for the ‘Commercial heating that isn’t
electric’ option in each of the LER scenarios. This assumes that in the domestic and commercial sectors
the dominant non-electric heat source is gas or gas CHP (biogas if available). It is assumed that district
heating schemes are utilised where possible.

4.3 Other low carbon technologies in the LER scenarios
This section describes the levels that have been selected in the LER scenarios for other low carbon
technologies available in the DECC 2050 Calculator, alongside the renewable technologies discussed in
Section 4.2.
4.3.1 Nuclear
Level 1 is selected for Nuclear power stations in each of the LER scenarios. This assumes that no new
nuclear power stations are built, and that by 2050 the UK’s existing fleet has all been retired. Due to the
UK’s existing nuclear infrastructure, nuclear power continues to provide energy until around 2035.
Investment in new nuclear power is very costly and is likely to entail crowding out of funding for
renewable energy technologies, which are able to reduce emissions over a shorter timescale. The UK
does not have a long-term plan for the safe storage of nuclear waste, which presents risks both to the
environment and to future generations. There are also ecological risks associated with nuclear power
generation and the continued mining of uranium (see Section 3.4.1). As this study focuses on the
opportunities for the UK to transition to a renewable-based energy system, renewable technologies
have been prioritised in the LER scenarios over new nuclear power stations.
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4.3.2 Carbon Capture and Storage
Carbon Capture and Storage (CCS) power stations feature in two of the LER scenarios - the Mixed
Renewables scenario (Level 1.5) and the High Onshore Renewables scenario (Level 1.8). In the Mixed
Renewables scenario, CCS power stations have an installed capacity of 20.9 GW, generating 140 TWh/yr
in 2050. This would require around 17 1.2 GW power stations. In the High Onshore Renewables
scenario, CCS power stations have an installed capacity of 32.4 GW, generating around 217 TWh/yr in
2050. This would require around 27 1.2 GW CCS power stations. It is assumed that these power stations
are supplied by natural gas or biogas if available (Trajectory D for the ‘CCS power station fuel mix’
option). In each of these scenarios renewables have been prioritised. However, the DECC 2050
Calculator model suggests that CCS power stations are required to provide security of supply.
The High Marine Renewables Scenario assumes that aside from the demonstration projects currently
planned, there is no further construction of new CCS plants or retrofitting of CCS technology to power
stations (Level 1). In 2050, there is one demonstration plant with an installed capacity of 1.7GW,
generating 11 TWh/yr. The higher levels of marine technologies in this scenario, including floating
offshore wind, mean that CCS power stations are not required to maintain security of supply in the same
way as the other two LER scenarios, which assume there is less progress with marine renewable energy.
Whilst CCS technologies could play a role in decarbonising the UK’s electricity supply and meeting
climate targets, renewable energy technologies have been prioritised in the LER scenarios as many of
these are proven technologies that are likely to be able to reduce emissions over a much shorter
timescale. This approach also takes into account the slow progress with CCS to date despite high hopes
for the industry for a number of years, coupled with risks around lock-in to fossil fuel extraction and
combustion (see Box 1 and Section 3.4). CCS power stations have been prioritised over nuclear power
stations because they are more compatable with a renewables-based energy system, as they are able to
respond to variability issues more quickly.
Within each of the LER scenarios, there is a role for CCS in the LER scenarios within the industrial sector,
as many industrial processes cannot be easily decarbonised without CCS. For the ‘Energy intensity of
industry’ option in the Calculator, Level 3 is selected in the LER scenarios, which assumes that CCS is
rolled out quickly in the industrial sector after 2025, and by 2050 about half of industrial emissions
(produced in the manufacture of metal, minerals and other chemicals) are captured. CCS is likely to be
an important technology to decarbonise many industrial processes.
4.3.3 Geosequestration
Given the high levels of uncertainty surrounding environmental impacts, and the lack of evidence of any
one technology’s viability at scale, Level 1 has been selected for Geosequestration’in each of the LER
scenarios. This level assumes that no geosequestration is implemented by 2050. Despite its potential
benefits, reliance on geosequestration to deliver carbon emissions reductions risks lock-in to high
carbon energy infrastructure, and could be perceived as a technological fall-back, potentially reducing
mitigation efforts in other areas (Secretariat of the CBD 2012). Furthermore, benefits to the climate are
uncertain given the amount of energy that may be required to power the machines required for
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geosequestration (DECC 2010). If a viable, low carbon and low ecological risk geosequestration
technology were to be developed, however, it is clear that this could deliver significant emissions
reductions. For example, if Level 1 is increased to Level 4 in the Calculator in the LER scenarios,
greenhouse gas emissions are reduced to 95% against 1990 levels.
4.3.4 Storage, demand shifting and interconnection
In the LER scenarios, Level 4 is selected for the ‘Storage, demand shifting and interconenction’ option.
This assumes that by 2050 the UK will have 20 GW of storage with a storage capacity of 400 GWh, 30
GW of interconnectors and high levels of demand shifting, including 75% of electric cars that allow
flexible charging for coordinated demand shifting. This is an ambitious increase from current levels and
will require concerted action. However these technologies are important in order to handle increasing
power flows and intermittent generation from renewable sources of energy, in order to maintain
security of supply, in line with the electricity supply mix in the LER scenarios.
4.3.5 Electricity imports
In the Mixed Renewables and the High Marine Renewables scenarios, Level 4 has been selected for
electricity imports. This assumes that the UK imports 140 TWh/yr of electricity in 2050. To deliver this
energy, the capacity of the interconnector with France would need to be increased by 4 GW. This would
require the equivalent of 1250km2 solar PV in countries exporting to the UK, though this could be
delivered by a range of other technologies. In the High Onshore Renewables scenario, Level 3.3 is
selected which assumes the UK imports 91 TWh/yr. This would require the equivalent of 810km2 solar
PV in countries exporting to the UK. New and strengthened grid insfrastructure with other countries, for
example a ‘supergrid’ across Europe and Northern Africa, offers opportunities to import low carbon
electricity and to reduce the need for back-up generation to meet peak demands in each country
individually by helping to manage fluctuations in demand.
It has not been possible within the parameters of this study to account for the ecological sustainability
of the imported electricity from other countries. However, an important area of future work would be
to undertake a similar study to this one, for other countries. It is important that the import of low
carbon electricity from abroad does not reduce the level of ambition in efforts to decarbonise the UK’s
electricity supply. In the LER scenarios, the import of electricity from abroad is accompanied by high
levels of renewable electricity generated in the UK.

4.4 Energy demand in the LER scenarios
Each of the low ecological risk scenarios assumes that the UK implements ambitious energy-saving
measures and significantly reduces overall energy demand. Measures include improvements in the
energy efficiency of lighting and appliances, as well as significantly improved insulation in buildings, so
that less energy is wasted. By 2050, the UK’s final energy consumption, across the three scenarios, is
reduced by over a third: from 1661 TWh/year in 2010 (DECC 2015a) to between 1063–1092 TWh/year in
2050. The range accounts for the differing assumptions made about energy demand across the three
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scenarios. Future demand scenarios in the DECC 2050 Calculator range from 891–2484 TWh/yr (DECC
2010).
Final energy demand in the LER scenarios:




Mixed Renewables scenario – 1064 TWh/yr
High Marine Renewables scenario – 1092 TWh/yr
High Onshore Renewables scenario – 1063 TWh/yr

Reducing energy demand reduces ecological risks as it lowers the need for new energy infrastructure,
which can pose risks to biodiversity. Reducing energy demand is likely to be a cost-effective way of
reducing emissions and meeting the UK’s climate targets (Committee on Climate Change 2014). It is also
worth noting that considerable reductions in final energy demand are a common factor across many
decarbonisation scenarios developed by a range of stakeholders to meet the UK’s 2050 emissions
reduction target (Steward 2014).
As well as significantly reducing energy demand, each scenario also entails a substantial electrification of
heating and transport (powered by renewable or low carbon sources). The DECC 2050 Calculator
estimates that by 2050, 26 million heating systems in existing homes will need to be replaced, alongside
all commercial heating systems and new systems in 14 million new homes (DECC 2010). Currently,
almost half of UK energy demand is used for heating (DECC 2013b), so reducing emissions from this
sector is crucial. Heat is provided by a variety of sources in the LER scenario, although there is a strong
emphasis on electrified heating. The proportion of new domestic and non-domestic heating systems
supplied using electricity is 80%, with high uptake of air and ground-source heat pumps for heat and hot
water. There is also a limited amount of gas or biogas used predominantly in combined heat and power
(CHP) systems. See Section 4.2.3.5 for a full description of low carbon heat technologies in the LER
scenarios. Sections 4.4.1 and 4.4.2 below discuss the overall demand for heat in the LER scenarios in
more detail.
The LER scenarios assume that UK industry continues to grow in line with current trends, but that the
energy intensity of industry decreases overall. By 2050, many industrial processes are electrified, there
is a 40% improvement in energy efficiency and at least a 25% average reduction in process emission
intensity. CCS technology captures nearly half of industrial emissions in 2050, meaning that the
development of this technology is very important in the LER scenarios for reducing emissions from
industry; for many industrial processes, there are limited alternatives for achieving emissions reductions
in this sector. This is described in more detail in Section 4.4.2 below.
Energy demand for transport currently accounts for 38% of total final energy consumption in the UK
(DECC 2015e). In the LER scenarios, there is a significant shift to public transport, and by 2050 all
domestic car travel uses low emission vehicles such as electric cars. There is a major shift towards
electrified passenger trains, rail freight and electric buses, and there are significant efficiency
improvements in the commercial transport sector, including international shipping and aviation. This is
described in more detail in Section 4.4.3 below.
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Energy demand options are covered by several different options in the DECC 2050 Calculator. In this
report, these options have been separated into three further categories: domestic energy demand,
commercial energy demand and energy demand for transport.
4.4.1 Domestic energy demand
Domestic energy demand is covered by several different options in the DECC 2050 Calculator. These
options have been separated into two further categories: residential heating, and residential lighting
and appliances.
4.4.1.1 Residential heating
For the ‘Average temperature of homes’ option, Level 3 is selected in the LER scenarios, which
corresponds to an average room temperature of 17°C. This is a 0.5°C decrease from 2007. For the ‘Home
insulation’ option Level 4 is selected in the LER scenarios, which assumes that 24 million existing homes
receive extra draft proofing, 22 million receive triple glazing, 21 million receive extra loft insulation, 11
million receive floor insulation, 9 million receive cavity wall insulation and 8 million receive extra
insulation on their wall. On average, thermal leakiness decreases by 50% and the power required to for
a typical home to maintain given temperature is therefore halved.
4.4.1.2 Residential lighting and appliances
For the ‘Home lighting and appliances’ option, Level 4 is selected in the LER scenarios, which assumes
that energy demand for domestic lights and appliances decreases by 60%. For the ‘Electrification of
home cooking’ option, Trajectory B is selected, which assumes that energy used for domestic cooking is
entirely electric by 2050, using either traditional electric ovens, microwaves or induction hobs.
4.4.2 Commercial energy demand
Commerical energy demand is covered by several different options in the DECC 2050 Calculator. These
options have been separated into three further categories: commercial heating, commercial lighting and
appliances, and industry.
4.4.2.1 Commercial heating
For the ‘Commercial demand for heating and cooling’ option, Level 4 is selected in the LER scenarios,
which assumes that space heating demand drops by 25% (59 TWh/yr), hot water demand grows by 10%
(15 TWh/yr) and cooling demand (for example through air conditioning) falls by 60% (14 TWh/yr). The
total energy demand for commercial heating and cooling is 87 TWh/yr in 2050.
4.4.2.2 Commercial lighting and appliances
For the ‘Commercial lighting and appliances’ option, Level 4 is selected in the LER scenarios, which
assumes that energy demand for lights and appliances decreases by 30% and decreases by 25% for
cooking. For the ‘Electrification of commercial cooking’ option, Trajectory B is selected, which assumes
that in 2050 all commercial cooking is electrified using either traditional electric ovens, microwaves or
induction hobs.
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4.4.2.3 Industry
For the ‘Growth in industry’ option, Trajectory B is selected in the LER scenarios, which assumes that UK
industry grows in line with current trends, leading to industrial output increasing by 30% to 2050. For
the ‘Energy intensity of industry’ option, Level 3 is selected, which assumes that there is a 40%
improvement in energy efficiency and at least a 25% average reduction in process emissions intensity.
66% of energy demanded is for electricity. CCS is rolled out quickly after 2025 and by 2050 about half of
industrial emissions are captured.
4.4.3 Energy demand for transport
Energy demand for transport is covered by several different options in the DECC 2050 Calculator. These
options have been separated into two further categories: UK transport and international transport.
4.4.3.1 UK transport
For the ‘Domestic transport behaviour’ option, Level 4 is selected in the LER scenarios which assumes
that in 2050 individuals travel the same distance as today, but that there is a significant shift to public
transport. There is a big shift away from the car, 1 in 10 car trips are shared with one extra person, and
cycle use will increase 10-fold compared to today. All passenger trains are electrified and 50% of bus
travel is fully electrified, with the remainder being hybrid vehicles powered by electricity and either
biofuel (e.g. biomethane), diesel or petrol. For the ‘Domestic freight’ option, Level 3 is selected, which
assumes that there is a modal shift from road to rail. By 2050, half of rail freight is electric and it is 3040% more efficient than in 2007, and lorries are twice as efficient.
For the ‘Shift to zero emission transport’ option, Level 4 is selected in the Mixed Renewables and High
Onshore Renewables scenario, which assumes that by 2050 100% of car travel is with a low emissions
vehicle. For the High Marine Renewables scenario, Level 3 is selected, which assumes that by 2050 20%
of car travel is with low emissions vehicles. For the ‘Choice of zero emission technology’ option,
Trajectory A is selected, which assumes that all zero emissions cars use batteries in 2050. It is assumed
that 75% of electric cars allow flexible charging for coordinated demand shifting.
4.4.3.2 International transport
For the ‘International aviation’ option, Level 4 is selected in the LER scenarios, which assumes that by
2050 there is an 85% passenger increase and 5% more fuel use on 2010 levels. It should be noted that
this option in the DECC 2050 Calculator operates differently to the rest of the options; instead of the
levels being calculated on the basis of physical and technical feasibility, the international aviation
trajectories are based on a set of policy scenarios. Despite Level 4 assuming an increase in international
aviation and therefore an increase in greenhouse gas emissions, this is the most ambitious scenario for
reducing emissions from international aviation in the DECC 2050 Calculator. In other words, growth of
the aviation sector is constrained as far as is possible within the parameters of the DECC 2050 Calculator
model in the LER scenarios. To achieve this, it is assumed that various policy measures are taken,
including action to reduce inefficiencies, action to promote behavioural change amongst leisure
passengers, and domestic action to constrain airport capacity and to encourage faster fleet turnover.
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For the ‘International shipping’ option, Level 4 is selected in the LER scenarios, which assumes the
maximum technically feasible emission reduction potential estimated for 2020 and 2050 (excluding
biofuels) is realised. This would involve measures such as speed reductions, hull design, hull and
propeller measures and waste heat recovery. There is an urgent need to develop sustainable
alternatives to oil, alongside efficiency improvements and policy interventions to reduce emissions from
oil-using sectors. International aviation and shipping emissions are not included in the UK's 2050 target
but they are included in the DECC 2050 Calculator, to enable emissions from all sectors to be
considered.
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Table 10. Levels selected for all energy supply options in the DECC 2050 Calculator in the low ecological risk (LER) scenarios
Energy supply
options in the
DECC 2050
Calculator

Scenario 1. Mixed Renewables
Scenario 2. High Marine Renewables
Scenario 3. High Onshore Renewables
Installed
Annual
Indicative
Installed
Annual
Indicative
Installed
Annual
Indicative number
capacity
energy
number of capacity
energy
number of
capacity
energy
of installations in
(GW)
output
installations
(GW)
output
installations in
(GW)
output
2050*
(TWh/yr)
in 2050*
(TWh/yr)
2050*
(TWh/yr)
Offshore wind
84
331.4
~14,500
181.3
715.2
~31,300
24
94.7
~4,100 5.8MW
5.8MW
5.8MW
turbines
turbines
turbines
Onshore wind
32
84.2
~12,800
41
107.9
~16,400
42.8
112.6
~17,100 2.5MW
2.5MW
2.5MW
turbines
turbines
turbines
Solar panels
94.7
80.5
~50% of
122.7
104.3
~75% of South122.7
104.3
~75% of Southfor electricity
South-facing
facing domestic
facing domestic
domestic
roofs, or
roofs, or ~541km2
2
roofs, or
~541km solar
solar farms (if 20%
~417km2
farms (if 20%
efficient)
solar farms
efficient)
(if 20%
efficient)
Tidal stream
5.7
18
~2850 2MW
20.4
64.2
~10,200 2MW
1.9
6
~950 2MW tidal
tidal stream
tidal stream
stream devices
devices
devices
Wave
5.8
11.4
~145km of
21
41.3
~524km of
2.9
5.7
~72km of wave
wave
wave devices,
devices, ~1930
devices,
~14,000
machines
~3900
machines
machines
Tidal range
1.7
3.4
3 small
1.7
3.4
3 small
1.7
3.4
3 small schemes
schemes
schemes
CCS power
20.9
140
17 1.2GW
1.7
11
1 demo CCS
32.4
217
27 1.2GW CCS
stations
CCS power
plant
power stations
stations
(85% load factor)
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Hydroelectric
power
stations

2.1

Solar panels
for hot water

6.6

Biomass
power
stations

0.6

Bioenergy
crops

n/a

(85% load
factor)
7
Existing
large-scale
schemes
refurbished,
~500MW
new smallscale
schemes**
57.8 (inc.
Suitable
4.1
buildings
electricity) have ~30%
annual hot
water
demand
met by solar
thermal,
~1.6m2
panels per
person
4.7
Only plants
built/under
construction
in 2007
55
~3500km2
used for
energy
crops,
around
1.4% of
total UK
land area
(similar to

2.1

7

Existing largescale schemes
refurbished,
~500MW new
small-scale
schemes**

2.1

7

Existing large-scale
schemes
refurbished,
~500MW new
small-scale
schemes**

6.6

57.8 (inc.
4.1
electricity)

Suitable
buildings have
~30% annual
hot water
demand met
by solar
thermal,
~1.6m2 panels
per person

4.4

38.5 (inc.
2.8
electricity)

65% of suitable
buildings have
~30% annual hot
water demand met
by solar thermal,
~1m2 per person

0.6

4.7

0.6

4.7

n/a

55

Only plants
built/under
construction in
2007
~3500km2 used
for energy
crops, around
1.4% of total
UK land area
(similar to
2007)

n/a

55

Only plants
built/under
construction in
2007
~3500km2 used for
energy crops,
around 1.4% of
total UK land area
(similar to 2007)
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Bioenergy
imports

n/a

70

Energy from
waste

n/a

30

Small-scale
wind

0.6

1.3

Electricity
imports

n/a

140

2007)
~13,000km2
production
land in
other
countries
Waste
decreases
by 33%,
only 3% of
waste sent
to landfill,
recycling
increases by
70%, energy
from waste
increases by
7% (on 2007
levels)
~127,000
5kW
turbines
Equivalent
to
~1250km2
solar PV in
countries
exporting to
the UK
None

n/a

70

~13,000km2
production
land in other
countries

n/a

70

~13,000km2
production land in
other countries

n/a

30

Waste
decreases by
33%, only 3%
of waste sent
to landfill,
recycling
increases by
70%, energy
from waste
increases by
7% (on 2007
levels)

n/a

30

Waste decreases by
33%, only 3% of
waste sent to
landfill, recycling
increases by 70%,
energy from waste
increases by 7% (on
2007 levels)

0.6

1.3

~127,000 5kW
turbines

0.6

1.3

~127,000 5kW
turbines

n/a

140

Equivalent to
~1250km2 solar
PV in countries
exporting to
the UK

n/a
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Equivalent to
810km2 solar PV in
countries exporting
to the UK

Geothermal
0
0
0
0
None
1
7
~100 10MW plants
electricity
*Figures are indicative as technology may improve or average installation size may change throughout the period up to 2050
**In line with precautionary estimates for levels of small-scale hydropower deployment that can be achieved with low ecological risk
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5. Discussion
The analysis of the ecological risks and deployment potential of renewable energy technologies in
Section 3, combined with the scenario modelling in Section 4, demonstrate that with careful
planning, it is possible to meet our climate targets with low ecological risk, through energy systems
including high levels of renewable energy. This is based on current understanding of ecological risks
and the assumptions about the UK’s energy system made in the DECC 2050 Calculator. Extensive
discussion of the strengths and limitations of the spatial analysis approach is provided in Annex 1 of
this report.
Section 5.1 discusses the LER scenarios in more detail, including how they perform against the three
aspects of the energy trilemma. Section 5.2 draws together a set of conclusions from the report’s
analysis as a whole and puts forward suggestions for future work.

