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Summary

The UK’s Climate Change Risk Assessment (CCRA) aims to analyse the risks and opportunities from
climate change to the UK, with the goal of informing the priorities for the UK Government’s National
Adaptation Programme (NAP) as well as the adaptation programmes of the devolved administrations
(DAs). The UK CCRA is undertaken on a five-year rolling cycle and is now on its third cycle (CCRA3).

As part of the specification for CCRAS3, the UK Government requested an analysis of the monetary
valuation of risks and opportunities, as well as an analysis of the indicative costs and benefits of
adaptation. The valuation analysis has been undertaken as a separate exercise and is summarised in
this report. This analysis aligns with Step 1 of the urgency method, which establishes the potential
magnitude of risks and opportunities. The results of the valuation analysis have been shared with
Chapter Authors to provide supporting evidence on the magnitude of CCRAZ3 risks and opportunities.
Alongside this, further work has been undertaken on the costs and benefits of adaptation, which is
undertaken for all risks and opportunities that have a higher urgency score. The results of this work
have been included in the CCRA3 Technical Report directly, as part of Step 3 of the urgency method,
but are also included in this report.

Method

The purpose of this study is to estimate the economic value of risks and opportunities, in monetary
terms, as far as possible. This provides one way to help assess the relative importance of different
climate change risks to the UK, using a common metric (£) to compare direct impacts within and
between sectors. The aim of the analysis is to express the risks and opportunities in terms of the
effects on social value (public value), based on the principles and ideas of welfare economics and
thus relates to overall social welfare efficiency (HMT, 2020). This focus on social or public value
includes all significant costs and benefits that affect the welfare and wellbeing of the population, and
therefore includes environmental, cultural, health, social care, justice and security effects. Such an
analysis looks at costs and benefits that have direct implications for the economy, but also those that
do not involve market prices.

This approach was used in CCRA1 to estimate the order of magnitude of all risks and opportunities in
monetary terms (but not an overall aggregate total value, i.e. expressed as a % of GDP). This was
possible because CCRA1 was a major new study that undertook new quantitative or qualitative
analysis for each individual risk and opportunity. There was no monetary valuation in CCRA2.

For the valuation in CCRAZ3, indicative estimates of monetary values have been generated for each
risk and opportunity as far as possible. These have been estimated for 2°C and 4°C pathways
(globally, relative to pre-industrial), both in the mid-century and the end of the century. Where
available, estimates are broken down by DA.

However, there are some major differences between CCRA1 and CCRA3. Most importantly, CCRA3
is a synthesis exercise. This has two important consequences. First, valuation is only possible if
there is underlying information on physical impacts in the evidence base. Second, physical or
monetary estimates are drawn from different studies, which leads to issues of consistency notably:

o Whether the total or marginal effects are reported in the existing evidence. To expand, studies
should ideally assess the present-day impact of climate, as well as the total future impact with
climate change, as this allows consideration of the additional or marginal impact. However, this is
not always the case. In this report, we focus on the total future impact, as this is what the UK
needs to adapt to, but where possible we split out the attribution to future climate change.

o Whether the analysis is undertaken for current or future socio-economic conditions. The future
impacts of climate change depend on what happens to the future climate, but also what happens
to society. Some studies assess the impacts of future climate change on the current population
and economy (static). Other studies assess the impacts of future climate on future socio-
economic conditions, e.g. on the future population or economy of 2050. Previous studies show



that including future socio-economic change makes a very large difference to the projected
impacts and often double impacts (x2) by mid-century. In a synthesis study, it is impossible to
standardise socio-economic assumptions. We aim to be transparent and report whether future
socio-economic change has been included or not, and if available, to show estimates with and
without future socio-economic change.

e Whether current and planned adaptation is included in the existing evidence. In the CCRA3
method, this is assessed in Step 2. In an ideal analysis, the valuation would be undertaken for a
counterfactual in Step 1 to establish magnitude, and then reanalysed after taking account of
current and planned adaptation (noting this would also provide an estimate of the economic
benefit of such adaptation). However, with the exception of a few areas (flooding and water) there
is almost no evidence on current and planned adaptation effectiveness. Most of the valuation
evidence is therefore presented without existing adaptation, and this may mean the valuation
presented could be over-estimating the residual risks of climate change.

It is also noted that the list of risks and opportunities in CCRA3 is more aggregated and generalised
than in CCRA1, and in many cases CCRAS3 ‘pools’ risks together. For example, CCRA1 included the
risk of ‘forest extent affected by red needle blight’, which could be valued. CCRAS3 has ‘risks to
forestry from pests, pathogens and invasive species’ and it is more difficult to try and value such a
wide range of outcomes.