5.1 Overview of the LER scenarios
Firstly, it should be noted that the LER scenarios are not intended to be prescriptive. Given the
ambitious nature of the analysis undertaken, and limitations to the data available, there are
limitations to the confidence that can be attached to the LER scenarios as pathways for meeting
emissions targets in harmony with nature. More sophisticiated modelling would be required to
model the UK’s energy system at higher spatial and temporal resolutions than are possible within
the parameters of this study and using the DECC 2050 Calculator tool. However, the LER scenarios
are able to draw out, at a high level, the implications of aiming to deliver the UK’s climate targets
using high levels of renewable energy, whilst minimising risks for wildlife, and understanding the
general implications for costs and security of supply. The approach taken also demonstrates how
spatially analysing opportunities and constraints to renewable energy deployment (including
ecological constraints), combined with energy system modelling, can be used to plan strategically for
a UK energy system that delivers for people, the climate and the natural environment.
As noted previously, the LER scenarios seek to balance the three elements of the energy trilemma:
environmental sustainability, limiting financial costs and maintaining security of energy supply.
Environmental sustainability in the LER scenario is discussed in Section 5.1.1, energy security in the
LER scenario is discussed in Section 5.1.2 and an economic analysis of the LER scenario is provided in
Section 5.1.3. However, it is emphasised that energy systems are complex areas of analysis, and the
conclusions drawn in this report should be regarded as indicative only. A wider range of factors than
it has been possible to analyse in this report will influence how realistic an energy scenario is,
including pace and scope of technology development, costs, public sensitivities such as aesthetics,
and political contexts.

5.1.1 Environmental sustainability in the LER scenarios
In this report, environmental sustainability covers ecological impacts as well as reducing emissions.
Within energy policy discussions, environmental sustainability is often defined as reducing emissions
only, meaning that wider environmental sustainability criteria are often overlooked. This report, and
the LER scenarios in particular, aim to reintroduce ecological sustainability into the energy trilemma
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and demonstrate that with careful planning it is possible to reconcile climate change and
biodiversity policy objectives.
When modelled in the DECC 2050 Calculator, each of the LER scenarios delivers an emissions
reduction of at least 80% against 1990 levels, in line with the UK’s legally binding target under the
Climate Change Act 2008. They also meet the UK’s carbon budgets up to 2027, which are a system of
five-yearly budgets established by the Climate Change Act 2008, to act as stepping stones towards
the overall 80% emissions reduction target. In 2050, total greenhouse gas emissions in the LER
scenarios are between 148 and 153 MtCO2e/yr. The 1990 baseline is 779.9 MtCO2e/yr (UNFCCC
2015).
For each of the components of the UK energy system, a level has been selected in the LER scenarios
that is estimated to be possible in the UK with low ecological risk. It is therefore estimated that this
future energy vision for the UK can be delivered with low ecological risk overall, if accompanied by
appropriate environmental assessment, siting, installation, management and suitable mitigation
measures at the site level where needed. It should be noted that the deployment levels selected in
the LER scenarios do not in all cases represent the maximum deployment potential estimated for
that technology to be able to be deployed with low ecological risk. In some cases, lower deployment
levels have been selected in the LER scenario in order to fit with the energy demand assumptions of
the scenario, or to create a better outcome in terms of the other aims, such as limiting the financial
cost of the scenario or maintaining security of supply.
The LER scenarios have sought to minimise the potential for cumulative ecological impacts, as far as
this is possible based on current understanding of these impacts. For technologies that have been
spatially analysed (in Section 3.2), this has been done by selecting levels that can be accommodated
within areas of low ecological sensitivity. By avoiding deployment within areas of medium and high
ecological sensitivity, this is most likely to avoid cumulative impacts with other schemes. If
technologies were to be deployed in areas of medium or high ecological sensitivity, the likelihood of
cumulative impacts rises as the coverage becomes more complete. For technologies that have not
been spatially analysed, the qualitative assessment in Sections 3.1 and 3.3 has been used in order to
select a level that is expected to limit cumulative ecological risks based on current understanding of
impacts.
As well as limiting ecological impacts, there are opportunities for the LER scenarios to contribute to
the protection and restoration of the natural environment by incorporating biodiversity
enhancement measures into renewable energy schemes. For example, solar farms can be managed
in ways that provide habitat or foraging areas for wildlife, or habitat corridors can be designed
around developments to support ecological connectivity. Small-scale hydropower schemes, if
appropriately sited and managed, can deliver benefits to river ecology by enabling fish passage
where migratory barriers have previously existed. It is important that climate change mitigation is
delivered in a way that does not place additional pressures on vulnerable wildlife and habitats,
particularly as a healthy natural environment is a key component of both climate change mitigation
and adaptation.
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5.1.2 Security of supply in the LER scenarios
Transitioning to renewable sources of energy can increase the UK’s energy security by reducing
reliance on imported fuels. However, there are challenges associated with the weather-related
variability of renewable energy sources. The LER scenarios were developed to ensure that no
additional baseload capacity would be required, beyond the options selected, to ensure security of
supply.
To assess security of supply (i.e. whether energy supply meets demand over a given period), the
DECC 2050 Calculator applies a ‘stress test’ which models the impact of a five day period of cold
temperatures and low winds, calculating if the scenario would require additional baseload capacity
in these conditions. If supply does not meet demand in any given scenario, the Calculator
automatically meets excess demand with added unabated gas power stations12.
A diverse mix of renewables in all of the LER scenarios helps to reduce variability and contribute
towards energy security. Also common to all scenarios is an assumption that there will be
significanant interconnection, energy storage and demand-side response by 2050. A smarter, more
flexible and connected grid system will be crucial to reducing energy demand in the future and
ensuring security of supply. The scenarios assumes 20 GW of storage with a capacity of 400 GWh
(either new technologies such as batteries, or pumped storage13), 30 GW of interconnection with
Europe, and high levels of demand shifting, including 75% of electric cars that allow flexible charging
for coordinated demand shifting. These are ambitious measures and will require concerted action.
Up to 140 TWh/yr of electricity is also imported to the UK in the LER scenarios.
Our analysis shows that Carbon Capture and Storage (CCS) power stations may play a role in
ensuring security of supply alongside renewables. However, they can be excluded from the scenarios
if there is particularly strong progress with renewable energy deployment, particularly in the marine
environment, or energy storage. CCS also offers opportunities for decarbonising the industrial
sector, therefore could have a role in our energy mix beyond electricity generation. However, given
the risks associated with CCS – including the ecological impacts of fossil fuel extraction and the risk
of lock-in to high carbon infrastructure (see Section 3.4) – CCS power stations are regarded in the
low ecological risk scenarios as a ‘Plan B’ option, with priority given to renewable energy, energy
storage, demand reduction, demand-side response, interconnection and smart grid development.
Many of these options are not currently widely available commercially, so investment in research
and development of these technologies and targeted innovation support is needed to ensure longterm security of supply in harmony with nature.
The High Marine Renewables scenario assumes that CCS power stations are not commercialised in
2050, and that security of supply is ensured through a combination of high interconnection,
demand-side response and energy storage, and high levels of offshore wind (predominantly floating
wind), wave power and tidal stream. Technologies that could unlock significant renewable energy

12

NB. The DECC 2050 Calculator does not model hourly, daily or seasonal operation of the grid, instead
presenting annual averages. Therefore it provides only an approximate guide to system security.
13
There are ecological risks associated with pumped storage projects. However it is assumed that this level can
be developed with low ecological risk if carefully planned and sited, based on current understanding of
available sites
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capacity and which are expected to achieve high capacity factors if commercially deployed, such as
floating offshore wind turbines, are likely to provide more consistent and reliable energy generation.
However, new technologies such as floating turbines must be accompanied by robust environmental
assessment and monitoring to fully understand ecological risks. It is also worth emphasising that the
scenarios developed are long-term, reflecting the energy mix in 2050. It is possible that there could
be a role for CCS in the medium term to ensure emissions reductions are made, but moving the
focus to measures such as energy storage or innovative forms of renewable energy, as technologies
and systems progress and innovate.
5.1.2.2 The role of fossil fuels in the LER scenarios
The LER scenarios minimise the use of fossil fuels as far as is possible within the parameters of the
DECC 2050 Calculator. They each assume that coal and unabated gas is entirely phased out by 2050,
and that any CCS power stations use natural gas or biogas. Oil and natural gas (outside of the CCS
sector) are reduced as far as possible, however the DECC 2050 Calculator does not enable the full
electrification of heat and domestic transport. Figure 13 shows the levels of renewable energy
compared to fossil fuels in the LER scenarios, covering electricity, heat and domestic surface
transport (excluding aviation and shipping). Renewable energy dominates each scenario, reaching
88% of supply in High Marine Renewables. The remaining fossil fuel usage in the scenarios (between
9-11%) reflects limited use of oil and gas in (mainly commercial) transport and heating. This is
because it is not possible to assume the complete phase out of these energy sources in the DECC
2050 Calculator model. In total, low carbon energy (i.e. renewable energy and CCS power) forms 8991% of the UK’s total energy supply across the LER scenarios.

Figure 13: UK 2050 energy supply in the Low Ecological Risk scenarios covering electricity, heat and domestic
surface transport *excludes electricity imports NB. Each scenario has a different total annual supply, as
different energy mixes will produce different amounts of electricity to export over the course of a year

CCS power stations feature in the mixed renewables and high onshore renewables scenarios, which
assume there is less progress with marine renewable energy. However, there are risks surrounding
the use of CCS in future energy scenarios, both for wildlife and for the delivery of climate targets.
These fall into two categories:
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Non-commercialisation: if CCS is invested in at the expense of developing other security of
supply options such as energy storage, and CCS fails to become viable at scale, we risk “lock in”
to a high carbon infrastructure, jeopardising achievement of climate targets
Fossil fuel extraction: if CCS power stations are developed at scale, the continued extraction and
combustion of fossil fuels poses direct risks to wildlife, including risks associated with new
unconventional forms of fossil fuel extraction, such as fracking (RSPB 2014).

Direct risks to the environment associated with the continued use of fossil fuels include:






Habitat loss, fragmentation and disturbance caused by extraction, and increased human activity
in ecologically sensitive areas
Pollution caused by combustion and transportation of fuels or chemicals associated with
extraction; eg oil spills can have catastrophic impacts on marine areas and pollution of
groundwater
Overuse of water supplies, putting pressure on sensitive hydrological ecosystems
Failure to restore areas following fossil fuel extraction to a standard required to deliver benefits
for wildlife.

See Box 1 for futher discussion of the ecological risks associated with the use of fossil fuels. Given
these risks, the role of fossil fuels – even when used with CCS technology – is minimised in the LER
scenarios. However, CCS technology is needed for the decarbonisation of many industrial processes,
so features in each of the LER scenarios within the industrial sector.

5.1.3 Economic analysis of the LER scenarios
This section analyses the economic implications of pursuing the LER scenarios and considers in more
detail the financial costs associated with delivering climate change mitigation with lowest risk for
wildlife and the natural environment. The LER scenarios seek to minimise overall financial costs,
given that this is a key aspect of the energy trilemma. It is important to maintain affordable energy
supplies both to meet social needs and to maintain public and political support for the transition to
low carbon energy. This however, needs to be balanced against the need to meet climate targets (to
help avoid the costs of not mitigating climate change), and to limit impacts on nature, which is also
key for maintaining public and political support for low carbon energy.
Estimating the costs of different energy pathways is complex, as a wide range of variables need to be
taken into account. The financial cost of the LER scenarios is estimated by the DECC 2050 Calculator,
as an additional cost to society compared to a business as usual (BAU) scenario (or ‘Doesn’t tackle
climate change’ pathway). The cost is expressed as mean £ per person per year (2010-2050). It is
important to note that this is not the cost of a person’s average energy bill, which cannot be
estimated using the Calculator.
The figure is derived by dividing the total approximate cost of the energy system (estimated by DECC
as £4615 in the BAU scenario) by the UK population. As such, it is higher than the average household
bill, because it also includes the cost of energy usage in industry and commerce. It is difficult to
translate estimated energy system cost into a consumer price given that this price is heavily affected
by a range of different markets, as well as government policy decisions. Caution must therefore be
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taken when interpreting the cost provided by the DECC 2050 Calculator in terms of the impact on
household energy bills.
When interpreting these figures it is important to be clear about the limitations of the DECC 2050
Calculator for analysing the economics of the UK energy system. For example, the tool does not take
into account the variations in cost at the site level, and yet the cost to develop projects will vary
depending on factors such as resource availability, grid connectivity and the environmental
assessment or mitigation measures required. Further research is recommended to explore this area
of economic analysis further.
5.1.3.1 The LER scenarios in comparison to other scenarios
In this section, the financial costs of the LER scenarios are compared to other decarbonisation
scenarios presented in the DECC 2050 Calculator. Given that the cost to individuals is highly
uncertain and because future prices are uncertain, it is important to provide some stable reference
points. This approach has the benefit of giving a reference point for whether the LER scenarios
significantly differ from their peers.
In the DECC 2050 Calculator there are a number of example pathways. The most basic is a Business
As Usual (BAU) scenario, which estimates the cost of energy should no attempt be made to reduce
greenhouse gas emissions. Other examples include a MARKAL scenario which aims to identify an
optimal technology mix to meet climate targets at minimum cost, and a ‘Higher renewables, more
energy efficiency’ scenario which relies predominantly on renewables and energy efficiency to
achieve emissions objectives.
The DECC 2050 Calculator indicates that the three LER scenarios are achievable at a similar cost to
other example decarbonisation pathways provided in the Calculator tool. The other pathways
reduce emissions by at least 80% for an average cost increase of 9.3% above business-as-usual. By
comparison:




the Mixed Renewables scenario is estimated to cost 8.2% above business-as-usual.
the High Marine Renewables scenario is estimated to cost 9.5% above business-as-usual.
the High Onshore Renewables scenario is estimated to cost 9.4% above business-as-usual.

5.1.3.2 Areas leading to higher costs in the LER scenarios
The DECC 2050 Calculator allows the comparison of costs by area between the LER scenarios and the
example scenarios provided. In some areas (such as costs of transport and buildings) the costs are
comparable and in a few, the MARKAL scenario (which selects cost-optimal options) actually incurs
higher costs (typically cost of bioenergy and cost of fossil fuels). However, there are several key
areas where costs are higher for the LER scenarios. The biggest disparity in price from MARKAL is
found in the finance costs, meaning the upfront investment required by the scenario. Finance costs
are predicted to be the highest single component of the cost of the LER scenarios. The other key
increases in cost are in electric cars and buses, hybrid cars and buses and domestic insulation.
5.1.3.3 The costs of Business as Usual
When considering the cost implications of delivering climate change targets, and particularly doing
so whilst minimising risks for the natural environment, it is worth noting the costs associated with a
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business as usual scenario. The costs of failing to tackle climate change are not included in the
estimates provided by the DECC 2050 Calculator. The Stern Review (Stern 2007) estimated that
failing to tackle climate change could reduce global GDP by up to 20% (equivalent to up to £6500 per
person per year on top of the cost of the current UK energy system as estimated by the Calculator:
£4615 per person per year). This is equivalent to a 141% increase on business as usual costs.
By 2050, the BAU pathway would result in 592 million tonnes of carbon dioxide equivalent more
than a scenario that delivers the 80% emission reduction target (BAU reaches 752 Mt CO2e/year and
the target is 160 MT CO2e/year). By 2050, one tonne of carbon is projected to cost the economy
£200 in current prices (DECC 2014d). As such, the BAU scenario could cost the economy an
additional £118 billion per year, or over £1,500 per person (the DECC 2050 Calculator predicts a
population of 76 million by 2050). This is over three times the extra cost of the LER scenarios. Other
externalities of fossil fuel use, such as the health impacts of air pollution, are also not accounted for
in the business-as-usual scenario. Meeting climate targets is therefore almost certainly cost-effective
in the long term.
It is also worth noting that an energy future which protects wildlife and the natural environment
would help to conserve the UK’s natural capital. Whilst valuing ecological goods and services is
notoriously difficult, the LER scenarios have a clear additional value not reflected in the Calculator, in
that they achieve the UK’s climate change objectives without damaging biodiversity. Biodiversity is
recognised to carry significant economic value. For instance, a recent valuation of setting up a UK
network of Marine Conservation Zones was estimated to be worth £1.7 billion per year (McVittie
and Moran 2010); raising all SSSI sites in England and Wales to favourable status is estimated to be
worth £769 million per year (Defra 2011b); and halving global deforestation rates would save an
estimated $3.7 trillion in climate change costs (TEEB 2010). An energy future that limits impacts on
the natural environment would therefore help to maintain the economic value of biodiversity and
ecosystems, including their contribution to climate change mitigation through carbon sequestration.
Finally, it is important to highlight that there are high costs to society associated with the existing UK
energy system, estimated to be £4615 per person per year by the DECC 2050 Calculator. Regardless
of ambitions to tackle climate change, the UK’s energy system will continue to require high levels of
investment in order to replace ageing infrastructure and maintain energy services. When the
externalities associated with climate change are taken into account, the additional cost associated
with decarbonisation scenarios are a relatively minor uplift compared to business as usual, and may
in fact incur a lower economic cost over a longer timeframe.
In summary, based on the analysis undertaken in this report, it is estimated that the costs of
achieving the UK’s climate change targets in harmony with nature are likely to be in the range of
8.2% to 9.5% above the BAU scenario. This is compared to an average cost increase of 9.3% above
BAU for the other example pathways. These costs are likely to be more than offset by the avoided
economic externalities of climate change and the loss of natural capital.

5.2 Conclusions
The key findings of this report’s analysis can be summarised as follows:


With careful planning, it should be possible to meet the UK’s climate targets using high levels of
renewable energy, whilst avoiding significant negative impacts on nature;
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Massive strides in demand reduction and energy efficiency are required, both to meet climate
targets with low ecological risk and to ensure that the energy system is affordable in the future;
Available technologies such as onshore wind and solar are important for rapid decarbonisation,
and if sited, designed and managed appropriately, the deployment of these technologies can
continue to grow in the UK without posing significant risks to wildlife;
Innovation, research and development of technologies such as energy storage and smart grid
networks are needed to ensure long-term security of supply;
There are opportunities for new technologies, such as floating wind turbines, to unlock
substantial renewable energy capacity in the UK, potentially with low ecological risk, depending
on how knowledge of environmental impacts develops;
Small-scale projects, such as rooftop solar, are able to deliver renewable energy typically with
low ecological impact, and also offer opportunities for public engagement in climate action.

5.2.1 Achievability of climate targets in harmony with nature
This report has shown that the UK has sufficient renewable energy resources and area for
deployment to meet the 80% emissions reduction target using high levels of renewable energy with
low ecological risk, based on current understanding of the likely ecological impacts of renewable
energy technologies. One of the key conclusions of this research is therefore that it is likely to be
possible to decarbonise the UK’s energy system and meet UK emissions reductions targets in
harmony with nature, and that with careful planning the deployment of renewable energy
technologies can be undertaken to meet the UK’s future energy demand scenarios and emissions
reduction targets without presenting major risks to biodiversity. This is important particularly as a
healthy natural environment is needed to mitigate and adapt to climate change, providing ecological
resilience as well as ecosystem services such as carbon sequestration and storage.
Renewable energy technologies, such as wind and solar power, help to mitigate the impacts of
climate change and in most cases do not deplete finite natural resources or result in pollution. This
research has shown that with effective strategic planning and siting, coupled with appropriate
safeguards for wildlife and mitigation measures, these technologies can be delivered at scale in the
UK with relatively low risk for wildlife and the natural environment. Overall, if projects are sited,
designed and managed appropriately, renewable energy technologies are expected to deliver net
benefits to wildlife and the natural environment, and are a vastly better option for nature compared
with continued fossil fuel-based energy generation.
The LER scenarios presented in this report are not intended to be prescriptive. The scenarios are
intended to show that, on the basis of the analysis carried out in this report, it is likely to be possible
to decarbonise the UK’s energy system and to meet the 80% emissions reduction target with low risk
for wildlife and the natural environment, and to indicate possible ways through which this objective
could be achieved. Other energy mixes could also achieve these objectives, and new technologies or
knowledge may become available that would suggest further options or limitations. The approach
taken also provides a basis upon which the UK could plan the development of the energy system in
order to meet emissions reduction targets and protect the natural environment, whilst keeping
energy supplies affordable and secure.
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It is important to highlight that the RSPB does not necessarily endorse the LER scenarios and the
particular energy mix that they adopt, or suggest that they are the most preferable pathways for the
UK’s energy future. Instead, they have been developed as a means to test the research findings of
Section 3 (the deployment potential of renewable energy technologies in the UK at different levels
of ecological risk), and to better understand the implications of this research for the UK’s energy
system as a whole. The scenarios have been developed within the parameters of the DECC 2050
Calculator model, and different models using different assumptions about the UK’s energy system
may suggest other energy mixes. The key contribution that the LER scenarios make to current energy
policy debates is to place the consideration of wildlife and natural environment impacts into energy
system planning, alongside the other elements of the energy trilemma.
It is important to note that it is likely to be possible to update this analysis as improved data and/or
methodologies become available. As noted previously in this report, the renewable energy sector is
rapidly developing and new technologies are continually emerging, whilst others are faced with
unanticipated challenges. Furthermore, knowledge of the distribution of vulnerable species is also
rapidly developing, as well as understanding of how species are affected by different types of
renewable energy technology. There are therefore some limitations to the conclusions that can be
drawn from this research and the applications to which it can be put. These are discussed below.