Finally, there are a number of differences between this report and the main CCRAS analysis and
evidence chapters that are highlighted. First, risks and opportunities are valued using one of four
scores (<£10m/year; £tens of millions/year; £hundreds of millions/year; and >£1billion/year). Second,
absolute magnitude values (£) are presented for DAs, whereas in CCRA3, DA magnitude scores are
adjusted to reflect similar levels of national equivalence. Finally, for the valuation, scores are
presented for central estimates, while CCRA3 considers the upper value of the probability range (i.e.
the full UKCP18 10 to 90™ range) in its magnitude scoring. Values are presented in current prices, for
current and for future periods undiscounted, in order to facilitate direct comparison over time and
across scenarios.

Results

The valuation results are presented for each theme below, and for each individual risk and
opportunity. The results presented are the estimate of social value at the UK level. DA disaggregation
is included (where possible) in the main report. Only one value is presented for 2050, because there
is little difference (at the resolution of this study) between the 2 and 4°C pathways at mid-century. For
each risk and opportunity, a confidence score is included. In the CCRA3, confidence is based on the
quality of the evidence and the level of agreement in the evidence between studies and authors. For
the valuation analysis, the confidence score is extended to include confidence in the level of evidence
on economic valuation, and also the level of agreement between economic studies. This invariably
reduces the confidence down from the main CCRA3 scores.

Natural Environment

The focus of the valuation for natural environment in this analysis has been on ecosystem services,
i.e. on the provisioning, regulating, cultural and supporting services they provide. However, the
natural environment, and the quantification and valuation of ecosystem services, presents a
considerable challenge. Indeed, for 5 of the 18 risks, it was not possible to attach any robust valuation
scores.

Valuation is easiest (and there is most evidence) for the provisioning services e.g. agriculture, forestry
and fisheries, where market prices exist. The analysis of the risks of climate change to these
provisioning services indicate potentially high or very high economic costs (£billions/year) to the UK,
even by mid-century. However, there are wide differences in the evidence on these risks.

Sometimes this is due to the physical impact studies: for example, studies that assess changes in
extreme events tend to find more significant negative impacts than studies that only include slow-



onset impacts. They also vary according to whether positive aspects are included, notably CO2
fertilisation.

Interestingly, a further difference is found between studies that focus on physical impacts (and then
value changes in production) versus studies that then input these results into economic models.
Studies that use partial equilibrium or general equilibrium analysis extend beyond physical metrics
(yield) to look at markets, trade and prices, and these generally project much more positive outcomes
for the UK, indicating high or very high positive benefits. This is because of the comparative
advantage that the UK is projected to gain, as climate change impacts are projected to be larger in
many European and international countries. However, while this is positive, these opportunities may
not be realised, or limited, due to competing priorities for land and water from other uses and users.
There are also unknowns regarding the effects of Brexit on international trade. The wide range of
possible outcomes is indicated in the table below, notably for NE6 and NE14/15.

For the regulating services, the effect of climate change on natural carbon stores (NE5) — most
notably in soil, trees and seagrass — maybe significant. For example, changes in temperature and
precipitation patterns are likely to reduce the ability of soils to retain carbon and so result in carbon
emissions. It is possible to quantify these emissions and consider the value of carbon sequestration.
Using these approaches, there is the potential for the risk to be Very High. However, there is high
uncertainty with the physical pathways and interactions for this risk. It should also be noted that water
resources are also a critically important regulatory service but are discussed in relation to
infrastructure and health sections that follow.

Quite a large number of CCRAS risks are focused on pests and diseases (NE2, NE7, NE8, N12,
NE16). These are generally assessed as having low or medium impacts, but it is highlighted that this
assumes some level of management and control. It was found that these scores could change to
high or very high scores if particularly damaging non-invasive species become endemic.

There is a major gap on the valuation of cultural and supporting services, represented by unknown
scores in the table above. We suspect that many of these categories would give rise to high or very
high valuation scores (i.e. £billions/year), but there is simply not sufficient quantitative risk evidence to
assess these in monetary terms. This is a concern because it underestimates the overall economic
impacts, and may give the impression that impacts for the natural environment are lower than other
themes. We do not believe this is the case.

A number of other insights emerged from the analysis. There is less literature available (than for
other themes) on the influence of future socio-economic change on the natural environment, however,
it is clear that these changes are extremely important. They include potential changes in land-
management, as well as agricultural, forestry and fisheries policy, all of which could have a significant
influence on the nature and size of future impacts. This now also includes the very major changes
that will need to happen to land-use to deliver the UK’s Net Zero commitment (by 2050). For example,
the Net Zero commitment may result in a move away from agriculture or livestock areas towards
forestry for carbon sequestration. This would affect the various risks and opportunities from climate
change on agriculture and forestry. It is also relevant for the potential for risks and opportunities from
climate change on natural carbon storage (NE5), i.e. the effects of climate change on sequestration
rates or stored carbon (and thus changes in net GHG emissions) associated with forests, peatlands
and other natural carbon sinks.

There is also less literature on the influence of current and planned adaptation for the natural
environment, and the analysis is complicated by what is assumed about natural acclimatisation, as
well as thresholds. It is likely that impacts will rise disproportionately for the natural environment at
higher warming, but there is not the evidence to report on exactly when these non-linearities occur.
This is shown by higher scores for the 4°C pathway in the table, though this does not fully capture the
possible step changes in the scale of impacts that might arise. We therefore caution about reading the
results above too positively.



There is also a question of the effects of multiple risks acting together on the natural environment, i.e.
this is one area where considering risks individually does not give the full picture. This fact is,
therefore, supportive of the use of the natural capital approach to understanding the aggregate effect
of climate change risks on the natural environment (Dasgupta, 2021)'.

Overall, while there is more evidence on the monetary valuation of natural environment risks and
opportunities than was available in CCRA1, there remains a major evidence gap for the valuation of
the natural environment theme. However, we stress that this is often due to a lack of quantitative
information on risks (or opportunities) rather than the valuation step, i.e. the biggest gap is the
evidence on what physical impacts will occur from climate change. It is also noted that it was much
harder to value the risks and opportunities for this theme in CCRAS3 than it was in CCRA1, because
CCRAS3 groups risks and sub sectors together. Given all of this, we recommend that further work into
the quantification and valuation of these risks should be prioritised. Given the location-specificity of
many of the risks, this might be advanced through case studies (e.g. for different risk categories and
different habitats), which could then be aggregated to provide indicative aggregate estimates

Table ES1. Economic Valuation of Risks and Opportunities for the Natural Environment.

2050s 2080s,2°C  2080s, 4°C | Confid-
ence

Risk / Opportunity

Present

Day

NE1. Risks to terrestrial species and habitats from Unknown Unknown Unknown Unknown Low
changing climatic conditions and extreme events,

NE2. Risks to terrestrial species and habitats from Unknown Unknown Unknown Unknown Low
pests, pathogens and invasive species

NE3. Opportunities from new species colonisations Unknown Unknown Unknown Unknown Low
in terrestrial habitats

NE4. Risk to soils from changing climatic H H H H Low
conditions, including seasonal aridity and wetness.

NES5. Risks to natural carbon stores and

sequestration

NEG6. Risks to and opportunities for:

Agriculture L-H [

Forestry (variability) L-H L-H L-H Low
NE7. Risks to agriculture from pests, pathogens M M H H Low
and invasive species

NES8. Risks to forestry from pests, pathogens and M M M H Low
invasive species

NE9. Opportunities for agricultural and forestry +M +H +H +VH Low
productivity from new/alternative species

N10. Risks to aquifers and agricultural land from L Unknown Unknown Unknown Low
sea level rise, saltwater intrusion

N11.Risks to freshwater species and habitats from H H H Low
changing climatic conditions and extreme events

N12. Risks to freshwater species and habitats from L L L M Low
pests, pathogens and invasive species

N13. Opportunities to freshwater species and +L +L +L +M Low
habitats from new species colonisations

NE14. Risks to marine species, habitats and L-M M M H Low
fisheries from changing climatic conditions

NE15. Opportunities to marine species, habitats +L +M +M +H Low
and fisheries from changing climatic conditions

NE16. Risks to marine species and habitats from L M M M Low
pests, pathogens and invasive species

NE17. Risks and opportunities to coastal species L M M M Low
and habitats due to coastal flooding, erosion and

climate factors

NE18. Risks and opportunities from climate change Unknown Unknown Unknown Unknown Low
to landscape character

Key
Risks Opportunities
hli +VH £hillions/year
H +H £hundreds of millions/year
M +M £tens of millions/year
L +L £<10 million/year




Infrastructure

The valuation results for the infrastructure theme are summarised below. The evidence for this theme
is mixed. The most robustly quantified risk is associated with water supply (18 but reported in H10),
which draws on the detailed analysis in the CCRA3 Research reports as well as other studies. A
demand/supply deficit is projected to occur in late-century (concentrated in England), with climate
change being a key contributor alongside socio-economic change. This will lead to large economic
costs, although there is less quantitative economic modelling to date (analysis has focused on
physical modelling). Indicative analysis in this study suggests these costs will be high (£hundreds of
millions/year), even considering existing adaptation in the water management plans, but further
economic analysis is needed.