5.2.2 Limitations to research conclusions
There are some limitations to the conclusions that can be drawn from this report’s analysis, and
further research is needed in order to develop a more detailed understanding of how the transition
to a low carbon energy system can be achieved with lowest risk for nature. This section discusses the
research conclusions in terms of their robustness and limitations, the appropriate uses to which the
findings can be put and the validity of the conclusions that can be drawn.
The use of the DECC 2050 Calculator to model the UK energy system has limitations in terms of the
technology mixes that it suggests. The Calculator enables consideration at a relatively high level of
the interaction between different energy supply and demand technologies and assumptions, but
tools which are able to model the UK’s energy system at a higher spatial and temporal resolution
would be able to provide more detailed analysis.
Another limitation to this research is that the analysis makes use of ‘snapshots’ of what is currently
understood about different renewable energy technologies, their potential deployment and
associated ecological impacts, and applies this to a time horizon out to 2050. This is an important
caveat and limitation to the work, and should be noted when interpreting the outputs of the spatial
analysis in Annex 1 and the scenario modelling in Sections 4 and 5.
Due to incomplete data, it is not possible for the spatial analysis to distinguish between areas of
known low ecological sensitivity and areas of unknown ecological sensitivity, since data on the
distribution of many sensitive species is not of high enough spatial resolution to prove the absence
of those species in those areas which are not marked as sensitive. These low and unknown risk areas
are therefore represented in the same colour on the maps (see Annex 1), meaning that greater
precaution is needed when interpreting what can be done in these areas. This is a significant
limitation to the estimates of deployment potential that are derived. It should also be noted that the
maps in Annex 1 are not intended to provide fine-scale information for use at the individual project
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level; the scale at which the spatial analysis has been carried out means that the maps should be
interpreted as indicative only, and tools such as EIA remain crucial in order to identify appropriate
sites at a local scale.
Finally, the scenarios presented in this report are based on present understanding and the
limitations of the modelling work described above. Other scenarios are likely to evolve over time as
more information increases levels of certainty over the direction of travel. Therefore future work is
recommended in order to model new scenarios, as and when new information and/or technologies
become available. In this study, we have not altered any of the assumptions in the underlying model
and have accepted the assumptions within the DECC 2050 Calculator model. A further piece of work
could be to develop a scenario based upon different assumptions about the UK’s energy system.

5.2.3 Suggestions for future work
To build on the analysis undertaken in this report, further and more sophisticated modelling work
would be valuable in order to model the UK’s energy system at a higher spatial and temporal
resolution. This would enable a greater understanding of aspects of the energy system, such as
security of energy supply and necessary timescales for deployment to deliver emissions targets.
Further modelling work would also be required if new low carbon energy technologies emerge in the
future that could make a key contribution towards the UK’s energy mix.
In terms of the spatial analysis undertaken for medium ecological risk technologies (see Annex 1), in
future this analysis could be improved by incorporating a wider range of data sets than it was
possible to include in this study. It could also be undertaken at regional scales in order to be take
account of data that is only available at a regional level. There is a particular focus within the spatial
analysis on birds; in the future, analysis could focus on a wider range of taxa, although this will
depend on the availability of suitable data.
More research into the ecological impacts of renewable energy technologies is urgently needed, and
into the baseline evidence of distribution of species and habitats, particularly in the offshore
environment. The impacts of some technologies have been extensively researched (e.g. onshore
wind; Langston and Pullan 2003, Pearce-Higgins and Stephen 2009, Drewitt and Langston 2006,
Hötker et al 2006; Baerwald et al 2008), but much is still unknown, especially regarding the
cumulative impacts of these technologies. Little research has been conducted to date on the impacts
of landscape-scale deployment of solar farms, and there may be unforeseen impacts (both direct
and indirect). Further research is also needed to fully understand the longer-term ecological impacts
of bioenergy crops such as Miscanthus, including new seed varieties. Other bioenergy feedstocks are
also becoming more popular, such as emerging annual grass crops (maize) for biogas production.
There is potential soil erosion and run-off issues associated with maize production and the
expansion of these crops could have implications for breeding and overwintering birds. Research is
needed into these potential impacts and possible mitigation measures to improve habitat availability
and to reduce diffuse pollution and soil loss.
A key conclusion of the spatial analysis for offshore renewable energy technologies is that there is
significant potential for floating offshore wind technology to be deployed in areas of low/unknown
ecological sensitivity. Research and development into this technology is therefore important in order
to bring this technology to market and to enable deployment. This should be coupled with further
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research into the distribution of species at sea, for instance using remote-tracking technology, in
order to increase the confidence associated with the deployment of this technology with low
ecological risk. The deployment of any new renewable technology should be associated with a
robust monitoring programme that, ideally, would monitor the site before construction, during
construction, during the lifespan of the technology and during decommissioning, to fully understand
the impacts on biodiversity.
It is important not only for renewable energy technologies to be deployed in areas of the lowest
ecological risk, but also to develop mitigation and enhancement measures alongside these
technologies. For example, land may be managed to minimise interactions between renewables
infrastructure and wildlife, and in certain locations biodiversity gains may be possible, such as where
improved grassland or arable is converted to wildflower meadows between or beneath solar panels,
or around field margins where energy crops are grown. However, the effectiveness of these
measures must be examined experimentally and thoroughly monitored, as they are currently largely
untested. Further research into these opportunities for mitigation and enhancement is strongly
recommended.
The UK is not self sufficient with regards to energy and currently imports energy from Europe and
further afield. In future, the analysis undertaken in this report could be expanded to include
European countries to ensure that renewable energy imported into the UK does not harm
biodiversity overseas and that interconnection between countries can lead to a greater deployment
of renewable energy in areas of the lowest ecological sensitivity. Similar analysis to that undertaken
in this report could equally be undertaken for other countries, or at a European or global scale. In
the future, as knowledge on ecological impacts of renewable energy technologies and the
distribution of sensitive species improves, the analysis could be repeated at a UK scale incorporating
this new understanding. This study could also be expanded to take account of transmission and
distribution networks to account for the ecological impacts of new grid infrastructure, such as
overhead lines, underground cables and substations, in order to provide a complete energy system
assessment.
More work is needed in order to quantify the potential economics costs and benefits of delivering
the UK’s climate change targets in harmony with nature. This would include the cost avoided by the
impacts of climate change, and the economic value of UK biodiversity that is protected as a result of
delivering low carbon energy with minimum impact on the natural environment, including the
contribution made to climate change mitigation.
Finally, the analysis presented in this report could be extended to take account of more ambitious
emissions reduction targets than the UK’s current 80% target relative to 1990 levels. Following the
Paris Agreement in December 2015 under the UNFCCC, global leaders have committed to pursuing
efforts to limit global temperature rises to 1.5°C rather than the previously agreed 2°C. Achieving
this goal is likely to entail the UK going beyond the existing 80% target relative to 1990 levels, as
mandated by the Climate Change Act 2008. Although carbon neutrality is an important aim for longterm climate change mitigation (IPCC 2014), it is similarly important to consider the ecological
implications of the scale of bioenergy production that may be required to deliver a 1.5°C scenario,
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and to ensure that geosequestration technologies do not diminish efforts to reduce emissions in
other sectors of society and the economy. This is an important and urgent area of future work.
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6. Policy recommendations
The low ecological risk 2050 energy scenarios presented in this report demonstrate that protecting
the natural world is compatible with decarbonisation of the UK’s energy system using high levels of
renewable energy, and can be done in line with other key policy aims in the energy trilemma –
affordability and security of supply. However, achieving this will require concerted action by the UK
Government and Devolved Administrations, industry and wider society.
Using the results of our research, the following recommendations have been developed which, if
followed, would help to embed ecological sustainability within the energy trilemma. Doing so
would have a range of benefits, including helping to reduce potential conflicts between renewable
energy and nature conservation, facilitating cost-effective growth of renewable energy across the
UK, maintaining public support for the low carbon transition and ensuring that the UK’s energy
system delivers for people, wildlife and the climate.

10 steps to meet the UK’s climate targets in harmony with nature:
1. Set the ambition: 100% low carbon energy by 2050.
2. Plan for nature: identify suitable sites.
3. Develop roadmaps for decarbonisation in harmony with nature.
4. Improve the ecological evidence base.
5. Eliminate energy waste.
6. Promote low carbon, low ecological impact innovation.
7. Transform low carbon heat and transport.
8. Make economic incentives work for nature and the climate.
9. Ensure bioenergy supplies are sustainable.
10. Build a grid network fit for the future.
1. Set the ambition: 100% low carbon energy by 2050
To mitigate the worst impacts of climate change on wildlife and people alike, the UK Government
and Devolved Administrations should set a bold target of 100% low carbon energy by 2050 (covering
electricity, heat and domestic surface transport), and support EU and global efforts to do the same.
This would provide a clear framework for the long-term direction of travel towards a low carbon
energy system. Our research demonstrates that with careful planning to avoid important sites for
wildlife, meeting the UK’s climate targets is possible with low risk for sensitive wildlife and habitats,
based on current understanding of ecological impacts. This includes high levels of renewable energy,
for which the UK has some of the best resource potential in Europe, and which can play a key role in
our future energy mix. A long-term vision for the UK’s energy future is also crucial to support
investment and would facilitate the planning of energy infrastructure in harmony with nature.
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2. Plan for nature: identify suitable sites
Suitable sites for renewable energy with low ecological sensitivity are a limited and valuable
resource. Governments have a key role to play in facilitating strategic spatial planning, informed by
robust strategic environmental assessment, in order to steer development towards the least
ecologically sensitive sites, thereby ensuring that this resource is maximised. Good strategic planning
also helps to minimise planning conflicts, leading to more efficient outcomes. This report sets out a
mapping methodology that could support strategic planning at national, regional and local scales by
identifying resource opportunities, constraints and ecological sensitivities for renewable energy
development (see Annex 1 for full details).
Developments should seek to avoid the most important sites for wildlife such as Natura 2000 sites,
which are protected under the EU Birds and Habitats Directives, as well as nationally designated
sites such as SSSIs, ASSIs and locally important wildlife sites. Thorough environmental assessment of
potential site-specific impacts (alone and in combination with other developments) should be
carried out, and a precautionary approach adopted if impacts on vulnerable species or habitats are
unclear or unknown. As well as identifying the least ecologically sensitive sites, it is important to
identify opportunities for biodiversity enhancement alongside renewable energy generation. For
example, onshore wind and solar farms can be managed to provide habitat for wildlife, and power
lines can be managed to support “wildlife corridors”.
3. Develop roadmaps for decarbonisation in harmony with nature
Having set the overall ambition for a transition to 100% low carbon energy, and identified suitable
sites for renewable energy deployment with low ecological risk, it is important to strategically
consider the energy mix that will enable this ambition to be reached in harmony with nature. The
mapping methodology set out in this report enables an understanding of the indicative capacity of
different renewable technologies that can be achieved with low impact on wildlife. Combined with
scenario modelling, the UK Government and Devolved Administrations could use this approach to
develop energy roadmaps, indicating the mix of technologies that will be deployed to meet climate
targets in an ecologically sustainable way.
The development of roadmaps could be achieved through the establishment of a task force, or task
forces for each UK country, bringing together expertise from the UK Government, Devolved
Administrations, industry and civil society. A clear framework for how decarbonisation will be
delivered in harmony with nature would ensure that the UK’s low carbon transition aligns with other
key policy aims, such as the delivery of the Aichi Biodiversity Targets.
4. Improve the ecological evidence base
Planning the UK’s energy future in harmony with nature will be quicker, easier and more sustainable
if it is based on a solid ecological evidence base. Our analysis shows that data on the distribution of
sensitive species is incomplete, particularly offshore, making it harder to identify suitable locations
for renewable energy. Investment in surveys and remote-tracking of sensitive species, especially in
the marine environment, would help to pave the way for industries to move forward more rapidly
and cost-effectively, as well as significantly reducing risks to wildlife and habitats.
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Secondly, understanding of the impacts and mitigation options for renewables could be greatly
improved through better monitoring at existing sites. Where monitoring does take place, data are
often not made widely available and may not be comparable with other schemes. This can be
addressed through greater use of planning conditions to require standardised monitoring, combined
with initiatives such as the Scottish Windfarm Bird Steering Group (SWBSG) and the Offshore
Renewables Joint Industry Programme (ORJIP), to identify opportunities for research, data-sharing
and standardisation.
Thirdly, project assessments could be streamlined through more systematic storage of
environmental information. Currently, large amounts of data gathered at project level are not
generally made easily accessible to other developers, representing a missed opportunity to reduce
planning barriers. The UK Government and Devolved Administrations should improve the evidence
base by working to address important data gaps such as an updated national seabird census, and
work with industry and other stakeholders to standardise data collection where possible and to
facilitate data-sharing.
5. Eliminate energy waste
Measures to reduce energy waste are critical to enable the UK to transition to 100% low carbon
energy with lowest ecological risk. Energy savings and efficiency improvements reduce the
requirement for new energy infrastructure, therefore helping to avoid associated impacts on
wildlife. They also play a key role in ensuring that energy is affordable over the long term. The UK
Government and Devolved Administrations should designate energy efficiency as a National
Infrastructure Priority14 and implement ambitious policies to improve energy efficiency and reduce
demand. This includes robust efficiency standards for new buildings, a major programme of
retrofitting home insulation, more efficient lighting and appliances, and measures to encourage
demand-side response. There is also a need to reduce energy waste in electricity and heat
generation, for instance by minimising heat loss from power stations and utilising waste heat for
energy generation.
A key way in which the UK Government and Devolved Administrations could reduce domestic energy
waste is by implementing a Zero Carbon standard for all new homes and buildings, which would
have significant co-benefits including reduced fuel use and associated public health benefits. Policies
should also be adopted that enable the energy demand-side to compete more equally with energy
supply, for example by better incentivising energy storage and demand-side response through
capacity market mechanisms.
6. Promote low carbon, low ecological impact innovation
Many of the technologies needed to progress towards 100% low carbon energy in the UK are already
available, such as onshore wind and solar PV. However, in the longer term, our research suggests
that meeting targets in harmony with nature and ensuring security of supply is likely to require
innovation to unlock key low carbon, low ecological impact technologies. This includes developing a
smarter, more flexible grid system (see Recommendation 10), technologies for energy storage, and

14

The Scottish Government designated energy efficiency as a National Infrastructure Priority in June 2015
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technologies that could unlock significant renewable energy capacity such as floating offshore wind
turbines. Novel technologies, however, must be accompanied by robust environmental assessment
and monitoring to fully understand ecological risks and mitigation options.
Our analysis shows that Carbon Capture and Storage (CCS) technologies could play a role in ensuring
security of supply alongside renewables. CCS technologies also offer opportunities for decarbonising
the industrial sector, and therefore could have a role in our energy mix beyond electricity
generation. However, given the risks associated with CCS – including the ecological impacts of fossil
fuel extraction and the risk of lock-in to high carbon infrastructure – CCS power stations should be
regarded as a “Plan B” with priority given to renewable energy, smart grid development, demand
reduction and energy storage.
Low carbon, low ecological impact innovation could be promoted through research and
development programmes such as the UK Government’s Catapult centres, through EU-level action
such as the European Strategic Energy Technology (SET) Plan, as well as through devolved schemes
such as Wave Energy Scotland.
7. Transform low carbon heat and transport
Decarbonisation of the heat and transport sectors is crucial to meeting the UK’s climate targets, yet
progress in these areas has to date been slow. The UK Government and Devolved Administrations
should encourage progress by adopting policies that promote a shift to zero carbon transport such
as electric vehicles, and modal shifts towards public transport and active travel such as walking and
cycling. Electrified rail transport is also likely to play an important role in reducing emissions.
Any use of biomass as a transport fuel must be subject to robust sustainability standards (see
Recommendation 9), and should be prioritised for use in sectors that are most difficult to
decarbonise through other means, such as aviation and shipping. In these sectors, the UK
Government and Devolved Administrations must look strategically at how emissions can be reduced
without driving unsustainable biofuel production, for example by encouraging behavioural change to
reduce air travel demand.
In the heat sector, measures are needed to speed up the transition to low carbon technologies such
as heat pumps, including incentives, regulations and awareness-raising. The continuation of the
Renewable Heat Incentive (RHI) and Northern Ireland RHI are important in the short term to
stimulate uptake of low carbon heat technologies. The UK Government and Devolved
Administrations should also consider introducing legislation, such as a Warm Homes Act, setting
statutory targets for renewable heat uptake and energy performance of buildings, to encourage
progress and to provide long term direction and certainty to industry.
8. Make economic incentives work for nature and the climate
The transition to 100% low carbon energy in the UK will require economic incentives to shape the
energy mix. In the short term, the UK Government should continue to support the onshore wind and
solar industries, which provide opportunities for significant and rapid decarbonisation of our
electricity supply at low ecological risk, if sited and managed appropriately. The UK Government also
needs to end perverse subsidies for fossil fuels, to create a more level playing field in which
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renewable energy can fairly compete, so that economic incentives pull in the same direction
towards decarbonisation.
Additionally, economic incentives should be designed so they do not incentivise projects that are
likely to cause significant environmental damage, such as tidal barrages. In England, the Natural
Capital Committee could play a key role here, for example by being given powers to scrutinise the
environmental impact of regulations and incentives, and to propose policies for incorporating the
value of nature in decision-making. In other UK countries, this could be coordinated by Devolved
Administrations and the relevant statutory nature conservation agencies. Incentives to encourage
communities and individuals to begin using small-scale renewable energy are also important, both
for delivering emissions reductions with low ecological risk and for increasing public engagement in
climate action.
9.

Ensure bioenergy supplies are sustainable

Our research shows that bioenergy could play a role in the UK’s energy future in harmony with
nature. However, the demand for bioenergy feedstocks can pose risks to wildlife and habitats, and
must be carefully regulated to ensure genuine emissions savings. If bioenergy is to form a key part of
our future energy mix, five key principles must be applied:







lifecycle emissions assessments should be carried out to ensure genuine emission
reductions, and must take into account the carbon released when biomass is combusted
all biomass should be subject to strict environmental sustainability criteria, and for woody
biomass, only FSC certified wood should be permitted and eligible for subsidies
the use of biomass should be limited to available sustainable supply based on a cap,
ensuring that bioenergy crops do not replace natural habitats such as species-rich grasslands
– a process which could be supported through strategic spatial land-use planning
subsidy regimes should prioritise the most efficient technologies, such as small-scale
combined heat and power (CHP)
genuine wastes and residues should be prioritised, in accordance with the waste hierarchy.

It is important that any bioenergy feedstocks imported from overseas are subject to similarly robust
sustainability criteria, to protect wildlife and to ensure genuine emission savings. The UK
Government and Devolved Administrations could also do more to incentivise the use of biomass in
combination with positive habitat management. For example, woodlands can be brought into
environmentally sensitive management to produce biomass and benefit declining woodland wildlife,
and sustainable biomass can also be generated from the ecological management of wetlands.
10. Build a grid network fit for the future
To enable the transition to 100% low carbon energy, the UK’s grid network will require significant
investment in new and upgraded connections, alongside smarter system management to integrate
new sources of renewable electricity. More connection between UK countries and interconnection
with other nations will be needed to optimise how we use renewable energy, and distribution
networks need to become smarter to integrate more decentralised generation and enable demandside response.
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If the grid network is not developed in a timely way, it could become a bottleneck that holds back
the low carbon transition. In order to reduce risks to developers and to help build public support for
grid development, the UK Government and Devolved Administrations should provide more clarity on
what national grid development is needed, and ensure that investment plans are aligned to creating
a sustainable energy system. Stakeholders and the public should have early opportunities to feed
into grid policy and planning, and development should be planned to avoid impacts on wildlife.
Regulators should be encouraged to commit resources to environmental protection and
enhancement as well as stakeholder and community engagement, which have been shown to
reduce public opposition. Many of these goals could be achieved through more detailed strategic
plans for energy supply and grid development, subject to robust strategic environmental
assessment.
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Annex 1. Spatial Analysis of Medium Risk
Renewable Energy Technologies
In this annex, a spatial analysis of potential deployment is presented for the range of spatially explicit
medium risk renewable energy technologies (see Section 3.2 in the main report). The technical
opportunity available for each technology and the constraints (physical, social and ecological) that will
limit their deployment potential are considered. As part of this process, information and/or inferences
about the effects of different renewable energy technologies on a range of species and habitats were
used to produce technology-specific ecological sensitivity maps. This approach permits comparison of
the overlap of potential areas for the deployment of specific renewable energy technologies with
species or habitats that may be negatively impacted by their deployment. It also enables the estimation
of the deployment potential at high, medium and low overall ecological risk. The annex provides details
of the methods used to generate opportunity maps for the range of technologies (onshore wind, field
scale solar, bioenergy crops, offshore wind, wave and tidal energy). The results of the analysis are
presented and the implications, limitations and uncertainty associated with the approach are discussed).
The information here is a summary of that contained in a published journal article (Gove et al 2016).

A1.1 Assessing the future capacity of medium ecological risk technologies
The approach for analysing the ecologically sustainable deployment potential of the renewable energy
technologies is based on the methods designed by SQW Energy and Land Use Consultants (SQW Energy
2010). SQW Energy were commissioned by DECC and the Department of Communities and Local
Government (DCLG) to develop a methodology for assessing the opportunities and constraints for
deploying renewable and low carbon energy in the English regions. The intention was to provide a
consistent framework around which Local Authorities in England could assess their region’s potential for
onshore renewable and low carbon energy generation, and set targets accordingly (SQW Energy 2010).
The approach is sequential: firstly the naturally available resource (or opportunity) for each technology
is mapped; next the technically accessible resource is identified; lastly any constraints to exploiting the
resource are accounted for, including both physical and social (policy) constraints. These layers of spatial
analysis progressively reduce the total theoretical opportunity to that which can be considered
practically achievable, once various constraints to deployment have been accounted for (SQW Energy
2010). In this report, the SQW Energy framework was modified in order to include ecological sensitivity
as a further constraint to deployment potential (see Figure A1). This allows the consideration of the
extent to which areas identified as available for renewable energy development overlap with species or
habitats which may be impacted by those technologies. One of the advantages of using this framework
is that it allows for assessments that are spatially explicit; this is particularly useful for technologies
where the availability of space for deployment, either on land or at sea, may be a limiting factor.
Physical constraints (as defined in this report) are restrictions to a particular technology that are unlikely
to change in the foreseeable future. Examples include infrastructure such as roads and railways, and
areas of land which are inaccessible to construction equipment. Social constraints (hereafter referred to
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a policy constraints) are a range of policy, planning and regulatory restrictions which are applied to
renewable energy technologies. These policy constraints are more flexible than the physical constraints;
for example, restrictions on the distance that developments must be from sites of habitation could be
subject to change if policies and/or public opinion were to shift. Policy constraints for offshore
environments were further split into three levels to reflect the range, complexities and
flexibility/changeability of human activity in the offshore environment.
Ecological sensitivity maps have been used as a tool for showing the distribution of species and habitats
that are vulnerable to the impacts of specific types of development (Birdlife Europe 2011). A sensitivity
map specific to each technology was developed, employing a site and species-based approach. The
sensitivity maps identify areas of high sensitivity, where the presence of species or habitats predicted to
be vulnerable to a particular technology are known to occur. In these areas the development of a
renewable technology is most likely to have an impact. They also indicate areas of medium sensitivity
which either represent the presence of species and/or habitats of moderate vulnerability or where there
is less certainty about the presence of such species. The deployment of renewables in these areas might
still have an impact, but with less certainty or the impact may be of lesser magnitude. The remaining
areas are marked as low/unknown sensitivity, as it is not possible to be certain that vulnerable species
and/or habitats do not occur in these areas due to limitations in datasets.
Economic constraints (such as the cost of connecting to the grid or installing infrastructure) which may
potentially limit development are considered to be outside of the scope of this report. Therefore, the
likelihood of a renewable energy technology being deployed in a certain area has not been quantified.
Capacity estimates for energy generation were calculated from these remaining areas based on an
estimate of how much energy a particular energy technology can produce within a given area. As the
financial environment surrounding renewables from now to 2050 is difficult to determine, depending on
a variety of factors, this was felt to be a reasonable approach.
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Figure A1. Framework for assessing future energy capacity of renewable technologies with high,
medium and low ecological sensitivity (adapted from SQW Energy 2010)
A 1.1.1 Approach to spatial analysis
All of the spatial analysis contained in this report was carried out in ArcGIS® version 10.1 (ESRI 2012). All
maps were projected to the British National Grid and converted to a 1km2 resolution. Each 1km2 square
was assigned to a particular value in each layer (opportunity, physical constraint, policy constraint and
ecological sensitivity) if more than 50% of the area was characterised by that value. A ‘point and buffer’
approach was followed throughout the mapping process, whereby buffer zones were applied, where
appropriate, to define an additional zone of constraint beyond the boundary of a feature. For example,
buffers are applied alongside motorways for safety reasons, where 165m is applied to wind turbines and
15m is used for solar/bioenergy crops. Buffer zones are also an established feature of ecological
sensitivity mapping (Bright et al 2008).
Once all constraints had been applied, the potential installed capacity was calculated by multiplying the
number of 1km2 squares potentially available for each technology by the estimated average power
density per unit area for that technology. To calculate the annual energy output, Equation 1 was used.
Annual Energy Output (TWh/yr) = (Installed Capacity (TW) x 8,765.81 (hours in a year)) x Load Factor
(1)
Where the load factor is the amount of energy produced over a period of time by an electricitygenerating technology, expressed as a percentage of its rated potential output, were it producing
energy at full capacity continuously over that time period.
This approach has allowed us to make an indicative assessment, for each mapped technology, of the
land or sea areas available to deploy a particular technology. As mentioned above, the likelihood of a
technology being deployed in a certain area (e.g. economic considerations) was not quantified, so the
maximum areas of land or sea available at different levels of sensitivity should be considered to be
indicative of potential energy capacity available and not to represent what will actually be deployed.
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Box A1. Limitations of the maps contained in this report
The maps were created using the best data and information currently available, but there
are inevitably caveats that apply to their use:







The maps produced in this report were intended to indicate the maximum areas
available for deployment of each technology without conflicting with nature
conservation interests, and do not account for the actual likelihood of a technology
being deployed.
The maps contained in this report were not intended to provide fine-scale
information for site selection at the individual project level, indeed due the
uncertainty inherent in the offshore ecological data caution should be observed
when viewing at less than a regional scale.
In general, high confidence can be attributed to the anthropogenic physical and
political layers. The confidence in ecological data ranges from strong to weak due to
the age, depth and accuracy of the data, and understanding of potential impacts.
However, this process has usefully indicated which datasets would provide more
clarity, and which should be created or updated.



As a specific example of the above, areas of low ecological sensitivity are not
distinguished from areas of unknown ecological sensitivity in this mapping process,
owing to gaps, uncertainty and resolution of underlying datasets. These areas are
therefore represented in the same colour on the maps, meaning that precaution is
needed when interpreting the sensitivity of these areas.



Not all areas marked as sensitive are necessarily exclusion zones with respect to
renewable technologies, but the maps may help to identify target species for
detailed assessment of population sizes and potential impacts and to identify
potential mitigation options.
Some technologies in this report are commercially available and already deployed
widely across the UK (e.g. fixed base wind turbines, solar and biomass). Others are
very much in the development phase (floating wind, wave and tidal stream).
Therefore the estimated sustainable capacities range from plausible to largely
theoretical depending on the status of the technology.





The maps should not be interpreted as areas that should or should not be used to
deliver renewable energy, but rather as indicative of the aggregate land area
available for renewable energy capacity at different levels of ecological sensitivity.



The methodology employed adopts a binary approach to the existance of physical,
policy and environmental factors. This is a pragmatic approach to control the
complexity of the topic. However, it does mean that temporal and intensity aspects,
such as seasonal nature of some policy constraints or the distribution of seabirds
within the foraging range (of a colony) have not been considered.
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A1.2 Opportunity Mapping
A1.2.1 Onshore
Onshore Wind The methods for mapping opportunities for commercial-scale onshore wind were based
on those outlined in SQW Energy (2010). The available resource depends primarily on wind speed and
the technological ability to harness the energy, in terms of turbine size, efficiency and installation
requirements. Wind speed data for the UK were downloaded from the NOABL (Numerical Objective
Analysis Boundary Layer) wind speed database (DECC 2012c). This maps annual average wind speed at
10m, 25m and 45m above ground level, at a resolution of 1km2. All areas with wind speeds of at least
5m/s at 45m above ground level were considered potentially suitable for commercial wind
development.
Bioenergy Crops The methods for mapping opportunity for growing dedicated energy crops were largely
based on SQW Energy (2010) supplemented by information from Lovett et al (2009), which mapped
land suitable for planting energy crops (Miscanthus in particular). In order to assess maximum potential,
it was assumed that all areas of arable land and pasture are suitable for the cultivating energy crops. To
map this, Land Cover Map (LCM) 2000 vector data (Fuller et al 2002) at 25m resolution was used
(supplied by the Centre for Ecology and Hydrology, CEH) with selection of all areas classified as arable
cereals, arable horticulture, non-rotational horticulture, improved grassland or set-aside grass (i.e. all
land cover types in categories 4 and 5 in LCM2000).
Solar Farms There is no set threshold, in terms of irradiance or energy output, below which commercial
solar panels are considered non-viable. At present, siting depends on a balance between irradiance and
economic considerations, such as the cost of connecting to the grid or land rental prices. As economic
incentives could change significantly between now and 2050 and the technology is being continually
improved, all areas were considered as potentially viable in this analysis. However, irradiance (and
therefore potential energy output), does vary across the UK. A solar radiation map was downloaded
from the European Commission’s Institute for Energy and Transport (European Comission 2013b). This
mapped the average yearly sum of global irradiation on an optimally inclined surface (in kW/m 2). These
data formed part of the original PVGIS (Photovoltaic GIS) solar radiation data set, based on ground
station data from 1981-1990 and were mapped at a resolution of 1 arc-minute. The map was reprojected to British National Grid and re-sampled to resolution of 1km2. It was assumed for the purposes
of this study that floating solar on inland water-bodies will not be deployed to the extent that it was
worth including this technology in the analysis.
A1.2.2 Offshore
The opportunity maps for offshore wind (fixed and floating turbines), wave and tidal stream energy
were obtained from The Crown Estate in 2012 (originally developed in 2011), using their GIS database.
The outputs were created using analyses of different technical parameters for each technology (Table
A1). Weights and scorings were applied to each parameter based on the data and information available
to The Crown Estate in their 2011 resource assessment process. It must be stressed that these maps
vary in confidence and given the stage at which they were used, they are indicative of future potential at
a high level only, to assist with presenting a strategic national overview. The outputs from the model
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were then split into three equal bands (0-0.33, 0.33-0.66, 0.66-1) to outline prime, good and technical
opportunity. The categories are defined in the following way:
Prime opportunity – locations where the deployment of renewable technology is likely to deliver energy
at lower/optimal costs.
Good opportunity – areas where the deployment of renewable technologies is likely to be commercially
viable in line with predicted market conditions.
Technical opportunity – areas where appropriate physical conditions exist to support the deployment of
devices using available renewable technologies.
This banding was designed to help ensure that the outputs provide a more realistic indication of
deployment opportunity, since there is natural variation of optimal resource and/or depth conditions
across and within the areas themselves. There is technical opportunity in large parts of UK waters
(especially for floating technologies), but it is unrealistic to assume a large deployment of capacity in
remote areas where the cost of deployment, connection with the power grid and maintenance will be
high (e.g. in the further reaches of UK waters, which are very far from centres of electricity demand).
Design depth was represented by the standard bathymetry, showing water depths plus spring tidal
range and significant wave height, to ensure that the maximum water depth was considered in the
analysis.
Table A1. Parameters used to create the opportunity maps for offshore technologies.
Fixed Wind
Water depth
(<60 m)

Floating Wind
Water depth
(>60 m minimum)

Tidal Stream
Water depth
(>5 m minimum)

Wave Power
Water depth
(10 - 200 m)

Wind speed
(>8 m/s annual
average)

Wind speed
(>8 m/s annual
average)

Tidal power
(>1.5 m/s mean spring
peak current)

Wave power density
(>20 kW/m mean
annual power)

Distance to ports and
substations

Distance to ports and
substations

Distance to ports and
substations

Distance to ports and
substations

Distance to coastline
Wave height (yearly
average)

Distance to coastline
Wave height (yearly
average)

Seabed slope
Wave height (yearly
average)

Seabed habitat score
Wave height (yearly
average)

These criteria are used by TCE in their resource assessment procedures.

It is very difficult to represent significant technology development within these models, particularly
looking at a time horizon out to 2050 which could see rapid changes in the technologies available for
deployment. There may therefore be large changes to the modelling parameters that predict where
they can be deployed cost effectively over the coming years. This emphasises that modelling is a
‘snapshot’ based on the understanding of potential for technology deployment when it was performed.
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Fixed foundation wind turbines were modelled to an upper limit of 60m water depth, whereas floating
turbines can be deployed in sea depths of 50m or more. To account for this overlap, the 50m-60m depth
was removed from the floating wind opportunity layer. It was decided this was the most appropriate
approach due to the relative immaturity of floating wind technologies. Wave and tidal stream
technologies were modelled based on parameters provided by existing technology developers as these
technologies are still in the development phase, with only a few small-scale commercial deployments,
such as Meygen in the Pentland Firth and SeaGen in Strangford Lough. Several other developments are
in the planning or development phases in UK waters. To date, developers have relied on underwater
turbine technologies, but many novel designs have been proposed and some are currently being tested.
There is considerable overlap between offshore wind and wave and tidal stream technologies within the
opportunity mapping. However, as this project is looking forward to 2050, it is hoped that these
technologies will be compatible in future, deployed with offshore ‘energy parks’; with tidal stream
technologies deployed below the surface, wave power technologies at the surface and wind power
technologies above the surface of the sea.

A1.3 Constraints Mapping
Physical constraints represent current activities and infrastructure that preclude development and
therefore are treated as fixed exclusion zones, while policy constraints highlight areas where
development would be unlikely under current or proposed legislation and/or practice. Policy
constraints are a range of policy, planning and regulatory restrictions which are applied to renewable
technologies. They were considered separately due to the possibility of changes in government
priorities, policies and the regulatory environment between now and 2050.
A1.3.1 Onshore
The general constraints which were mapped for all onshore technologies can be found in Table A2; the
majority of the constraints were based on the SQW Energy (2010) methods for commercial scale
onshore wind and supplemented by information from Lovett et al (2009). In some cases different buffer
zones were used for onshore wind and for bioenergy crops and solar farms owing to the different
policies surrounding these technologies. The category ‘sites of historic interest’ in the SQW Energy
(2010) methods were split for this report; built structures were categorised as physical constraints,
whilst areas of land were categorised as policy constraints. SQW Energy (2010) methods suggest that
National Parks and AONBs/NSAs should not be considered absolute constraints, but that much more
detailed assessments should be made within them, so they align with the policy constraint category.
SQW Energy (2010) methods included Ministry of Defence (MOD) training sites and danger areas as
physical constraints; however, data were only available on MoD land ownership, so this larger area was
considered as a policy constraint. In 2002, areas of ‘wild land’ in Scotland were identified as ‘areas of
significant protection’; these areas have subsequently been updated, most recently in 2014. Wild land
areas have been allocated to the policy constraints category. Some additional constraints were needed
for onshore wind (Table A3) owing to the different stature of this technology, as well as certain
variations in national policies surrounding it. An additional physical constraint to the deployment of
bioenergy crops (that of a 15% slope) was also added on the grounds that steeper land would be difficult
to plant and harvest (Lovett et al 2009).
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Table A2. Physical and policy constraints for all onshore renewable technologies. Full list of constraints, buffer distances and data sources for onshore
wind, bioenergy crops and solar farms.
Solar and
Constraint
biomass buffer
Constraint type
Source
(m)
Motorways
165
15
Physical
OS Meridian2; OSNI vector 1:50000
A roads
160
10
Physical
OS Meridian2; OSNI vector 1:50000
B roads
155
5
Physical
OS Meridian2; OSNI vector 1:50000
Railways
157.5
7.5
Physical
OS Meridian2; OSNI vector 1:50000
Rivers and canals
7.5
7.5
Physical
OS Meridian2; OSNI vector 1:50000
Lakes and reservoirs
None
None
Physical
OS Meridian2; OSNI vector 1:50000
Settlements
600
None
Physical
OS Meridian2; OSNI vector 1:50000
Civil airports/airfields
5,000
500
Physical
CAA
Military airports/airfields
5,000
500
Physical
CAA
Scheduled monuments
None
None
Physical
Cadw; HS; NE; NIEA
World Heritage sites
None
None
Physical
Cadw; HS; NE; UNEP-WCMC
Listed buildings
10
10
Physical
Cadw; HS; NE; NIEA
MoD land
None
None
Policy
MoD
Registered parks and gardens
None
None
Policy
Cadw; HS; MAGIC; NIEA
Registered battlefields
None
None
Policy
HS; MAGIC
National Parks
None
None
Policy
Cadw; NE; NIEA; SNH
AONBs/NSAs
None
None
Policy
Cadw; NE; NIEA; SNH
Wildland (Scotland)
None
None
Policy
SNH
Abbreviations: CAA – Civil Aviation Authority; Cadw is Welsh Government’s historic environment service; HS – Historic Scotland; MAGIC website provides geographic information about the natural environment (http://www.magic.gov.uk/); MoD - Ministry of Defence; NE –
Natural England; NIEA Northern Ireland Environment Agency; OS – Ordinance Survey; OSNI - Ordnance Survey of Northern Ireland; SNHScottish Natural Heritage; UNEP-WCMC - United Nations Environment Programme - World Conservation Monitoring Centre
Onshore wind
buffer (m)
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Table A3. Additional physical and policy constraints for onshore wind turbines. Constraint types with justification, associated buffer distances and data
sources.
Constraint

Buffer (m)

Maximum slope angle >15°

N/A

Constraint
type
Physical

Individual Houses

600

Physical

Justification

Source

Industry siting guidelines recommend avoiding ground
steeper than 15°

OS 50 m DEM (for GB), ASTER
GDEM (resampled to 50 m
resolution for NI)
Ecotricity

There is no UK planning legislation to prevent turbines being
built within 600 m of individual houses; however, the
likelihood of obtaining planning permission is very low.
Met Office Radar
5000
Physical
Wind turbines can cause complications as they appear on air
MoD
defence and air traffic control radar.
Settlements (Scotland)
2000
Policy
Community separation distances of 2 km were proposed as
OS Meridian2
‘areas of significant protection’ in the draft Scottish Planning
Policy for onshore wind (Scottish Government 2014).
MoD highest priority low fly
None
Policy
Whilst not strict exclusion zones, planning permission is
MoD
zones
likely to be harder to obtain in these areas.
Eskdalemuir seismic array
15000
Policy
The MoD has set a 15 km consultation zone, where planning
MoD
permission may be difficult to obtain.
Abbreviations: ASTER GDEM - ASTER Global Digital Elevation Model; DEM – Digital Elevation Map; GB – Great Britain; MoD – Ministry of Defence; NI –
Northern Ireland; OS – Ordinance Survey
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A1.3.2 Offshore
Physical and policy constraints data for offshore technologies were obtained from The Crown
Estate’s GIS database. Constraints were selected under the same criteria as those for onshore
renewable energy technologies. Physical constraints were identified as areas where there is an
existing infrastructure or alternative seabed use is in place (Table A4). The analysis assumes that
these constraints will remain in place until 2050, although some seabed agreements may expire and
infrastructure may be decommissioned in this timeframe. However, new sites are likely to be
commissioned in their place in many cases.
Table A4. Physical constraints for all offshore technologies. Details of constraint types, associated
buffer distances and data sources.
Constraint

Technology type

Buffer (km)

Source

Active Cablesa
Pipelinesa
Anchorage Areasa
Disposal sitesa
Dredging Applications and
licencesa
Gas Storage Leasesa
Offshore helicopter platform
safety zonesa
IMO shipping routes
Meteorological Equipmenta
Munitions dumps
Oil and Gas (O&G) Infrastructurea
O&G Safety zonesa
O&G Wells
Obstructions to navigation
Offshore shipping zones
Offshore Minesa

All
All
All
All

0.5
0.5
None
None

TCE; KISCA; UKHO
TCE; UK DEAL
SeaZone
CEFAS

All

None

TCE

All

None

TCE

All

5.6b

TCE; UKDEAL

All
All
All
All
All
All
All
All
All

None
0.5
None
0.5
None
0.5
0.1
None
None

Protected and designated wrecks

All

None

BERR
TCE
MoD
UK DEAL
UK DEAL
DECC
SeaZone
SeaZone
TCE
Cadw; DoENI; EH; HS;
MCA; NHRE; RCAHMS
Cadw; CMRC; EH
CAA
CAA
MoD

World Heritage sites
All
None
Civil airports/airfields
Fixed and floating wind
5
Military airports/airfields
Fixed and floating wind
5
Met office radar
Fixed and floating wind
5
a
Does not account for decommissioning between now and 2050
b
Equivalent to 3 nautical miles

Abbreviations: BERR – Department for Business, Enterprise and Regulatory Reform; CAA – Civil Aviation
Authority; Cadw is Welsh Government’s historic environment service; CEFAS – Centre for Environment,
Fisheries and Aquaculture Science; CMRC – Coastal and Marine Resources Centre; DECC – Department for
Energy and Climate Change; DoNIE - Department of Environment Norrthern Ireland; EH – English Heritage; HS
– Historic Scotland; IMO – International Maritime Organisation; KISCA – Kingfisher Information Service; MCA –
Maritime and Coastguard Agency; MoD – Ministry of Defence; NHRE – National Historic Records of England;
RCAHMS – Royal Commisssion on the Ancient and Historical Monuments of Scotland; TCE – The Crown Estate;
UK DEAL – now UK Oil and Gas Data; UKHO – United Kingdom Hydrographic Office.
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Policy constraints to offshore renewable technologies are presented in Table A5. Due to the
complexities of the use of offshore environments, a nuanced approach was necessary, withthe policy
constraints split into three categories. Policy constraint level one is the least constrained and level
three is most constrained. The three levels of policy constraint are added to the maps consecutively,
with level one first, then level two and finally level three. Again, all policy constraints were assumed
to be active throughout the time horizon to 2050. However, some of these constraints are likely to
be flexible. Consequently, large areas of sea that have been excluded in this analysis may become
available if the technologies develop in such a way that allows the expansion of utilisable area, if
physical constraints are removed or if there is sufficient will exerted through policy decisions to
prioritise energy production over other uses. The results are presented in a matrix form that allows
examination of the trade-offs between different constraints to deployment.
Table A5. Policy constraints for all offshore technologies. Constraint types showing which
technologies they are applied, the level of constraint from level one (least constrained) to level three
(most constrained) and the data sources.
Constraint