For approximately half of the infrastructure risks, there are some quantitative estimates, but these are
taken from a wide range of studies, which are very inconsistent in terms of methods, climate
scenarios, etc. This makes comparison difficult, and further, there is often a range of reported
estimates between studies of the same risk (and in some cases, studies even report differences in the
sign). It also noted that many of the valuation studies are either highly aggregated (e.g. European
scale including the UK) or local (i.e. case studies in a particular location), and there is a gap on robust
national level estimates, with the water sector being the exception. For the remaining risks and
opportunities, there is not good quantitative information, either because the focus is on hazards that
are uncertain (such as changes in the wind regime) or because there is little evidence in the literature.
This makes valuation challenging. It is also highlighted that most studies focus on damage to
infrastructure assets, and there is less information on how climate change will affect infrastructure
services. Both are important to capture overall economic effects.

Based on the analysis undertaken, the most important risks in economic terms - alongside water (I8) -
are estimated to be the risks of cascading risks (I1) and flooding to infrastructure directly (12), both of
which are considered to have potential economic costs of £billions/year. The economic costs of
indirect/cascading impacts (I1) have been estimated as being between 1.3 to 3 times that of direct
impacts of infrastructure failures depending on the approaches and models used, and the range of
assumptions in the models. The main challenges is that there is no literature on how cascading risks
might change with climate change, i.e. the scale of the increase. The recent WSP CCRAS research
study (2020), however, estimated an increase in overall cascading risk for a 2050 4°C scenario to be
5 — 6 times higher compared to the current baseline. There is good information on the infrastructure
assets at risk of flooding (12), but less robust modelling of the potential annual damages and
economic costs, especially as compared to modelling of flooding of buildings. Nonetheless, there is
good evidence of the current economic costs of major flood years on infrastructure (including
transport and electricity), which are found to be large, especially when indirect costs are taken
account of, be this transport disruption (and lost travel time) or electricity outages. There is also
quantitative analysis showing that flood hazards are projected to increase with climate change, and
thus these costs are projected to rise.

There are a number of other risks to the transport sector. These include risks to bridges (14), the risk
of slope and embankment failure (15) and risks from high and low temperatures, high winds, lightning
(112). These are all scored individually at the medium level (tens of £million/year), though there are
important gaps in the coverage and thus these estimates are partial. It is noted there is less
consideration for most non-flood related extremes, and some potentially important gaps on key
receptors (bridges, earthworks, embankments).

There are also important risks to the energy sector (beyond flooding). While hydropower is a climate
sensitive generation technology (16), the low levels of hydro-power generation in the UK, and the
potential for positive as well as negative effects of climate change, lead to a medium score. Indeed,
some studies project potential benefits from changes in the average climate, though there are also
projected negative effects from increasing variability. Wind power is also a climate sensitive
generation technology (110), and offshore wind will play a much larger share in electricity generation,
as set out in recent Government commitments for 2030). Climate change has the potential to alter
future wind regimes. The key problem, however, is that the projected changes in the average wind



regime, as well as changes in the intensity, frequency and storms tract patterns for wind extremes,
are very uncertain. While there are studies of the economic costs of climate change for the UK, these
vary with the projections and scenarios used, and most report a range that includes potentially
positive or negative outcomes. What is clear is that given the increasing size (and electricity
generated) of the offshore wind industry, even small changes have the potential to have large
economic costs or benefits (i.e. high or very high levels). In reality, it is likely that hydro-power and
wind-power sectors face a mix of positive and negative effects, with potentially more positive
outcomes for changes in the average climate, but more negative outcomes for changes in extremes,
though these should not be aggregated because they require different adaptation responses. The
risks to other energy generation infrastructure are less clear. While there are potential impacts on
thermal generation, with changes in thermal efficiency of current plants (110) that could be high, or
from changes to water availability (19), the UK electricity mix is changing very rapidly due to the net
zero commitment. There is a major evidence gap on how the risks to the energy sector will change as
a result of this commitment, both for generation and end-use technology, but there are important
potential risks (from both 19 and 110) from a move to gas and/or biomass coupled with carbon capture
and storage, as well as an increase in the use of hydrogen generation. These issues are identified as
a priority for further consideration, including for adaptation, because a very large new stock of
technology will be added over the next 30 years that will be operational in a future climate.