Technology
type
All

Level 1
(low)

Level 2
(medium)

Level 3
(high)

Source




AONBs
CCW; NE; NIEA
Bivalve Harvest



All
CEFAS
areas


Fishery Orders
All

TCE
Helicopter safety
All
5.6-7.4 km2 5.6-9.3 km3
5.6-11.1 km4
TCE
zones1
Heritage Coast
All



CCW; NE
Inshore shipping


All
Inshore
SeaZone
zones
MoD Practice and



Exercise Areas
All
SeaZone
(PEXA)



National Parks
All
CCW; NE; SNH
National Scenic



All
SE
Areas
Royal Yachting



All
RYA
Association Areas
Scheduled Ancient
Cadw;; EH; HS;


All

Monuments
NIEA
Shipping density
All
Top 5%
Top 15%
Top 25%
Anatec
MoD highest priority



Wind
MoD
low fly zones
1
In addition to a core 3 nautical mile (nm) physical constraint; 2 Equivalent to 3-4 nm; 3 Equivalent to 3-5
nm; 4 Equivalent to 3-6 nm.
Abbreviations: Cadw – Welsh Government’s historic environment service; CCW – Countryside Commission for
Wales; CEFAS – Centre for Environment, Fisheries and Aquaculture Science; EH – English Heritage; HS – Historic
Scotland; MoD – Ministry of Defence; NE – Natural England; NIEA – Northern Ireland Environment Agency; SNH –
Scottish Natural Heritage; TCE – The Crown Estate; SE – Scottish Executive; RYA – Royal Yachting Association
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A1.4 Ecological sensitivity mapping
Ecological sensitivity maps were developed for the UK, for each of the renewable energy
technologies defined in this report as medium ecological risk (see Section 3.2 of the main report).
Ecological sensitivity maps show the distribution of species and habitats that are vulnerable to the
impacts of specific types of development (e.g. Bright et al 2006; 2008). To date, most sensitivity
mapping for renewables has focused on onshore wind, as one of the cheapest, most technologically
advanced and therefore widely deployed technologies (Birdlife Europe 2011). In the UK, bird
sensitivity maps for onshore wind farm development in Scotland (Bright et al 2006; 2008) and
England (Bright et al 2009) have been developed by the RSPB in partnership with Scottish Natural
Heritage and Natural England (respectively), to aid locational guidance in the early stages of the
planning process.
However, there has only been limited sensitivity mapping for other technologies in the UK, and that
which does exist has generally been local or regional in scale (e.g. Youngs 2008) and/or focused on
landscape, rather than ecological sensitivities (e.g. Scott et al 2005; Thumim and White 2007; Briggs
and White 2009; Centre for Sustainable Energy 2009; National Energy Foundation and Land Use
Consultants 2009). Some studies of resource potential have included environmental or ecological
constraints to some extent (e.g. Black and Veatch 2011; AMEC 2012) but not sensitivity mapping for
specific species or groups of species. Overseas there has been some technology specific sensitivity
mapping usually focusing on wind energy (e.g. Retief et al 2011; Obermeyer et al 2012; McGuiness
et al 2015). There is a lack of comprehensive large-scale ecological sensitivity mapping for any
technology apart from onshore wind, in the UK or its constituent countries.
For this report, UK-wide sensitivity maps for bioenergy crops, solar farms, onshore and offshore
wind, wave and tidal stream technologies were produced, using an approach which included both
site-based and species-based sensitivity. Sites mapped as sensitive include areas protected under
international or national law (such as Special Protection Areas and Marine Protected Areas), and
priority habitat types that may be adversely impacted by renewable technologies (such as ancient
woodland) where any associated species of conservation concern would be negatively affected by
land use change associated with the deployment of renewable energy technologies. Whilst these
sites include many of the most important wildlife sites in the UK, some species populations that may
be at risk are not contained within protected areas (e.g. widely dispersed species, particularly birds).
Therefore, the sensitivity maps also include the distribution of bird species thought to be sensitive to
a particular renewable technology. To produce these sensitivity maps, existing available datasets
have been used. However, some may include gaps in coverage, missing or out-of-date data. A
decision tree was used to determine the mapping approach for each technology (Figure A2).

141

Figure A2. Ecological sensitivity mapping decision tree

A1.4.1 Site-based sensitivity mapping
In the UK, areas that are protected under national or international law for their ecological features
are likely to correspond closely to the distribution of rare, threatened or migratory species
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(European Commission 1992; European Commission 2009; United Kingdom Government 1981).
These species are most likely to be sensitive to impacts arising either directly from development
(including those of renewable technologies), and/or from the loss of habitats or of changes in landuse change. As a consequence, the starting point for the ecological sensitivity maps is the
distribution of protected sites. Buffers were not applied to protected areas because: (i) sensitivities
to energy projects of qualifying species are often unknown and species-specific; (ii) protected area
boundaries often have integral buffers; and (iii) the risk of over-estimating areas of sensitivity. Sites
protected by international and national legislation were considered to be high sensitivity, all other
designations as medium sensitivity (Table A6).
Certain habitat types were identified as sensitive to different technologies and were allocated a
medium sensitivity score, as potentially sensitive species associated with them could be negatively
affected by any associated changes in land use (Table A6). Deep peat was added as medium
sensitivity to onshore wind due to the risk of slumps/landslides during construction activities,
although we recognise that wind farms can be accommodated in some peatland areas if well microsited and commitments are made to peatland restoration/enhancement. Ancient semi-natural
woodland was allocated medium sensitivity to onshore wind as it is a rare habitat of conservation
priority. Semi natural grassland provides habitat for important and rare species, including many of
those of conservation concern, and thus was allocated medium sensitivity to bioenergy crops and
solar farms. Organic and peat soils were considered unsuitable for the cultivation of energy crops
(Lovett et al 2009) owing to their importance for species of conservation concern and for carbon
storage/sequestration and were allocated medium sensitivity to bioenergy crops and solar farms.
Table A6. Designated sites and key habitats included in sensitivity maps. Site/habitat descriptions,
their sensitivity score, indication of which technologies to which they apply and data sources.
Site/habitat type

Technology

Sensitivity

Source

Special Protection Areas (SPAs)
Special Areas of Conservation (SACs)
RAMSAR sites
Site/Area of Special Scientific
Interest (SSSIs/ASSIs)
Marine Conservation Zones (MCZs)
Marine Protected Areas (including
proposed MPAs)
Marine Nature Reserves (MNRs)
Possible Marine SPAs for seabirds

All
All
All

High
High
High

NE; NIEA; NRW; SNH
NE; NIEA; NRW; SNH
NE; NIEA; NRW; SNH

All

High

NE; NIEA; NRW; SNH

All offshore

High

NE

All offshore

High

NIEA

All offshore
All offshore

High
High

Important Bird Areas (IBAs)

Offshore/onshore

National Nature Reserves (NNRs)
Nature Improvement Areas (NIAs)
Ancient semi-natural woodland

Offshore
Onshore
Onshore wind

Bog on deep peat

Onshore wind

Semi-natural grassland
Organic and peat soils

Bioenergy
crops/solar farms
Bioenergy
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NE; NIEA; NRW; SNH
Kober et al 2012
BirdLife
High/medium
International/RSPB
Medium
NE; NIEA; NRW; SNH
Medium
NE
Medium
NE; NIEA; NRW; SNH
LandCover 2000 (Fuller et
Medium
al 2002)
LandCover 2000 (Fuller et
Medium
al 2002)
Medium
LandCover 2000 (Fuller et

crops/solar farms

al 2002)

Abbreviations: NE - Natural England; NIEA - Northern Ireland Environment Agency; NRW - Natural Resources
Wales; SNH - Scottish Natural Heritage.

The designated sites network offshore is not as well developed as it is onshore. Therefore, as well as
established designated sites, we included a number of proposed sites and areas identified as
possible marine Special Protection Areas for seabirds (Kober et al 2012). Due to the lack of
designation for offshore sites, IBAs were given a high sensitivity rating. National Nature Reserves
were allocated as medium sensitivity for offshore renewables only, as onshore NNRs are already
covered by the international/national designated sites network.

A1.4.2 Species-based sensitivity mapping
Whilst protected areas include many of the most important sites for wildlife in the UK, they do not
represent an exhaustive inventory of sites important for protected species or wildlife in general.
Protected species are highly variable in the proportions of their populations contained within
protected areas, with dispersed species (particularly those in upland areas) poorly represented
(Stroud et al. 2001). Therefore, avoidance of deployment at protected sites cannot be assumed
adequate to avoid all impacts on sensitive species. Consequently, each sensitivity map includes the
distribution of those species believed to be sensitive to a particular renewable technology, in
addition to the designated sites network. Since data on the distribution of some sensitive species is
rarely sufficiently comprehensive to prove their absence, it is not usually possible to distinguish
between areas of low sensitivity and those where the sensitivity is unknown. This is acknowledged in
the mapping process by referring to these areas as low/unknown sensitivity. This is particularly
important for offshore areas.
Onshore wind The methods for the onshore wind sensitivity mapping repeated those for the avian
sensitivity maps for England and Scotland (see Bright et al 2006; 2008; 2009 for detailed methods
and limitations to the approach), using a species list combined from both existing maps and adding
additional available species distribution data (collected between 2009 and 2012). Species were
included if; (i) the literature indicated sensitivity to collision risk, disturbance or changes in habitat
and (ii) they were undergoing rapid population declines or had very localised populations (Bright et
al 2008; 2009). Details of species, data sources, buffer distances and sensitivity levels are given in
Table A7. For this analysis, the combined species list for both Scotland and England (Bright et al
2008; 2009) was used and expanded the mapping to include data from Wales and Northern Ireland.
Some species were not included in the sensitivity map because of problems with data access, data
availability or rapidly expanding distributions. See the original publications for full caveats and
written guidance on individual species (Bright et al 2006; 2008; 2009). Older datasets of species
distributions were allocated a medium sensitivity score, as data may not reflect recent changes in
distribution or abundance. For individually-mapped species, data primarily related to breeding birds
and soit was not always possible to include information on the locations of immature and nonbreeding (including wintering and migrating) birds.
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New species distribution data collected between 2009 and 2012 were also added to the analysis.
This included; Slavonian grebe (survey data from 2003-2010), hen harrier 2010 National Survey,
Capercaillie 2009-2010 National Survey, Rare Breeding Birds Panel data from 2002-2011 for
Montagu’s harrier, common crane, osprey, honey buzzard and short-eared owl. Species distributions
were mapped with point or grid square location data and an associated buffer (following Bright et al
2008; 2009).
Table A7. Individual species included in the onshore wind sensitivity map. Details of individual
species data used, resolution, buffer distances, sensitivity and data sources.

Data used

Spatial
resolution
(km)

Buffer
(km)a

Sensitivity

Possible/probable/
confirmed
breeding records

0.1

1

high

Capercaillie Tetrao
urogallus

Forest blocks

forest
blocks

none

high

Black grouse Lyrurus
tetrix

Calling males

0.01, 0.1, 1

1.5

medium

Red-throated diver
Gavia stellata

Possible/probable/
confirmed
breeding records

0.01, 0.1, 1

1

high

National Survey
2006

Black-throated diver
Gavia arctica

Possible/probable/
confirmed
breeding records

Species
Common scoter
Melanitta nigra

Slavonian grebe
Podiceps auritus
Slavonian grebe
Podiecps auritus
Great Bittern
Botaurus stellaris

White-tailed eagle
Haliaeetus albicilla
Osprey Pandion
haliaetus
Golden eagle Aquila
chrysaetos

Possible/probable/
confirmed
breeding records
Possible/probable/
confirmed
breeding records
Reedbeds
containing nests
and/or booming
males
Unknown/possible
/probable/
confirmed
breeding records
Possible/probable/
confirmed
breeding records
Unknown/possible
/probable/

b

Sourcec
National Survey
2007
Upper survey strata
from National
Survey 2009-10
National Survey
2005, plus various
regional datasets

0.01, 0.1, 1

1

high

National Survey
2006, plus
additional records
for northern
Scotland

0.1

1

high

Annual survey data
2003-2012

0.1

1

medium

Annual survey data
1997-2002

Reedbed
survey
polygons

none

high

Annual monitoring
of nests and
booming males

0.01, 0.1, 1

5

high

All data since
reintroduction

0.1, 1, 2

2

high

RBBP records 20022011

1

2.5

high

National Survey
2003
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Golden eagle Aquila
chrysaetos

Golden eagle Aquila
chrysaetos
Red kite (Scotland)
Milvus milvus
Red kite (Scotland)
Milvus milvus
Hen harrier Circus
cyaneus
Hen harrier Circus
cyaneus
Marsh harrier Circus
aeruginosus
Marsh harrier Circus
aeruginosus
Montagu’s harrier
Circus pygargus
Honey buzzard
Pernis aprivorus
Honey buzzard
Pernis aprivorus
Peregrine falcon
Falco peregrinus
Merlin Falco
columbianus
Corncrake Crex crex
Crane Grus grus
Stone curlew
Burhinus
oedicnemus
Golden plover
Pluvialis apricaria
Dunlin Calidris

confirmed
breeding records
Unknown/possible
/probable/
confirmed
breeding records
Unknown/possible
/probable/
confirmed
breeding records

1

2.5 to 6

medium

National Survey
2003

0.1

6

medium

National Survey
1992

Nest locations

0.01, 0.1, 1

3

high

Roost sites

0.1, 1

5

high

Sightings

0.01, 0.1, 1

2

high

Sightings

0.1, 1

2

medium

0.1, 1

1

high

National Survey
2005

0.1, 1

1-2

medium

National Survey
2006

0.1, 1, 2

3

high

RBBP records 20022011

0.1, 1, 2

3

high

RBBP records 20022011

0.1, 1, 2

3-5

medium

RBBP records 20022011

0.1, 1

2

medium

National Survey
2002

0.1, 1

0.5

high

Territory centres

0.01, 0.1, 1

0.85

high

Possible/probable/
confirmed
breeding records

0.1, 1, 2

2

high

RBBP records 20022011

Nest locations

0.01, 0.1

1

high

Annual monitoring
2008 onwards

10

N/A

medium

1988-91 Breeding
Bird Atlas

10

N/A

medium

1988-91 Breeding

Possible/probable/
confirmed
breeding records
Possible/probable/
confirmed
breeding records
Possible/probable/
confirmed
breeding records
Possible/probable/
confirmed
breeding records
Possible/probable/
confirmed
breeding records
Unknown/possible
/probable/
confirmed
breeding records
Confirmed
breeding records

10km squares with
top 20% of mean
counts
10km squares with
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All data since
reintroduction
Annual roost
counts
National Survey
2010
National Survey
2004

National Survey
2008
Annual surveys
2003 onwards

alpina
Arctic skua
Stercorarius
parasiticus
Short-eared owl Asio
flammeus
Nightjar
Caprimulgus
europaeus
Nightjar
Caprimulgus
europaeus

Chough Pyrrhocorax
pyrrhocorax

top 20% of mean
counts

Bird Atlas

Colonies of 10 or
more birds

1

none

high

Seabird 2000
(1998-2000)

Possible/probable/
confirmed
breeding records

0.1, 1, 2

0.8

high

RBBP records 20022011

Territory centres

0.01

1

high

National Survey
2004

Territory centres

0.01

1-2.5

medium

National Survey
2004

high

National Survey
2002, plus
additional records
from Northern
Ireland and
Cornwall

Confirmed
breeding records

0.1, 1

1

a

For full information on what buffers represent see [Bright et al 2006; Bright et al 2009].
Older datasets were allocated a medium sensitivity score.
c
All data is archived and available through the RSPB Conservation Data Management Unit (CDMU); Joint Nature
Conservation Committee (JNCC); Natural England (NE); Natural Resources Wales (NRW); Northern Ireland
Environment Agency (NI); SNH – Scottish Natural Heritage and the British Trust for Ornithology (BTO).
b

Bioenergy crops and solar farms The impacts of wide scale planting of energy crops or the
deployment of solar farms on biodiversity in the UK are not well known. Whereas studies of pioneer
crops have shown largely positive responses (e.g. Bright et al 2013; Sage et al 2010), no landscapescale empirical studies have been conducted on the subject, as these features are not currently
widely deployed. Therefore, the sensitivity mapping for these technologies focused on taxa which
would be negatively impacted by land use change and intensification of land management per se,
rather than energy crops specifically. One application of species-based sensitivity mapping was used
for both technologies.
Species considered to be potentially sensitive to the expansion of these technologies are those that
are sensitive to the loss or damage of seed rich habitats, loss of semi-natural grassland, specialist
wet grassland species and specialist open upland species. Some of these species are the subjects of
regular monitoring programmes or national surveys and sufficient information was available to
include them at species level in the sensitivity mapping process (Table A8). However, this is not a
comprehensive list of all species that might be sensitive, as it only includes species which were
identified as potentially sensitive and which could be mapped. For these species, the same ‘point
and buffer’ approach was taken as for the onshore wind sensitivity mapping (Bright et al 2008;
2009), with high and medium sensitivity buffers drawn around breeding locations or aggregations
recorded in national surveys and other monitoring schemes. Buffer distances, where possible to
estimate, were based on literature reviews of disturbance/displacement distances and foraging
ranges.
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Table A8. Individual species included in the energy crops and solar farm sensitivity maps. Including
details of buffer distances, sensitivity levels and data sources

Species

Buffer (km)
High
Medium
sensitivity sensitivity

Data Source

Reference

-

1.5

National Survey 2005, plus
regional datasets

Bright et al 2006

2.5

6

National Survey 2003

Bright et al 2006

-

6

National Survey 1992

Bright et al 2006

2
-

2

National Survey 2010
National Survey 2004

Merlin Falco columbianus

0.5

-

National Survey 2008

Bright et al 2006
Bright et al 2006
Ruddock and
Whitfield 2007

Corncrake Crex crex

0.85

-

1

-

1

2.5

National Survey 2004

Bright et al 2006

0.5

1

National Survey 2006

Currie and Elliot
1997

1

-

0.5

1

0.5

1

Black grouse Lyrurus tetrix
Golden eagle Aquila
chrysaetos
Golden eagle Aquila
chrysaetos
Hen harrier Circus cyaneus
Hen harrier Circus cyaneus

Stone curlew Burhinus
oedicnemus
Nightjar Caprimulgus
europaeus
Woodlark Lullula arborea
Chough Pyrrhocorax
pyrrhocorax
Dartford warbler Sylvia
undata
Cirl bunting Emberiza cirlus

Annual surveys 2003
onwards
RSPB annual monitoring
surveys

Bright et al 2006
Bright et al 2009

National Survey 2002 plus
additional data from NI and Bright et al 2006
Cornwall
Currie and Elliot
National Survey 2006
1997
National Survey 2009
Stevens et al 2002

Many of the species identified as being potentially sensitive to energy crop planting or solar farm
deployment are not the subject of specific monitoring schemes. For these species, the best available
data (presence/absence data at a 10 km2 resolution) were from the most recent BTO Bird Atlas,
2007-2011, which is a joint project between BTO, BirdWatch Ireland and the Scottish Ornithologists’
Club (Balmer et al 2013). It was considered that an assemblage approach would make best use of
such coarse resolution data, with all 10 km2 squares with certain combinations of species triggering
qualification as medium sensitivity. Breeding species of conservation concern found in the areas
where energy crops or solar farms might be deployed, and which could be vulnerable to
displacement, were assigned to one of three assemblages: arable, farmland waders or upland
waders (Table A9). Each assemblage was mapped separately. Instead of assessing species richness in
each km2 square, which was strongly influenced by widespread species, a ‘diversity index’ was used
to weight the conservation interest of these species. Each species was given a score of (1/number of
10 km2 squares in the UK in which it was present), such that species with more restricted
distributions were weighted higher than those with more widespread distributions. Scores were
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then summed across all species in the assemblage, and scores in the top quartile (25%) were
classified as medium sensitivity.

Table A9. Species included at the assemblage level in energy crops and solar farm sensitivity maps.
Speciesa
Grey partridge Perdix perdix
Turtle dove Streptopelia turtur
Sky lark Alauda arvensis
Yellow wagtail Motacilla flava
Whinchat Saxicola rubetra
Tree sparrow Passer montanus
Linnet Carduelis cannabina
Twite Carduelis flavirostris
Reed bunting Emberiza schoeniclus
Yellowhammer Emberiza citrinella
Corn bunting Miliaria calandra
Oystercatcher Haematopus
ostralegus
Northern lapwing Vanellus vanellus
Redshank Tringa totanus
Curlew Numenius arquata
Snipe Gallinago gallinago
Golden plover Pluvialis apricaria
Dunlin Calidris alpina

Assemblageb
arable
arable
arable
arable
arable
arable
arable
arable
arable
arable
arable
farmland wader
farmland wader
farmland wader
farmland wader
farmland wader
upland wader
upland wader

a

Data was obtained from Bird Atlas 2007–11 (Balmer et al. 2013).
Areas were not categorised by land cover, so if any area had a high score based on
either ‘arable’, ‘farmland wader’ or ‘upland wader’ assemblages then it qualified as
medium sensitivity.
b

Offshore technologies The sensitivity mapping for offshore species focused on seabird species
breeding in the UK, with the maps supplemented by those available for at-sea distributions of
wintering seabirds (Bradbury et al 2014) and marine megafauna (Batey and Edwards 2014). We
focussed on breeding UK seabird species listed as potentially sensitive by Furness et al (2012) and
Furness et al (2013), for which colony counts were undertaken as part of the Seabird 2000 census.
Each colony was buffered by the mean maximum foraging distance for the species (Thaxter et al
2012); Table A10). The area of sea within each buffer was calculated, along with the associated
density of birds, assuming the birds from each colony to be uniformly distributed throughout that
colony’s buffer. This is unlikely to be a true reflection of a species’ distribution (e.g. Wakefield et al
2013) However, in the absence of detailed information on habitat quality and foraging associations
this approach was assumed to be the most precautionary. An estimated density surface map was
created for each species by mapping colony buffers (with their associated density values) and
summing density values where buffers overlapped. To account for differences in species’ sensitivity
to renewable technologies, species sensitivity scores (SSS) from Furness et al (2012) and Furness et
al (2013) were used as weighting factors. The methods followed closely those outlined in Bradbury
et al (2014).
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This resulted in four mapped sensitivity layers on continuous scales. For consistency with the
onshore sensitivity mapping approach, thresholds were used to categorise each layer into high
sensitivity, medium sensitivity and low/unknown sensitivity areas. These thresholds were set using
Jenks natural breaks optimisation (Jenks 1967); this method seeks natural clustering in the data by
reducing the variance within classes whilst maximising the variance between classes (Table A11). For
offshore wind, separate thresholds were applied to the collision and disturbance/displacement maps
and the results combined, selecting the maximum sensitivity category available in each grid square
for the sensitivity map.

150

Table A10. Species included in the offshore sensitivity mapping. Information sensitivity to offshore renewable technologies and foraging ranges for all
seabird species commonly breeding in the UK. Two species, European storm-petrel Hydrobates pelagicus and Great black-backed gull Larus marinus, had to
be excluded from the analysis due to lack of published foraging ranges.

Species
Northern fulmar Fulmarus glacialis
Manx shearwater Puffinus puffinus
Leach’s storm-petrel Oceanodroma
leucorhoa
Northern gannet Morus bassanus
Great cormorant Phalacrocorax carbo
Shag Phalacrocorax aristotelis
Great skua Stercorarius skua
Arctic skua Stercorarius parasiticus
Black-headed gull Chroicocephalus
ridibundus
Common gull Larus canus
Herring gull Larus argentatus
Lesser black-backed gull Larus fuscus
Black-legged kittiwake Rissa tridactyla
Little tern Sternula albifrons
Sandwich tern Sterna sandvicensis
Common tern Sterna hirundo
Arctic tern Sterna paradisaea
Roseate tern Sterna dougallii
Atlantic puffin Fratecula arctica
Black guillemot Cepphus grylle
Common guillemot Uria aalge

Offshore wind
disturbance and/or
displacement
sensitivity score [1]
2
2

Offshore wind
collision impacts
sensitivity score
[1]
48
0

Wave
sensitivity
score [2]

2

Tidal stream
sensitivity
score [2]

Mean max
foraging range
(km)

80
102

0.5
1.5

311 [3]
196 [3]

85

64

0.5

92 [4]

3
13
14
3
3

725
103
150
320
327

136
110
165
96
84

1.4
7.0
9.6
0.7
0.6

308 [3]
32 [3]
16 [3]
42 [3]
40 [3]

5

288

60

0.6

26 [4]

5
3
3
6
10
9
8
10
9
10
16
14

598
1306
960
523
212
245
229
198
175
27
30
37

65
48
64
98
156
125
126
153
135
160
169
176

0.7
0.8
0.7
0.9
0.7
1.1
0.6
1.9
1.0
3.8
9.9
9.0

50 [4]
61 [4]
141 [4]
66 [3]
7 [3]
42 [3]
34 [3]
12 [3]
18 [3]
62 [3]
12 [3]
61 [3]
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Razorbill Alca torda

14

-32

192

9.6

31 [3]

Data on colony size and location was obtained from the Seabird 2000 [5] colony census.
[1] Furness et al 2013
[2] Furness et al 2012
[3] BirdLife Seabird Wikispace (http://seabird.wikispaces.com/)
[4] Thaxter et al 2012
[5] Mitchell PI, Newton SF, Ratcliffe R, Dunn TE editors. Seabird Populations of Britain and Ireland: results of the Seabird 2000 census (1998-2002).
London: T and A.D. Poyser; 2004.
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Table A11. Sensitivity categories for offshore renewable energy technologies. Thresholds set using
Jenks natural breaks optimisation (Jenks 1967) to categorise low/unknown, medium and high
sensitivity to wave power, tidal stream, wind turbine collision and displacement for breeding
seabirds.
Technology
Wave

Tidal stream
Wind turbines
(collision)
Wind turbines
(displacement)

Sensitivity
Low/unknown
Medium
High
Low/unknown
Medium
High
Low/unknown
Medium
High
Low/unknown
Medium
High

Range
0 – 440
440 – 1,461
1,641 – 4,619
0–4
4–8
8 – 16
0 – 739
739 – 2,346
2,346 – 13,515
0 – 34
34 – 92
92 – 184

The species-based offshore sensitivity mapping was supplemented with data layers from SeaMaST
(Seabird Mapping and Sensitivity Tool) (Bradbury et al 2014) to account for the distribution of
overwintering seabirds and those that do not breed in the UK. This freely available tool utilises
information from the European Seabirds at Sea (ESAS) database and consists of boat-based and
aerial survey data collected between 1979 and 2012. The ‘Winter Combined’ map, consisting of
distribution data on wintering seabirds at risk of collision and/or displacement by offshore wind
turbines, was added as a layer to the offshore wind sensitivity map (the two datasets were
combined using the highest ranking score for each species from either risk). For full methods see
Bradbury et al (2014). For consistency with the methods employed in this analysis, the scores were
split into three categories; the top two score brackets were allocated high sensitivity (scores of 57 –
98) and medium sensitivity ratings (scores of 32 – 57). Whilst all scores below this (0 – 31) were
allocated a low/unknown sensitivity rating
In order to account for other marine wildlife in our analysis, we supplemented our data with the
Areas of Additional Pelagic Ecological Importance (APEI) data layer (Batey and Edwards 2014). This
data layer provides information on areas of pelagic biodiversity around the UK, including data on
thermal fronts, Whale and Dolphin Conservation (WDC) important areas for marine mammals, Cefas
and ICES nursery and spawning data based on plankton surveys and Marine Conservation Society
and Shark Trust basking shark sightings (see Table A12). However, the layer is unlikely to represent a
complete inventory of important areas due to significant data gaps. The Additional Ecological
Information (AEI) score for a particular grid cell is calculated by summing the score from each
dataset. The seabird foraging radii layer was removed, as this was already accounted for in our
analysis, and the AEI scores recalculated. Jenks natural breaks optimisation was again used, to split
the dataset into three. Only the top scores were used (an AEI score of 5 or above) and was allocated
a medium sensitivity rating. Medium sensitivity was selected because the layer represents a density
surface of marine species abundance, rather than sensitivity to a particular technology.
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To produce the final sensitivity maps for each technology, a composite map was created from the
species and assemblage distribution layers and added to the protected sites layer. If more than one
sensitivity score was allocated to a single 1km2 cell, the highest sensitivity value was selected, see
Equations 2-6.

,

,

1

, …,

(2)

Where:
low; medium; high
low; medium
low; medium; high

,

−

,

,

,

1

,
, …,

(3)

Where:
low; medium; high
low; medium; high
low; medium top 25%
low; medium; high
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(4)
Where:
low; medium; high

(5)
Where:
low; medium; high
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(6)

Where:
low; medium; high
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Table A12. Contents of the Additional Pelagic Ecological Importance (APEI) date layer. Information on the constituent datasets, sources and processing.
Data relating to seabird foraging radii were removed from the layer prior to use.

Theme
Nursery
and
spawning
grounds

Name
Cefas & ICES
nursery/spawnin
g grounds (1998
improved)

Data description
Single shape files showing
distribution of nursery/spawning
grounds for selected fish species.

Thermal
fronts

Summer oceanic
thermal fronts

Basking
Shark
Cetorhinus
maximus
Marine
mammals

Sightings data

Frequent front maps for the summer
at 4 km resolution, representing the
percentage of time a strong front
was observed at each grid cell
location.
Long term sightings data from
around the UK for basking sharks
were transcribed into a grid data
layer.
Polygon data for marine mammal
important areas were extracted from
WDCS report.

Important areas
for marine
mammals

Classificationa
Source
Low importance = presence of low importance spawning or [1]
nursery ground for any species (irrespective of how many
species)
Moderate importance = presence of high importance
spawning or nursery grounds for single species
High importance = presence of high importance spawning or
nursery grounds for two or more species
Low importance = 0 - 50% frontal frequency
[1]
Moderate importance = 50 - 80% frontal frequency
High importance = 80 - 100% frontal frequency

Low importance = 1-10 sightings
Moderate importance = 10-270 sightings
High importance = 270+ sightings

[2]

Low importance = Presence of areas of interest (irrespective
of how many species)
Moderate importance = Presence of critical area of
importance for one species
High importance = Presence of 2 or more areas of critical
importance

[3]

CEFAS – Centre for Environment, Fisheries and Aquaculture Science; ICES - International Council for the Exploration of the Sea
a
Low importance areas are allocated a score of 1, moderate areas a score of 2 and high importance areas a score of 3.
[1] Brown C, Hull S, Warken N. Accessing and developing the required biophysical datasets and data layers for Marine Protected Areas network planning and
wider marine spatial planning purposes. Report No 26: MB0102 Final Project Report. Southampton: ABP Marine Environmental Research Ltd (ABPmer); 2012.
[2] Bloomfield A, Solandt, J-L. Marine Conservation Society Basking Shark Watch 20 year report 1987-2006. Ross on Wye: Marine Conservation Society; 2007.
[3] Clark J, Dolman SJ, Hoyt E. Towards Marine Protected Areas for Cetaceans in Scotland, England and Wales: A Scientific Review Identifying Critical Habitat
with Key Recommendations. Chippenham: Whale and Dolphin Conservation Society 2010.
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A1.5 Spatial analysis results
A1.5.1 Spatial analysis for onshore wind
The majority of the UK is judged to be technically suitable for exploiting onshore wind energy (i.e.
sufficient wind resource exists), amounting to 96.3% of the total land area (Table A13, Figure A3A).
The addition of physical constraints to this map (Figure A3B) reduces this figure to 50.8% of the UK
land area, and the further addition of the policy constraints (Figure A3C) reduces this potential
further to 6.9% of UK land area.
In total, 19.2% of the UK land area was identified as having high ecological sensitivity, with 17.4%
identified as medium ecological sensitivity. This leaves 63.4% of the UK land area as low/unknown
sensitivity to commercial-scale onshore wind development(Figures A4 and A5).
Overlaying the onshore wind sensitivity map with the composite opportunity, physical and policy
constraints map leaves 2.4% of the UK land area available for commercial-scale onshore wind
development with low ecological risk (Table A13; Figure A3D). An average power density of 9
MW/km2 was used for the purpose of this analysis (SQW Energy 2010). The mean annual energy
output for all onshore wind in the UK between 2009-2014, based on average beginning and end of
year capacity, was 0.26 (DECC 2014c; DECC 2015a). Therefore, an estimated load factor of 0.3 was
used, which assumes a small improvement in the technology over the next few years. Therefore, in
the low ecological risk scenario, the UK could have an installed capacity of 53 GW of onshore wind
producing 140 TWh/yr (Table A13).
A1.5.2 Spatial analysis for bioenergy crops and solar farms
Opportunity mapping shows that 52.4% of the UK is technically suitable for growing energy crops
(Table A13, Figure A6A). The addition of physical constraints (Figure A6B) reduces this to 48.6% of
the UK land area, and the addition of the policy constraints (Figure A6C) reduces this potential to
42.7% of UK land area.
As the entire surface of the UK is exposed to sunlight, almost all of the UK land area could generate
solar energy (Table A13, Figure A7A). The addition of physical constraints (Figure A7B) reduces this
to 74.5% of the UK land area, and the addition of the policy constraints (Figure A7C) reduces this
potential to 59.8% of UK land area.
Sensitivity mapping identified 14.9% of the UK land area as having high ecological sensitivity to
energy crop cultivation or solar farm deployment (Figure A4; Figure A8), with 51.3% as medium
ecological sensitivity (Figure A6). This leaves 33.8% of the UK land area as low/unknown sensitivity to
solar or bioenergy. Combining the sensitivity map with the opportunity, physical and policy
constraints mapping for energy crops demonstrates that 18.9% of the UK land area remains available
after removing high and medium sensitivity areas (Table A13, Figure A6D). Overlaying the energy
crops and solar farm high and medium sensitivity map over the opportunity, physical and policy
constraints mapping for solar farms leaves 23.3% of the UK land area available (Table A13, Figure
A7D).
An average power density for bioenergy crops of 0.75 MW/km2 was used in this analysis,
representing the performance of Miscanthus grown in the UK (MacKay 2009). A load factor of 0.53
was used, being the mean value for bioenergy (based on beginning and end of year capacity) from
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plant biomass in the UK for 2010-2014, based on beginning and end of year capacity (DECC 2014c;
DECC 2015a). If all the land available in the low ecological risk scenario were devoted to the
cultivation of energy crops this would result in an installed capacity of 35 GW with the potential to
produce 160 TWh of energy (electricity only) annually (Table A13). The inclusion of heat energy (i.e.
combined heat and power or heat only) raises the potential output to 303 TWh/yr, using a load
factor of 1.00 (assuming that remaining energy is utilised as heat).
For solar farms, a generic approach was adopted to calculate the energy potentially available
through the deployment of solar energy, using a power density of 22 MW/km2 (MacKay 2009). To
estimate annual energy output, the mean measured value for all solar farms in the UK for 20112013, 0.09, was used as the load factor (DECC 2014c; DECC 2015a), under the assumption that solar
panels will not significantly increase in efficiency in the coming years. If all the land available in the
low ecological risk scenario were devoted to the deployment of solar energy this would result in an
installed capacity of 1,250 GW with the potential to produce 986 TWh of energy annually (Table
A13).
A1.5.3 Competition between onshore energy sources for land
As energy crops and solar farms can be deployed in the same types of land, these energy sources are
in direct competition for space (Figure A9), although solar farms can additionally be deployed in
some locations that are unsuitable for energy crops. Solar farms are more efficient at producing
electricity than energy crops, so it is presumed their deployment will generally be prioritised,
although where there is a demand for heat as well as power this may not always be the case. In
addition, it is unlikely that all of the land available for energy crops or solar farms will be utilised for
energy production due to competing demands, such as the production of food/fibre and the
expansion of settlements. Indeed the case that significant conversion to energy production will be
likely to lead to displacement of food provision and the expansion of agriculture elsewhere in the
world – this is frequently termed indirect land use change (ILUC). Estimates for the amount of
agricultural land available for the sustainable production of bioenergy crops vary, from a
conservative estimate of 3,500 km2 (DEFRA 2007; Lovett et al 2009), to 310,000 km2 (Haughton et al
2009) and an ambitious 363,000 km2 (DECC et al 2012). If 3,500 km2 is assumed to be the maximum
amount of agricultural land available for sustainable energy production, and all of the land were
dedicated to bioenergy crops this could represent an installed capacity of 3 GW producing 12
TWh/yr of electricity or 23 TWh/yr of total energy (electricity and heat). On the other hand, if solar
was prioritised over energy crops within this area, an installed capacity of 77 GW could be deployed
producing an energy output of 61 TWh/yr. There is additional land available for the deployment of
solar energy in non-agricultural areas equivalent to 10,670 km2 (Figure A7), which if used could
produce an additional installed capacity of 235 GW, producing an energy output of 185 TWh/yr.
Thus the sustainable deployment potential for solar energy in the UK amounts to 312 GW.
Consequently, the annual energy output available from field-scale solar energy lies between a
minimum of 246 TWh/yr (i.e. the sustainable deployment potential - spread over 14,170 km2) up to a
maximum potential of 968 TWh/yr (i.e. the low ecological risk scenario - spread over 56,808 km2).
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Table A13. Estimated energy available through the deployment of onshore renewable energy technologies in the UK. Land areas available for the
deployment of commercial-scale onshore wind, solar and biomass energy; potential installed capacity and annual energy outputs considering the available
resource, physical constraints, policy constraints and ecological sensitivity.

Onshore technologies

Opportunity

Constraints

None
Onshore
winda

Physical only
Physical and
Policy
None

Solarb

Physical only
Physical and
Policy
None

Biomassc

Physical only
Physical and
Policy

a

High ecological risk

Medium ecological risk

(no sensitivity applied)

(high sensitivity areas excluded)

Area (km2)
[relative to
UK land
area]
235,398
[96.3%]
124,048
[50.8%]
16,976
[6.9%]
242,605
[99.3%]
182,148
[74.5%]
146,028
[59.8%]
127,977
[52.4%]
118,744
[48.6%]
104,289
[42.7%]

Potential
installed
capacity
(GW)

Annual
energy
output
(TWh/yr)

2,119

5,571

1,116

2,936

153

402

5,337

4,211

4,007

3,161

3,213

2,535

96

445

89

413

78

362

Area (km2)
[relative to
UK land
area]
190,581
[78.0%]
94,011
[38.5%]
10,523
[4.3%]
206,284
[84.4%]
161,047
[65.9]
134,793
[55.2%]
124,302
[50.9%]
115,576
[47.3%]
102,058
[41.8%]

2

Low ecological risk

Potential
installed
capacity
(GW)

Annual
energy
output
(TWh/yr)

1,715

4,511

846

2,225

95

249

4,543

3,580

3,543

2,795

2,965

2,340

93

432

87

402

77

355

(high and medium sensitivity areas
excluded)
2
Area (km )
Potential
Annual
[relative to
installed
energy
UK land
capacity
output
area]
(GW)
(TWh/yr)
150,154
1,351
3,554
[61.5%]
69,967
630
1,656
[28.6%]
5,932 [2.4%]

53

140

1,786

1,409

1,419

1,120

1,250

986

42

196

51,371 [21.0]

39

179

46,138
[18.9%]

35

160

81,199
[33.2%]
64,513
[26.4%]
56,808
[23.3%]
56,374
[23.1%]