Finally, there is much less information on the risks to the digital sector. Data centres are potentially
vulnerable to extreme events such as floods as with other infrastructure, but they also have
particularly vulnerability to warmer and peak temperatures, because of the need for mechanical
cooling. The costs of cooling for the digital sector will clearly rise with climate change, and some
indicative what-if analysis indicates the economic costs of these could be high (noting there are less
opportunities for passive cooling, because temperature regulation is critical).

Table ES2. Economic Valuation of Risks and Opportunities for Infrastructure.

Risk / Opportunity Present 2050s 2080s, 2°C 2080s, 4°C | Confid-
Da ence

I1. Risks to infrastructure networks (water, energy,
transport, ICT) from cascading failures
12. Risks to infrastructure services from river,
surface water and groundwater flooding
I3. Risks to infrastructure services from coastal M
flooding and erosion
14. Risks to bridges and pipelines from flooding and M M M M Low
erosion
15. Risks to transport networks from slope and M M-H M-H H Low
embankment failure
16. Risks to hydroelectric generation from low or L M +M M +M M +M | Low
high river flows
I7. Risks to subterranean and surface infrastructure M M M M Low
from subsidence
18. Risks to public water supplies from reduced M H H H Low-
water availability med
19. Risks to energy generation from reduced water L Unknown Unknown Unknown Low
availability
110. Risks to energy from high and low M H- +H- H- +H- H- +H- | Low
temperatures, high winds, lightning VH VH VH VH VH VH
111. Risks to offshore infrastructure from storms and L H- +H- H- +H- H- +H- | Low
high waves VH VH VH VH VH VH
112. Risks to transport from high and low M-H M—-H M-H M-H Low
temperatures, high winds, lightning
113. Risks to digital from high and low temperatures, | Unknown M M H Low
high winds, lightning

Key
Risks Opportunities

+VH £billions/year

H +H £hundreds of millions/year
M +M £tens of millions/year
L +L £<10 million/year




Health, Communities and the Built Environment

The summary of the health, communities and built environment theme are presented below. Note that
some risks have been split out, as compared to the CCRA3 Technical report, to allow more
disaggregated valuation (including coastal flooding in H2, energy demand for heating versus cooling
in HG6, air pollution from aeroallergens in H7 and household water supply, noting the latter overlaps
with 18).

This theme includes some of the largest economic costs of climate change identified in the overall
CCRAS3 valuation analysis, but also some of the largest economic benefits (opportunities). This is
because it includes risks for which there is high evidence, including several of the most studied risks
in both quantitative and monetary terms, and because it has a number of risks that lend themselves to
valuation, including for non-market impacts (for health).

There are very large monetary values associated with flooding (river, surface and coastal), extreme
heat (on health and well-being) and increased cooling demand. These all individually have estimated
costs of £billions/year. There is also a potentially very high magnitude for the impact of climate
change on building fabric, though this is driven by storm risk, which is very uncertain.

At the same time, there are also very high benefits (opportunities) from the improvement in health and
well-being from warmer temperatures, and from the reduced winter heating demand and energy use,
which also potentially run to £billions/year.

It is critical, however, that these risks and opportunities are considered separately and not aggregated
in monetary terms, even when they affect the same receptor (i.e. heating and cooling, health benefits
and dis-benefits), because they require different adaptation responses.

There are a number of other risks which are assessed as having low or medium monetary values.
These include risks from vector-borne disease (H8), air pollution (H7a), and food safety (H9).

There are a number of risks where the evidence is much lower, and where further investigation would
be useful, because the risks could be potentially large. This includes aeroallergens (H7b), cultural
heritage (H11), health and social care (H12) and H13: Risks to education and prison services.

There are a number of other risks which are assessed as having low or medium monetary values.
These include risks from vector-borne disease (H8), air pollution (H7a), and food safety (H9).

There are a number of risks where the evidence is much lower, and where further investigation would
be useful, because the risks could be potentially large. This includes aeroallergens (H7b), cultural
heritage (H11), health and social care (H12) and H13: Risks to education and prison services.

There is also an important gap on how some of these risks and opportunities will interact with the Net
Zero commitment. The most important issue is for the delivery of Net Zero households and the need
for low carbon heating (from the combination of fuel substitution and energy efficiency, including
insulation). Climate change will affect winter heating demand, and thus the level of heating demand,
but it will also increase the risk of summer over-heating, which could be exacerbated in low carbon
buildings. Further consideration of the economic costs and benefits of synergistic mitigation and
adaptation policy and technology is a priority for this area.



Table ES3. Economic Valuation of Risks and Opportunities for Health, Communities and the Built

Environment.

Risk / Opportunity

Present
~ Day

2050s
H

2080s, 2°C 2080s, 4°C | Confid-
ence
VH VH

H1. Risks to health and wellbeing from high VH V ‘ Low —

temperatures medium

H2. Opportunities for health and wellbeing from Low -

higher temperatures medim

H3. Risks to people, communities and buildings

from flooding

H3a River and surface flooding vi vi__vi__vdi [N

H3b Coastal flooding H H H H Medium

H4: Risks to the viability of coastal communities L L L M Low

from sea level rise

H5: Risks to building fabric Hi H Low

H6 Energy demand

Hé6a: Opportunities from reduced winter household +H + VH + VH + VH Medium

energy demand

H6b: Risks from increased summer household L-M H Low

energy demand

H7: Risks to health and wellbeing from changes in

air quality

H7a: Risks to health and wellbeing from changes in L L L L Low

air pollution

H7b: Risks to health and wellbeing from changes in | Unknown Unknown Unknown Unknown Low

aeroallergens

H8: Risks to health from vector-borne disease L-M L-M M M Low

H9: Risks to food safety and food security L L-M L-M L-M Low

H10: Risks to household water

H10a: Risks to household water supplies M H H H Low-
Medium

H10b: Risks to water quality Unknown Unknown Unknown Unknown Low

H11: Risks to cultural heritage Unknown Unknown Unknown Unknown Low

H12: Risks to health and social care delivery Unknown Unknown Unknown Unknown Low

H13: Risks to education and prison services Unknown Unknown Unknown Unknown Low

Key
Risks Opportunities
+VH £billions/year

H +H £hundreds of millions/year

M +M £tens of millions/year

L +L £<10 million/year

Business and Industry

The business and industry theme is the one theme where the evidence has changed most
significantly since the CCRA1 valuation and there is much more evidence available. This is due in
large part to the greater interest in climate-related financial disclosures for physical climate risk, as
advanced by the Task Force on Climate-related Financial Disclosures (TCFD, 20171), the Network for
Greening the Financial System (NGFS, 2019ii), and the Bank of England. However, there are still
relatively few studies of the economic costs of climate change. The analysis indicates that this is an
area where there are potentially very large economic costs, but also potentially very large economic

benefits.

One of the largest risks (very high, £billions/year) for this theme is from flooding (river and surface)
(B1), from the direct and indirect risks involved, the latter including business disruption (captured in

B6).

There are also potentially very large risks from climate change to the UK finance, investment and
insurance sectors (i.e. to financial services and markets). These involve risks that arise in the UK, but
also risks that arise internationally that affect UK businesses and investments (captured in ID8).
While it is often difficult to disentangle domestic risks, they are considered to be potentially very high,

i.e. equivalent to £billions/year, not least because of issues with rising climate extremes and

insurance.



There is also an important risk around labour productivity (B5), though the individual and overall
aggregate effects are more uncertain. The UK currently does not have an optimal climate for outdoor
work, and there are some important potential benefits for some sectors under future climates. These
might be particularly important for Scotland. At the same time, there are potentially large (negative)
impacts from heat related effects in the south of England, especially associated with extreme
temperatures. These will affect outdoor work, but also indoor productivity, though the latter could
occur as either an increase in cooling demand in buildings (given occupational standards) or a
decrease in productivity. Either could be very significant in economic terms, especially later in the
century (see also H6).

Similarly, there are potentially high risks from disruption to supply chains and distribution, but it is
difficult to separate the evidence into the risks that arise in the UK (domestically), and the risks that
arise internationally (captured in ID1 and ID7 in the International Chapter). These risks also include
elements captured in other risks, e.g. for flooding of sites (B1) and transport disruption (12).

There are also considered to be large potential benefits (opportunities). Some of these arise from
changing conditions in the UK (e.g. the improved suitability for wine growing), some from the
comparative advantage gained as other regions internationally suffer potentially greater negative
impacts (e.g. Mediterranean summer tourism) and some from the opportunities for new goods or
services (in the UK and internationally) that UK businesses could provide (e.g. new insurance
products).

Table ES4. Economic Valuation of Risks and Opportunities for Business and Industry.