Onshore wind - power density = 9 MW/km (SQW Energy 2010); load factor = 0.3 (DECC 2014c; DECC 2015a)
2
Solar photovoltaics - power density = 22 MW/km (MacKay 2009); load factor = 0.09 (DECC 2014c; DECC 2015a)
c
2
Biomass electricity - power density = 0.75 MW/km ( MacKay 2009); load factor = 0.53 (DECC 2014c; DECC 2015a)
N.B. These estimates do not take into account impacts on food production or ILUC issues associated with solar or bioenergy crops, see section A1.5.3 for further discussion.
b
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A1.5.4 Spatial analysis for offshore wind
Opportunity mapping indicated 14,374 km2 of prime opportunity, 89,595 km2 of prime and good
opportunity and 106,173 km2 of prime, good and technical opportunity are available for deployment
of fixed-base offshore wind turbines in UK seas (Figure A10A, Table A14). In comparison, 109,573
km2 of prime opportunity, 365,996 km2 of prime and good opportunity and 561,208 km2 of prime,
good and technical opportunity are available for deployment of floating offshore wind turbines in UK
seas (Figure A11A, Table A15).
In total, 26.7% of the total sea area was identified as having high ecological sensitivity (Figures A4
and A12), 25.3% of the total sea area was mapped as medium ecological sensitivity and 48.0% of the
sea was mapped as low/unknown sensitivity to the deployment of offshore wind (both fixed and
floating).
As the offshore environment is complex a range of figures applying the physical, policy and
ecological constraint layers are presented (Tables A14 & A15). In the maps (Figures A10 & A11), all
constraints applied in full, although it is acknowledged that there is a degree of uncertainty over the
extent to which policy constraints will be applied. Combining the offshore wind ecological sensitivity
layer with the opportunity, physical and policy constraints layers for fixed-based offshore wind
turbines (Figure A10D) indicates that 37-95 km2 of prime opportunity, 233-1,763 km2 of prime and
good opportunity and 3,162-5,229 km2 of prime, good and technical opportunity are available for
exploitation, when high and medium sensitivity areas are excluded (Table A14), depending on the
level of policy constraint applied. The sea areas available for floating offshore wind developments
with all physical and policy constraint applied (Figure A11D) are estimated to be 7,241-10,945 km2 of
prime opportunity, 128,998-152,476 km2 of prime and good opportunity and 230,149-253,627 km2
of prime, good and technical opportunity, when high and medium sensitivity areas are excluded
Table A15), depending on the level of policy constraint applied.
An average power density of 5 MW/km2 was used (Offshore Valuation Group, 2010), being
approximately halfway between what is practically possible (power densities of Round 1 and 2 sites
in the UK are typically 7-9 MW/km2) and what is currently being deployed (~2 MW/km2 for Round 3
sites) with a load factor of 0.5 which represents the load factor of the best performing projects
currently operating in European waters (Energy Numbers 2015). As the UK offshore wind industry is
relatively immature, and because this analysis focuses on energy production up to 2050, this
relatively high load factor was judged to be representative for future offshore energy generation.
Consequently the areas given above convert to 0.2-0.5 GW (1-2 TWh/yr) potential capacity at prime
opportunity, 1.2-8.8 GW (5-39 TWh/yr) of prime and good opportunity and 15.8-26.1 GW (69-115
TWh/yr of prime, good and technical opportunity for fixed-base turbines (Table A14) in the low
ecological risk scenario. For floating turbines the areas above correspond to 36.2-54.7 GW (159-240
TWh/yr) energy generation at prime opportunity, 645-762 GW (2,827-3,341 TWh/yr) of prime and
good opportunity and 1,151-1,268 GW (5,044-5,558 TWh/yr) of prime, good and technical
opportunity (Table A15) in the low ecological risk scenario.
Whist the spatial analysis indicates that there are significant areas of sea available for the
deployment of offshore wind energy, particularly floating turbines, it can be seen that relatively
little of the UK seabed remains suitable for fixed base turbines after all deployment constraints have
been applied. It should also be remembered that data on the distribution and abundance of seabirds
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at sea remain patchy and incomplete, and that this increases further away from the shore. Therefore
it is highly likely that cumulative impacts will occur, and that the size of such impacts will depend on
the scale of deployment.
A1.5.5 Spatial analysis for tidal stream energy
Tidal stream technologies can be deployed in a limited number of locations in UK waters compared
with other offshore technologies (Figure A13A). The area of prime opportunity is 964 km2, with
10,437 km2 of prime and good opportunity and 12,246 km2 of technical opportunity (Table A16)
available for exploitation.
In total, 25.1% of the total sea area was identified as having high ecological sensitivity to the
deployment of tidal stream technologies (Figures A4 & A14), with 20.2% of the total sea area
predicted to be medium ecological sensitivity and 54.7% mapped as low/unknown sensitivity.
All physical (Figure A13B) and policy (Figure A13C) constraints were applied sequentially to produce
a range of area estimates (Table A16). Combining the tidal stream ecological sensitivity map with the
opportunity, physical and policy constraints maps (Figure A13D) indicates that 7-168 km2 of prime
opportunity, 168-2,219 km2 of prime and good opportunity and 284-2,875 km2 of prime, good and
technical opportunity available for exploitation, depending on the level of policy constraint applied
(Table A16).
Tidal stream energy technologies are currently in developmental phase, with no commercial-scale
technology presently available. Therefore, the power density and load factor used in these analyses
are based on demonstration projects running in UK waters. These estimates are likely to change
markedly once the technology is ready for commercial scale deployment. The power density for tidal
stream is estimated to lie in the range of 5–30 MW/km2 (Offshore Valuation Group 2010). The
resource size was calculated by multiplying the area practically available by the median power
density estimate from this range (17.5 MW/km2), whilst acknowledging that this might not
accurately reflect power densities at all sites. A load factor of 0.40 was used, representing an
estimate of likely future efficiencies of these technologies (Offshore Valuation Group, 2010).
Consequently, the areas given above convert to 0-3 GW (0-10 TWh/yr) potential capacity in prime
opportunity areas, 3-39 GW (10-136 TWh/yr) in prime and good opportunity areas and 5-50 GW (17176 TWh/yr in prime, good and technical opportunity areas for tidal stream energy (Table A16), in
the low ecological risk scenario.
A1.5.6 Spatial analysis for wave energy
Wave energy technologies are currently in developmental phases with no commercial-scale
technology presently available. Therefore, the power density estimates and capacity factors used in
these analyses are based on demonstration projects running in UK waters.
It is clear that there are substantial areas of sea available for wave energy deployment (Figure
A15A). The area prime opportunity is 34,411 km2, with 200,214 km2 of prime and good opportunity
and 244,546 km2 of technical opportunity (Table A17) available for exploitation.
In total, 26.4% of the total sea area was identified as having high ecological sensitivity to the
deployment of wave energy technologies (Figures A4 & A16), with 22.1% of the total sea area
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estimated to be medium ecological sensitivity and 51.5% of sea areas mapped as low/unknown
sensitivity.
Overlaying the wave power ecological sensitivity map over the opportunity, physical and policy
constraints mapping (Figure A15D) indicates that 2,641-2,829 km2 of prime opportunity, 58,90373,058 km2 of prime and good opportunity and 86,726-107,067 km2 of prime, good and technical
opportunity available for deployment of this technology in the low ecological impact scenario (Table
A17).
However, currently wave energy cannot be calculated on a per area basis (MacKay 2009; Offshore
Valuation Group 2010), since a row of efficient wave energy harvesting devices should extract a high
proportion of the available energy, leaving little resource available for subsequent rows (i.e. behind
the wave front). Thus the maximum extractable power is per unit length of wave crest, not per area
(see MacKay 2009; Offshore Valuation Group 2010). In order to estimate the potential extractable
energy resource within areas of low ecological risk, potential wave energy farms or ‘frontiers’ have
been drawn across areas of low/unknown ecological sensitivity in areas of opportunity where there
are no physical or policy constraints (see Figure A17). This approach is based upon the 2012 Carbon
Trust UK Wave Energy Resource study, which drew frontiers approximately perpendicular to the
predominant wave direction, using wave direction maps. The frontiers focused on three areas of
opportunity off the coast of South West England, North West Scotland and East of Orkney, and
elected to discount areas of opportunity to the East of mainland Scotland, given that the Carbon
Trust study indicated these areas would not be economic. The results indicate potential wave energy
frontiers of 815km in areas of prime, good and technical opportunity with low ecological sensitivity,
comprised of 793km in areas of prime and good opportunity, and 198km in areas of prime
opportunity.
This was predicted to produce a low ecological-risk generation capacity of 15-64 TWh/yr (installed
capacity 8-33GW), using assumptions in the DECC Calculator Excel Version 3.6.1, including a 0.25
load factor.
A1.5.7 Individual UK country figures
Estimated areas available, potential installed capacity and annual energy output are provided for
each country individually for all three onshore medium risk technologies (onshore wind, solar and
biomass). Offshore technologies are dealt with in a slightly different manner. The only clearly
defined country specific area is the Scottish offshore energy zone. Thus figures are given for offshore
energy technologies (offshore wind, tidal stream and wave energy) within this defined area and in
UK waters outside of this zone. Breakdown of figures to UK country level are presented in Tables A18
(onshore technologies) and A19 (offshore technologies).
If the minimum area of land sustainably available for solar/bioenergy (3,500km2 – see section
A1.5.3) is divided up according to the proportion of total opportunity for energy crops within each
country, this results in the following areas of land availability: England 2,489km2 equating to 2GW
potential installed capacity or 16 TWh/yr; Scotland 487km2 (0GW; 3TWh/yr); Wales 261km2 (0GW; 1
TWh/yr); and Northern Ireland 263km2 (0GW; 1TWh/yr). If these same areas were used to generate
solar energy (alongside those areas available for solar outside of agricultural land) the following
figures coud be derived: England 6,350km2 (equating to 140 GW; 110TWh/yr); Scotland 4,734km2
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(104 GW; 82 TWh/yr); Wales 2,111km2 (46 GW: 37 TWh/yr); and Northern Ireland 975km2 (21 GW;
17 TWh/yr).

A1.6 Discussion of spatial analysis results
The methodological approach outlined above has aided the understanding of the sustainable
deployment potential of the renewable energy technologies which are likely to form major
components of future energy systems and which require large areas of land or sea to be successfully
deployed. The analysis revealed that the large scale deployment of renewable energy technologies
could potentially contribute significantly to meeting the UK’s future energy demand, without
presenting major risks to biodiversity. The key results from this analysis are presented in Section 3.2.
Figure A18 shows the combined areas of opportunity with low/unknown ecological sensitivity for
each of the technologies spatially analysed in this report, with physical and policy constraints to
exploiting the resource applied and areas of medium and high ecological sensitivity excluded.
Some of the implications, uncertainties and limitations associated with opportunity and constraint
mapping, as well as the production, application and interpretation of sensitivity maps, are discussed
in the sections below.
A1.6.1 Deployment constraints
In this analysis it was assumed that policy constraints (both on and offshore) remain in place all the
way through to 2050. However, this depends to a large part on strategic priorities and public
opinion, and thus some flexibility might exist in some of these constraints in the future. In many
instances opportunities for the deployment of renewable technologies are limited primarily through
a combination of physical and political constraints rather than ecological sensitivity. This is
particularly obvious in the cases of onshore wind and tidal stream technologies. For example,
stringent policy constraints on the deployment of onshore wind turbines reduced the area of
opportunity by 107,072 km2, equivalent to 44% of the UK land area (Table 13). The majority of this
reduction is due to the 600 m buffer zone around individual houses where, at present, wind turbines
are highly unlikely to get planning permission. If local planning authorities and public opinion
become more positive towards onshore wind, resulting in less stringent planning restrictions this
could increase the area of opportunity substantially. Similarly offshore, considerable flexibility exists
to increase areas available for deployment of renewables should policy decisions prioritise this use
of the sea over other uses.
In some cases deployment potential is significantly constrained by ecological sensitivity, for example
approximately 50% of sea areas identified as being sensitive to the presence of renewable
technologies (Figure A4). Whilst it is certainly true that the seas around the UK are extraordinarily
rich in wildlife, and a high degree of sensitivity is to be expected, some of this apparent sensitivity is
explained by the mapping approach taken. There are two reasons for adopting such an approach;
firstly limitations in data available and secondly uncertainty around the nature and extent of
impacts.
A1.6.2 Limitations in data
In some of the sensitivity maps, large areas of land or sea are classified as ecologically sensitive
(especially to solar/biomass and offshore wind energy), and this approach may be over
precautionary. However, this precaution is arguably necessary due to data gaps related to many
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species, particularly seabirds, which are known to be negatively affected by offshore wind (Gove et
al 2013). Not only is there a limited amount of data on seabirds at sea, but the only UK-wide data
available for breeding seabirds is from the last national seabird census, which took place between
1998 and 2002 (Mitchell et al 2004) and which may now be out of date. There is an urgent need to
not only collect more at-sea data but to update knowledge related to breeding seabirds with a new
national census. Furthermore, not only is information on the distribution of marine species
incomplete, but the network of protected sites at sea is much less comprehensive than that on land.
This was partially accounted for in this analysis by adding proposed protected areas and increasing
the sensitivity ratings of other sites (e.g. IBAs). However, until there is a robust network of marine
protected sites, the status of offshore areas with low/unknown sensitivity must be approached with
caution, and particular care should be taken when interpreting the sensitivity maps far from the UK’s
coastline. Aside from seabirds, the main species-specific data used in the sensitivity maps were
obtained from the APEI dataset (Batey and Edwards 2014). However, this data layer represents
density/species diversity rather than sensitivity to a particular technology, consequently the layer
was allocated a medium sensitivity score.
A1.6.3 Nature, extent and duration of impacts
The ecological impacts of several renewable technologies are still poorly understood (BirdLife
Europe 2011), and research and monitoring are required to reduce uncertainty about environmental
impacts. Whilst understanding of wildlife distributions and their sensitivities to these technologies
remains partial, there will be risks that renewable energy technology developments can be located
inappropriately.
Technologies such as onshore wind are already mature, reasonably widespread and with reasonably
well-understood impacts (BirdLife Europe 2011; Gove et al 2013), giving a degree of confidence in
the estimates of sustainable capacities. On the other hand, those technologies in the development
phase (floating wind, wave and tidal stream) have estimated capacities that are at present largely
theoretical, and their potential impacts are poorly understood. It is clear that there is considerable
capacity within the UK for the production of renewable energy, but further investment in research
and development is necessary, particularly for offshore technologies. Thus less confidence can be
attached to the sensitivity maps produced for these technologies. Likewise although bioenergy crops
and solar farms are already widely deployed there are relatively few long-term ecological studies on
which to base estimates of species sensitivities and the extent of potential impacts.
The implications of applying sensitivity mapping to limited and potentially incomplete lists of species
requires consideration. For example it was not possible to distinguish between the low/unknown
ecological sensitivity categories in the mapping process, since data on the distribution of some
sensitive species are not sufficiently comprehensive to prove their absence from areas which are not
marked as sensitive. This is particularly true for offshore areas. This is a significant limitation of the
sensitivity mapping process. Conversely, not all areas marked as sensitive are necessarily exclusion
zones with respect to renewable technologies. Finally, there may be further ecological risks
associated with the deployment of some renewable energy technologies, for example the landfall of
electricity cables or the construction of new power lines/cables, or cumulative impacts which are
difficult to predict and map.
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A1.6.4 Uncertainty in the mapping process and the use of the sensitivity maps
The opportunity maps created for this paper were not specifically designed to identify areas which
should or should not be used to deliver renewable energy, but rather to indicate the aggregated land
or sea areas available for renewable energy production at different levels of ecological sensitivity.
Whilst the maps may be used for making strategic decisions, they are not of sufficiently high spatial
resolution to be used for site selection purposes. The maps show the maximum areas available for
technology deployment based on estimated low or medium ecological risk, and do not account for
the likelihood of a technology being deployed there. There are many considerations not taken into
account, for instance the economics of deployment such as land rental prices, access, the existence
of suitable infrastructure or the cost of connecting to the grid. The analysis of the cost or the
likelihood of deployment are both beyond the scope of this report, which was designed to test the
theoretical deployment potential of these technologies. However, the sensitivity maps we have
created and updated as part of this analysis can be of strategic use when considering the expansion
of renewables, both onshore and offshore, in the UK.
Where developments are proposed in areas identified as sensitive, this is indicative that an EIA will
need to be more comprehensive to determine whether deployment at low ecological risk is feasible
and to identify possible mitigation measures. Though impacts of some technologies have been
extensively researched (e.g. onshore wind: see Langston and Pullan 2003; Drewitt and Langston
2006; Hötker et al 2006; Baerwald et al 2008; Gove et al 2013), much is still unknown, especially
regarding cumulative impacts. The deployment of any renewable technology should be associated
with a robust monitoring program to monitor sites before, during and after construction, to reduce
uncertainty about the impacts on biodiversity and to identify potential mitigation measures. Little
research has been conducted to date on the impacts of landscape scale deployment of solar farms or
bioenergy crops, for which there may be unforeseen impacts.
In the analysis of sensitivity for bioenergy crops we have focused primarily on Miscanthus, as this is
the most widespread biomass crop in the UK. However, other bioenergy feedstocks are also
becoming more common, such as annual grass crops (e.g. maize) for biogas production. Despite this,
the map is likely to give a fairly good indication of sensitivity regardless of the nature of the crop, as
the sensitivity mapping focused on species that would be likely to be negatively impacted by land
use change and intensification of field management per se, rather than energy crops specifically.
Although crop-specific issues such as erosion, run-off or water use were not considered within the
mapping process. In general, there is a lack of research into the long-term effect of energy crop
production, which will need to be addressed to fully understand the ecological impacts. There may
be measures that could be put in place to improve the habitat for wildlife and reduce the impacts of
changes in land-use or cropping patterns (many such measures are already applied through agrienvironment schemes and these could be rolled out alongside solar developments or energy crop
cultivation).
A1.6.5 Comments on bioenergy crops or solar farms
The species assemblage approach we used led to a relatively high percentage of land being classified
as medium sensitivity to bioenergy crops and solar farms. In large part this is due to insufficient
knowledge of the potential ecological impacts of energy crop cultivation or solar farm deployment to
be able to confidently predict which species will be most sensitive to their deployment, and the
extent of potential impacts. Although most agricultural land technically could be utilised for energy
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crop cultivation or solar farms, it is unrealistic to assume that the whole area classified as low
ecological risk could be taken out of agricultural production, without having serious implications for
food production and potentially result in unacceptable levels of indirect land use change (ILUC)
(Searchinger et al 2008). We therefore assumed that the minimum estimate of agricultural land
available for energy production is 3,500 km2 (DEFRA 2007; Lovett et al 2009). Realistically, more land
could be available without ILUC issues or conflict with food production, although where the limit of
sustainability lies between the 3,500 km2 and the 363,000 km2 quoted by DECC et al (2012) remains
unclear. Solar farms can also be deployed on non-agricultural land which is unsuitable for energy
crops, such as brownfield sites, and this has been taken into consideration in the area estimates.
In this analysis it is assumed that solar farms will be deployed in preference to bioenergy crops as
they produce energy more efficiently. In reality, both are likely to be deployed, since some sites
might not gain planning permission for a solar farm, or a land owner may choose to prioritise
bioenergy crops for economic reasons (e.g. cost of connecting to the grid, for domestic use or due to
a contractual agreement). Furthermore, not all areas identified in the mapping for bioenergy crops
will be suitable for their cultivation. For example, large parts of the southwest of England have been
identified as suitable, but some areas may not have the correct climate, soil or water availability for
successful production (Allen et al 2014).
A1.6.6 Impact mitigation
The mitigation hierarchy (avoid-mitigate-offset) should be followed when developing plans to deploy
renewables with the main emphasis on avoidance (siting installations in areas of low ecological risk).
However, mitigation (and enhancement) can be used where appropriate. For example, best-pratice
during the design and construction phases of schemes can reduce impacts on wildlife, and land may
be managed to minimise interactions between renewables infrastructure and wildlife. In some
locations biodiversity gains may be possible, such as where improved grassland or arable is
converted to wildflower meadows between or beneath solar panels, or around field margins where
energy crops are grown. However, the effectiveness of these measures should be examined
experimentally and thoroughly monitored, as they are currently largely untested in these
environments.
A1.6.7 The role of technological innovation
It is very difficult to represent significant technology development within these models, particularly
for a time horizon up to 2050 which could see rapid changes in the technologies available for
deployment. There may be large changes to the modelling parameters that predict where the
technologies can be deployed cost effectively over the coming years. None of the offshore
technologies analysed in this paper, except fixed-base offshore wind, are currently deployed
commercially. If these technologies are not progressed through to the market place, it is likely to
increase the pressure to deploy those technologies which are market ready (onshore wind, solar,
bioenergy and fixed-base offshore wind) in order to meet carbon emissions reduction targets. This is
likely to mean that the upper estimates for their deployment potentials outlined here become a
reality, which may potentially increase the risk of conflict with biodiversity.
It is clear that there is considerable capacity within the UK for the production of renewable energy.
However, some of the resource potential requires unlocking through investment in research and
development, particularly with respect to offshore technologies. It should also be remembered that
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the impacts of several renewable technologies are currently less well understood, and investment in
research and monitoring will help to ensure that these are better comprehended.
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Table A14. Estimated energy availability through the deployment of fixed-base offshore wind energy. Areas available, potential installed capacities and
annual energy output under different scenarios, considering the available resource along with physical, policy and ecological constraints.

High ecological risk scenario

Medium ecological risk scenario

(no sensitivity applied)

(high sensitivity areas excluded)

Low ecological risk scenario

Fixed-base offshore turbines

Opportunity

Prime

Prime & good

Prime, good
& technical

Constraints
None
Physical only
Physical + Policy level 1
Physical +Policy levels 1 & 2
Physical + Policy levels 1, 2 & 3
None
Physical only
Physical + Policy level 1
Physical + Policy levels 1 & 2
Physical + Policy levels 1, 2 & 3
None
Physical only
Physical + Policy level 1
Physical + Policy levels 1 & 2
Physical + Policy levels 1, 2 & 3

Area
2
(km )
14,374
11,903
8,555
7,149
1,536
89,595
67,639
54,842
39,296
15,276
106,173
82,848
69,237
51,923
22,700

Potential
installed
capacity
(GW)
72
60
43
36
8
448
338
274
196
76
531
414
346
260
114

Annual
energy
output
(TWh/yr)
315
261
187
157
34
1,963
1,482
1,202
861
335
2,327
1,816
1,517
1,138
497

2

Area
2
(km )
843
679
498
435
107
9,252
7,436
6,591
5,190
3,049
14,453
12,499
11,578
9,977
7,341

Power density = 5 MW/km (Offshore Valuation Group 2010); Load factor = 0.5 (Energy Numbers 2015).
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Potential
installed
capacity
(GW)
4
3
2
2
1
46
37
33
26
15
72
62
58
50
37

Annual
energy
output
(TWh/yr)
18
15
11
10
2
203
163
144
114
67
317
274
254
219
161

(medium and high sensitivity
areas excluded)
Potential
Annual
Area
installed
energy
2
(km )
capacity
output
(GW)
(TWh/yr)
264
1
6
191
1
4
95
0
2
60
0
1
37
0
1
3,617
18
79
2,333
12
51
1,763
9
39
813
4
18
233
1
5
7,242
36
159
5,859
29
128
5,229
26
115
4,134
21
91
3,162
16
69

Table A15. Estimated energy availability through the deployment of floating offshore wind energy. Areas available, potential installed capacities and
annual energy output under different scenarios, considering the available resource along with physical, policy and ecological constraints.