Risk / Opportunity Present 2050s 2080s, 2°C ‘ 2080s, 4°C Confid-
ence
B1. Risks to business from flooding VH \ VH | Medium
B2. Risks to business and infrastructure from M M M M
coastal change
B3. Risks to businesses from water scarcity M H
B4. Risks to finance, investment and insurance M
B5. Risks to business from reduced employee L M
productivity
B6. Risks to business from disruption to supply M Unknown Unknown Unknown
chains and distribution but but but
potentially potentially potentially
M-H M-H M-H
B7. Opportunities for businesses from changes in +M +VH +VH +VH Low
demand for goods and services
Key
Risks Opportunities
+VH £billions/year
H +H £hundreds of millions/year
M +M £tens of millions/year
L +L £<10 million/year
International

The final theme, international, is challenging for valuation. This is partly because of the low
quantitative evidence base, and high uncertainty around risks and opportunities, but also because the
risks may not be ones in which economic metrics are easy to identify (and to value). The confidence
for this theme is particularly low, and there are low confidence scores across all risks and
opportunities.

There are some potentially large international risks, which could be plausibly £billions/year, notably
the risks to food availability (ID1) and risks to the financial sector (ID8). For international food chains,
previous food price shocks in the UK have affected a large number of consumers, and thus in
aggregate, they can lead to very high economic costs (through rising prices rather than availability of
food). For the financial sector, there are potentially large risks, especially because of the UK’s central



role in the global financial network, though there might also be some potential opportunities for this
sector.

There are two risks that are highly contentious in the literature (migration, ID3, and conflict, ID4). The
analysis here — while very indicative — indicates that in terms of their economic impact in the UK
(only), they may not be high - though we stress there could be very high economic costs in the
countries of origin. The other risks generally seem to be low in monetary terms, including public health
(ID9, vector borne diseases), and there is one large positive opportunity, from the arctic trade route
opening up.

Finally, there are a further set of risks that are much more difficult to quantify and value, which could
also be important, but for which there is no evidence. This includes potential risks on international law
(ID5), as well as multiplication effects (ID10).

Taken overall, the analysis suggests that while the economic costs of international risks of climate
change will rise through the next few decades and be very high in total, the impacts of these overseas
on welfare in the UK (domestically) may not be as high as previously reported, at least at mid-century.
The exception to this would be under a 4°C scenario, where the limited evidence that does exist
suggests a step change in international impacts, and thus potential effects on the UK.

Table ES5. Economic Valuation of Risks and Opportunities for International.

Oppo Prese 050 080 ° 080 4° o a

+VH +VH +VH | Low

ID1: Risks to UK food availability H
ID2: Opportunities for UK food availability L +H +H +H Low
ID3: Human mobility L L L Unknown Low
ID4: Violent conflict L M M H Low
ID5: Law and governance Unknown Unknown Unknown Unknown Low
ID6: Opportunities international trade routes +L +M +H +VH Low
ID7: Risks international trade disruption L M H Low
ID8: Risk finance sector H Low
ID9 Public Health L L M M Low -
Medium
ID10 Multiplication Unknown Unknown Unknown Unknown Low
Key
Risks Opportunities
+VH £hillions/year
H +H £hundreds of millions/year
M +M £tens of millions/year
L +L £<10 million/year
Discussion

The results above are considered through a number of key questions.

What are the largest risks and opportunities?

A first finding is that a significant number of known climate threats have very high (aggregate)
economic costs (£billions/year) in the UK, even by the mid-century. These include river and surface
water flooding to residential properties, business and infrastructure, and the impacts of sea-level rise,
coastal flooding and storm-surge to the same receptors. They also include the impact of extreme
heat, notably in terms of health and well-being (including fatalities) and overheating in the built
environment (residential and business), impacting either in terms of discomfort / reduced productivity,
or increasing cooling demand for households and business. The other main hazard, that of water
(and the water supply-demand balance) is potentially high in monetary terms in mid- and late-century,
although it varies between regions (with England projected to be the most affected). This is projected
to occur even though water management plans are already integrating climate change.




There are also large potential costs to business and industry. The evidence in this area has
increased since CCRA1, not least because of the interest in climate related financial disclosures. The
largest risks are still associated with floods, as well as to financial services, but there is a much wider
set of linkages that mean a broader set of risks could be important. Indirect risks (from extremes),
cascading risks (to infrastructure) and supply chain risks (business) all potentially involve very high
economic costs, though valuation studies are at an early stage. It is highlighted that the focus of this
analysis has been on the aggregate values at the national scale. Some risks may not be that large at
this scale, but could have high localised costs and have large impacts on particular areas or groups.
This cautions against focusing only on the largest risks.

There are almost certainly very large risks to the natural environment, again of the order of
£billions/year. These arise from a wide range of risks (including both slow-onset and extreme events),
though the evidence base for valuation remains low, both in quantitative and economic terms.