High ecological risk scenario

Medium ecological risk scenario

(no sensitivity applied)

(high sensitivity areas excluded)

Low ecological risk scenario

Floating offshore turbines

Opportunity

Prime

Prime &
good

Prime, good
& technical

Constraints
None
Physical only
Physical + Policy level 1
Physical +Policy levels 1 & 2
Physical + Policy levels 1, 2 & 3
None
Physical only
Physical + Policy level 1
Physical + Policy levels 1 & 2
Physical + Policy levels 1, 2 & 3
None
Physical only
Physical + Policy level 1
Physical + Policy levels 1 & 2
Physical + Policy levels 1, 2 & 3

Area
(km2)
109,573
100,606
94,029
74,409
26,619
365,996
337,193
326,125
296,198
219,233
561,208
530,514
519,446
489,519
412,552

Potential
installed
capacity
(GW)
548
503
470
372
133
1,830
1,686
1,631
1,481
1,096
2,806
2,653
2,597
2,448
2,063

Annual
energy
output
(TWh/yr)
2,401
2,205
2,061
1,631
583
8,021
7,389
7,147
6,491
4,804
12,299
11,626
11,383
10,728
9,041

2

Area
(km2)
14,632
13,617
13,003
12,136
8,152
198,851
182,701
178,072
170,260
150,886
346,013
328,628
323,999
316,187
296,813

Power density = 5 MW/km (Offshore Valuation Group 2010); Load factor = 0.5 (Energy Numbers 2015).
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Potential
installed
capacity
(GW)
73
68
65
61
41
994
914
890
851
754
1,730
1,643
1,620
1,581
1,484

Annual
energy
output
(TWh/yr)
321
298
285
266
179
4,358
4,004
3,902
3,731
3,307
7,583
7,202
7,100
6,929
6,505

(medium and high sensitivity
areas excluded)
Potential
Annual
Area
installed
energy
(km2)
capacity
output
(GW)
(TWh/yr)
12,405
62
272
11,475
57
251
10,945
55
240
10,300
52
226
7,241
36
159
171,088
855
3,749
156,724
784
3,435
152,476
762
3,341
146,006
730
3,200
128,998
645
2,827
273,024
1,365
5,983
257,875
1,289
5,651
253,627
1,268
5,558
247,157
1,236
5,416
230,149
1,151
5,044

Table A16. Estimated energy availability through the deployment of offshore tidal stream energy. Areas available, potential installed capacities and
annual energy output under different scenarios, considering the available resource along with physical, policy and ecological constraints.
High ecological risk scenario

Medium ecological risk scenario

(no sensitivity applied)

(high sensitivity areas excluded)

Offshore tidal stream

Opportunity

Prime

Prime &
good

Prime, good
& technical

Constraints

Area
(km2)

None
Physical only
Physical + Policy level 1
Physical +Policy levels 1 & 2
Physical + Policy levels 1, 2 & 3
None
Physical only
Physical + Policy level 1
Physical + Policy levels 1 & 2
Physical + Policy levels 1, 2 & 3
None
Physical only
Physical + Policy level 1
Physical + Policy levels 1 & 2
Physical + Policy levels 1, 2 & 3

964
914
789
568
47
10,437
9,376
6,747
3,826
610
12,246
10,764
7,871
4,633
774

Potential
installed
capacity
(GW)
17
16
14
10
1
183
164
118
67
11
214
188
138
81
14

Annual
energy
output
(TWh/yr)
59
56
48
35
3
640
575
414
235
37
751
660
483
284
47

2

Area
(km2)
601
556
486
393
27
6,715
5,921
4,656
2,818
448
8,089
6,939
5,560
3,458
573

Potential
installed
capacity
(GW)
11
10
9
7
0
118
104
81
49
8
142
121
97
61
10

Power density = 17.5 MW/km (Offshore Valuation Group 2010); Load factor = 0.4 (Offshore Valuation Group 2010).
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Annual
energy
output
(TWh/yr)
37
34
30
24
2
412
363
286
173
27
496
426
341
212
35

Low ecological risk scenario
(medium and high sensitivity
areas excluded)
Potential
Annual
Area
installed
energy
(km2)
capacity
output
(GW)
(TWh/yr)
264
5
16
229
4
14
168
3
10
125
2
8
7
0
0
3,280
57
201
2,979
52
183
2,219
39
136
1,187
21
73
168
3
10
4,291
75
263
3,728
65
229
2,875
50
176
1,647
29
101
284
5
17

Table A17. Estimated sea areas available for the deployment of wave energy. Areas available under different scenarios, considering the available resource
along with physical, policy and ecological constraints.

Offshore wave energy

Opportunity

Prime

Prime &
good

Prime, good
& technical

Constraints
None
Physical only
Physical + Policy level 1
Physical +Policy levels 1 & 2
Physical + Policy levels 1, 2 & 3
None
Physical only
Physical + Policy level 1
Physical + Policy levels 1 & 2
Physical + Policy levels 1, 2 & 3
None
Physical only
Physical + Policy level 1
Physical + Policy levels 1 & 2
Physical + Policy levels 1, 2 & 3

High ecological risk
scenario

Medium ecological
risk scenario

Low ecological risk
scenario

(no sensitivity
applied)

(high sensitivity areas
excluded)

(medium and high
sensitivity areas
excluded)

Area (km2)

Area (km2)

Area (km2)

34,411
31,918
31,708
31,386
25,054
200,214
185,788
183,050
171,927
129,235
244,546
223,705
219,519
206,311
159,068

23,580
21,672
21,608
21,365
18,296
151,439
139,230
137,473
127,721
101,419
192,594
174,567
171,503
159,844
129,263

2,868
2,832
2,829
2,829
2,641
80,140
74,071
73,058
67,728
58,903
121,272
109,387
107,067
99,830
86,726
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Table A18. Estimated energy available through the deployment of onshore renewable energy technologies in UK countries with all physical and policy
constraints applied.

Onshore technologies

Opportunity

Country

England
Onshore
winda

Northern
Ireland
Scotland
Wales
England

Solarb

Northern
Ireland
Scotland
Wales
England

Biomassc

Northern
Ireland
Scotland

High ecological risk

Medium ecological risk

(no sensitivity applied)

(high sensitivity areas excluded)

Area (km2)
[relative to
country land
area]
5,829
[4,5%]
461
[3.3%]
9,411
[11.9%]
1,275
[6.1%]
86,792
[66.5%]
9,127
[64.8%]
39,434
[50.0%]
10,675
[51.4%]
73,859
[56.6%]
7,464
[53.0%]
16,048
[20.3%]

Potential
installed
capacity
(GW)

Annual
energy
output
(TWh/yr)

52

138

4

11

85

223

11

30

1,909

1,506

201

158

868

684

235

185

55

257

6

26

12

56

Area (km2)
[relative to
country land
area]
4,336
[3.3%]
205
[1.5%]
5,225
[6.6%]
757
[3.6%]
82,920
[63.5%]
8,364
[59.4%]
33,745
[42.8%]
9,764
[47.0%]
72,451
[29.7%]
7,182
[51.0%]
15,651
[19.8%]
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Low ecological risk

Potential
installed
capacity
(GW)

Annual
energy
output
(TWh/yr)

39

103

2

5

47

124

7

18

1,824

1,439

184

145

742

586

215

169

54

252

5

25

12

54

(high and medium sensitivity areas
excluded)
2
Area (km )
Potential
Annual
[relative to
installed
energy
country land capacity
output
area]
(GW)
(TWh/yr)
3,594
32
85
[2.8%]
149
1
4
[1.1%]
1,713
15
41
[2.2%]
476
4
11
[2.3%]
29,648
652
515
[22.7%]
7,058
155
123
[50.1%]
12,395
273
215
[15.7%]
7,707
170
134
[37.1%]
25,787
19
90
[10.6%]
6,346
5
22
[45.1%]
8,148
6
28
[10.3%]

Wales

6,918
[33.3%]

a

5

6,774
[32.6%]

24

5

24

5,857
[28.2%]

4

20

2

Onshore wind - power density = 9 MW/km (SQW Energy 2010); load factor = 0.3 (DECC 2014c; DECC 2015a)
2
Solar photovoltaics - power density = 22 MW/km (MacKay 2009); load factor = 0.09 (DECC 2014c; DECC 2015a)
c
2
Biomass electricity - power density = 0.75 MW/km ( MacKay 2009); load factor = 0.53 (DECC 2014c; DECC 2015a)
b

Table A19. Estimated energy available through the deployment of offshore renewable energy technologies in waters under the jurisdiction of UK
countries, with all physical constraints applied in full, with various levels of policy constraint applied (from just level 1 to all three levels).

Offshore technologies

Opportunity

Sea area

Opportunity

Prime

Offshore
wind (fixed
base)a

Scotland
offshore
energy
zone
(SOEZ)

Prime and
good
Prime, good
and
technical
Prime

UK waters
outside of
SOEZ

Prime and
good
Prime, good
and

High ecological risk

Medium ecological risk

(no sensitivity applied)

(high sensitivity areas excluded)

Area (km2)
[relative to
UK sea
area]
271-1,441
[0.0-0.2%]
2,44811,454
[0.3-1.3%]
4,21816,496
[0.5-1.9%]
1,265-7,114
[0.1-0.8%]
12,82843,388
[1.5-4.9%]
18,48252,741

Low ecological risk
(high and medium sensitivity areas
excluded)
Potential
Annual
Area (km2)
installed
energy
[relative to
capacity
output
UK sea area]
(GW)
(TWh/yr)
28-38
0-0
1-1
[0.0-0.0%]

Potential
installed
capacity
(GW)

Annual
energy
output
(TWh/yr)

Area (km2)
[relative to
UK sea area]

Potential
installed
capacity
(GW)

Annual
energy
output
(TWh/yr)

1-7

6-32

94-397
[0.0-0.0%]

0-2

2-9

12-57

54-251

388-1,642
[0.0-0.2%]

2-8

9-36

33-108
[0.0-0.0%]

0-1

1-2

21-82

92-362

688-2,170
[0.1-0.2%]

3-11

15-48

241-464
[0.0-0.1%]

1-2

5-10

6-36

28-156

13-101
[0.0-0.0%]

0-1

0-2

9-57
[0.0-0.0%]

0-0

0-1

64-217

281-951

2,661-4,949
[0.3-0.6%]

13-25

58-108

200-1,655
[0.0-0.2%]

1-8

4-36

92-264

405-1,156

6,653-9,408
[0.8-1.1%]

33-47

146-206

2,921-4,765
[0.3-0.5%]

15-24

64-104
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technical

Prime

SOEZ

Prime and
good
Prime, good
and
technical

Offshore
wind
(floating
turbines)a

Prime
UK waters
outside of
SOEZ

Prime and
good
Prime, good
and
technical
Prime

SOEZ
Tidal
streamb
UK waters
outside of
SOEZ

Prime and
good
Prime, good
and
technical
Prime
Prime and
good

[2.1-6.0%]
9,64038,018
[1.1-4.3%]
147,299200,071
[16.822.8%]
339,570392,344
[38.744.8%]
16,97956,011
[1.9-6.4%]
71,934126,054
[8.2-14.4%]
72,982127,102
[8.3-14.5%]
20-579
[0.0-0.1%]
242-1,839
[0.0-0.2%]
253-2,060
[0.0-0.2%]
27-210
[0.0-0.0%]
368-4,908
[0.0-0.6%]

48-190

211-833

3,444-5,276
[0.4-0.6%]

17-26

75-116

2,973-3,889
[0.3-0.4%]

15-19

65-85

736-1,000

3,2284,384

95,132110,163
[10.9-12.6%]

476-551

2,0852,414

88,190101,431
[10.1-11.6%]

441-507

1,9332,223

1,6981,962

7,4428,598

240,011255,042
[27.4-29.1%]

1,2001,275

5,2605,589

188,854202,095
[21.5-23.1%]

944-1,010

4,1394,429

85-280

372-1,227

4,708-7,727
[0.5-0.9%]

24-39

103-169

4,268-7,056
[0.5-0.8%]

21-35

94-155

360-630

1,5762,762

279-340

1,2221,488

204-255

894-1,119

365-636

1,5992,785

284-345

1,2451,511

206-258

905-1,129

0-10

1-36

0-6

1-21

0-2

0-6

4-32

15-113

4-25

14-88

0-5

1-17

4-36

16-126

4-28

14-100

0-5

1-19

0-4

2-13

0-2

0-9

0-1

0-4

6-86

23-301

4-56

14-198

3-34

9-119
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55,75467,909
[6.4-7.7%]
56,80268,957
[6.5-7.9%]
20-346
[0.0-0.0%]
223-1,437
[0.0-0.2%]
228-1,624
[0.0-0.2%]
7-140
[0.0-0.0%]
225-3,219
[0.0-0.4%]

40,80851,045
[4.7-5.8%]
41,29551,532
[4.7%-5.9%]
0-103
[0.0-0.0%]
18-276
[0.0-0.0%]
18-309
[0.0-0.0%]
7-65
[0.0-0.0%]
150-1,943
[0.0-0.2%]

Prime, good
and
technical
Prime

SOEZ

Prime and
good
Prime, good
and
technical

Wave
energyc

Prime
UK waters
outside of
SOEZ

a

Prime and
good
Prime, good
and
technical

521-5,811
[0.1-0.7%]

9-102

32-357

25,03331,098
[2.9-3.5%]
103,856136,036
[11.815.5%]
129,178167,184
[14.719.1%]
21-610
[0.0-0.1%]
25,37947,014
[2.9-5.4%]
29,89052,335
[3.4-6.0%]

2

345-3,936
[0.0-0.4%]

6-69

21-242

18,27521,050
[2.1-2.4%]

2,641-2,829
[0.3-0.3%]

81,54098,032
[9.3-11.2%]

43,03248,095
[4.9-5.5%]

105,343127,240
[12.0-14.5%]

66,83577,303
[7.6-8.8%]

21-558
[0.0-0.1%]
19,87939,441
[2.3-4.5%]
23,92044,263
[2.7-5.0%]

0-0
[0.0-0.0%]
15,87124,963
[1.8-2.8%]
19,89129,764
[2.3-3.4%]

Offshore wind - power density = 5 MW/km (SQW Energy 2010); load factor = 0.5 (DECC 2014c; DECC 2015a)
2
Tidal stream - power density = 17.5 MW/km (Offshore Valuation Group 2010); load factor = 0.4 (Offshore Valuation Group 2010)
c
Wave energy – see Section A1.5.3 for approach to wave energy frontiers
b
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266-2,566
[0.0-0.3%]

5-45

16-157

Figure A3. Opportunity and constraint mapping for onshore wind energy. A) Opportunity map for
commercial-scale onshore wind development (green areas), B) opportunity map for onshore wind
development overlaid with physical constraints (red areas) to exploiting the resource, C)
opportunity map for onshore wind development overlaid with physical and policy constraints
(yellow areas) to exploiting the resource, D) opportunity map for onshore wind development
overlaid with physical and policy constraints to exploiting the resource, remaining areas of
opportunity with high or medium ecological sensitivity (purple and blue areas respectively), to
onshore wind are also marked.
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Figure A4. Sensitivity by area for ‘medium risk’ renewable technologies.
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Figure A5. Ecological sensitivity map for commercial scale onshore wind development. Showing
areas of high sensitivity (purple), medium sensitivity (blue) and low/unknown sensitivity (green).
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Figure A6. Opportunity and constraint mapping for bioenergy crops. A) Opportunity map for the
large-scale cultivation of energy crops (green areas); B) opportunity map for energy crops overlaid
with physical constraints (red areas) to exploiting the resource; C) opportunity map for energy crops
overlaid with physical and policy constraints (yellow areas) to exploiting the resource; D) opportunity
map for energy crops overlaid with physical and policy constraints to exploiting the resource,
remaining areas of opportunity with high or medium ecological sensitivity (purple and blue areas
respectively) are also marked.
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Figure A7. Opportunity and constraint mapping for field-scale solar energy. A) Opportunity map for
the deployment of solar farms in the UK (green areas); B) opportunity map for solar farms overlaid
with physical constraints (red areas) to exploiting the resource; C) opportunity map for solar farms
overlaid with physical and policy constraints (yellow areas) to exploiting the resource; D) opportunity
map solar farms overlaid with physical and policy constraints to exploiting the resource, remaining
areas of opportunity with high or medium ecological sensitivity (purple and blue areas respectively)
are also marked.
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Figure A8. Ecological sensitivity map for energy crops and the deployment of field-scale solar
energy. Showing areas of high sensitivity (purple), medium sensitivity (blue) and low/unknown
sensitivity (green).
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Figure A9. Combined map of areas of remaining opportunity for onshore technologies after all
areas of constraints and ecological sensitivity have been removed. Areas available for onshore
wind energy areas shown in blue, bioenergy or solar in green and solar only in red.
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Figure A10. Opportunity and constraint mapping for fixed-base offshore wind energy. A)
Opportunity map for fixed-base offshore wind developments (light green is prime opportunity, midgreen is good opportunity and dark green is technical opportunity); B) opportunity map for fixedbase offshore wind developments overlaid with physical constraints (red) to exploiting the resource;
C) opportunity map for fixed-base offshore wind developments overlaid with physical and policy
constraints (from level 1, least constrained, in light yellow, to level 3, most constrained, in brown) to
exploiting the resource; D) opportunity map for fixed-base offshore wind developments with
physical and policy constraints to exploiting the resource applied, remaining areas of opportunity are
overlaid with areas of high (purple) and medium (blue) ecological sensitivity to offshore wind.
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Figure A11. Opportunity and constraint mapping for floating offshore wind energy. A) Opportunity
map for floating offshore wind developments (light green is prime opportunity, mid-green is good
opportunity and dark green is technical opportunity); B) opportunity map for floating offshore wind
developments overlaid with physical constraints (red) to exploiting the resource; C) opportunity map
for floating offshore wind developments overlaid with physical and policy constraints (from level 1,
least constrained, in light yellow, to level 3, most constrained, in brown) to exploiting the resource;
D) opportunity map for floating offshore wind developments with physical and policy constraints to
exploiting the resource applied, remaining areas of opportunity are overlaid with areas of high
(purple) and medium (blue) ecological sensitivity to offshore wind.
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Figure A12. Ecological sensitivity map for the deployment of offshore wind energy. Showing sea
areas of high sensitivity (purple), medium sensitivity (dark blue) and low/unknown sensitivity (pale
blue).
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Figure A13. Opportunity and constraint mapping for offshore tidal stream energy. A) Opportunity
map for tidal stream developments (light green is prime opportunity, mid-green is good opportunity
and dark green is technical opportunity); B) opportunity map for tidal stream developments overlaid
with physical constraints (red) to exploiting the resource; C) opportunity map for tidal stream
developments overlaid with physical and policy constraints (from level 1, least constrained, in light
yellow, to level 3, most constrained, in brown) to exploiting the resource; D) opportunity map for
tidal stream developments with physical and policy constraints to exploiting the resource applied,
remaining areas of opportunity are overlaid with areas of high (purple) and medium (blue) ecological
sensitivity to offshore wind.
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Figure A14. Ecological sensitivity map for the deployment of tidal stream technologies. Showing
sea areas of high sensitivity (purple), medium sensitivity (dark blue) and low/unknown sensitivity
(pale blue).
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Figure A15. Opportunity and constraint mapping for wave energy. A) Opportunity map for wave
energy developments (light green is prime opportunity, mid-green is good opportunity and dark
green is technical opportunity); B) opportunity map for wave energy developments overlaid with
physical constraints (red) to exploiting the resource; C) opportunity map for wave energy
developments overlaid with physical and policy constraints (from level 1, least constrained, in light
yellow, to level 3, most constrained, in brown) to exploiting the resource; D) opportunity map for
wave energy developments with physical and policy constraints to exploiting the resource applied,
remaining areas of opportunity are overlaid with areas of high (purple) and medium (blue) ecological
sensitivity to offshore wind.

189

Figure A16. Ecological sensitivity map for the deployment of wave energy technologies. Showing
sea areas of high sensitivity (purple), medium sensitivity (dark blue) and low/unknown sensitivity
(pale blue).
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Figure A17. Opportunity and constraint mapping for wave energy. Showing potential frontiers
across areas of low/unknown ecological sensitivity in areas of opportunity where there are no
physical or policy constraints.
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Figure A18. Opportunity mapping for tidal stream, fixed wind, floating wind, wave, onshore wind,
solar and bioenergy crops. Showing areas of opportunity with low/unknown ecological sensitivity,
with physical and policy constraints to exploiting the resource applied. *Areas of no opportunity
show areas exluded due to a lack of resource opportunity, the presence of physical constraints,
policy constraints and/or high or medium ecological sensitivity.
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