At the same time, there are a number of large economic benefits (also £billions/year) for the UK,
again by mid-century, associated with reductions in cold-weather related impacts. These include
reduced winter heating demand as well as health and well-being benefits. However, these positives
should not be summed against the negatives above, for the same receptors, because they affect
different geographical areas as well as different groups, and also require contrasting adaptation
strategies. There are also potential benefits (opportunities) for some areas of trade, as the UK may
gain a comparative advantage either because the climate becomes more suitable in the UK, or
because climate change impacts are greater in competitor countries. These include, for example,
tourism and some agricultural products. There are also likely to be some opportunities for the finance
sector, and for adaptation services more generally, both with the UK, and for UK businesses
overseas. These could help strengthen the case for political engagement in adaptation.

A second key finding is that there is a clear step change in the economic costs of climate change in
the UK for a 4°C versus a 2°C future. However, this is often masked in the tables above by the
valuation scoring: once a risk is rated as very high (>£1billion/year), the large differences between the
two futures (i.e. 2 vs 4°C) are not evident. The underlying valuation (see the chapters) shows large
differences in the actual economic costs between the 2 and 4°C worlds, even by mid-century. By the
late century the differences are extremely large. This highlights the benefits of global mitigation for
the UK. This can be seen in the figure below, which presents the absolute values for a number of key
risks. This shows the increase over time, especially in later time periods for a 4°C scenario.
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Annual economic costs of climate change in the UK (£Billion) for a selection of risks.

Values include climate and socio-economic change, presented in current prices with no discounting, central
values. Note these values are taken from different sources, and thus some care must be taken in the direct
comparison, because they use different climate model outputs, scenarios and assumptions.



It is highlighted that there are very large ranges of economic costs (or benefits) for all the risks (and
opportunities) above, because of the high uncertainty around future climate change. The valuation
scores above present the central estimates, but across the UKCP probabilistic projections, the range
of outcomes (and thus values) is very large, and sometimes even changes in sign. This uncertainty is
important at the mid-century, at which point in time the climate model uncertainty is usually larger than
the difference between a 2 versus 4°C pathway. It is not possible to present the full range of potential
economic costs easily and succinctly. It is stressed that for some adaptation decisions, the range of
future outcomes, including the upper 90" percentile outcome, will be more important than that of the
central value. This also highlights the need to consider uncertainty for any subsequent adaptation
assessment. However, while this uncertainty exists, the key message from the valuation analysis is
robust, i.e. climate change will have high economic costs in the UK. Further, this uncertainty is not a
reason for inaction, and adaptation can be designed to take this uncertainty into account.

What has changed since CCRA1?

One robust conclusion is that the size of the economic costs of climate change in the UK, as
assessed by CCRAZ3, is larger than assessed in CCRA1. A simple comparison between the two
valuation assessments is shown below. The number of very high and high risks (but also the high
and very high opportunities) is much larger in CCRA3. As an example, there were only three very high
risks (>£1Billion/year) identified in CCRA1 but over fifteen in CCR3.

It is difficult to directly compare CCRA1 and CCRAS3, because the list of risks and opportunities has
changed significantly, but in general, when there is a similar risk description, the CCRAS score is
higher than CCRA1.

These findings — of increasing costs - are mirrored in the international literature, where there has been
a general trend of increasing economic costs reported, whether in the global economic models (e.g.
the rising social cost of carbon, e.g. Nordhaus, 2017iv) or in regional or national studies (e.g. for the
economic costs of climate change in Europe, Szewczyk et al., 2020v). This is happening for a number
of reasons.

There have been some changes in the impacts literature that have led to assessments finding higher
impacts. In general, there is more consideration of extreme events in physical studies than there was
at the time of the CCRA1, and these tend to lead to negative impacts. These tend to shift the overall
narrative away from a general trend of winners and losers (from slow-onset change) to primarily a
negative impact of climate change in the UK. There is also more information and evidence on the
indirect costs of many risks, which increase economic costs, especially for major extreme events.

In terms of hazards, the timing of the CCRA3 means that the new UKCP18 projections have not fed
through to many new impact studies. The full consideration of UKCP18 (see the CCRA3 Technical
Report) does identify cases where risks have changed, and as new valuation studies emerge, this
may increase the monetary valuation estimates further. As an example, the risk of sea-level rise has
increased significantly in physical terms since CCRA1 with much higher projections (IPCC, 2019vi),
but this is not yet feeding through to higher economic costs as few studies have incorporated the
more recent projections at this time.

In addition, more of the studies undertaken since CCRA1 have factored in future socio-economic
change. This has a major influence on the size of the results. This can be illustrated with the analysis
undertaken for floods: including future population can increase future damages by 20 — 30%, but the
inclusion of future economic growth and value-at-risk can double future damages. This also highlights
the need to have a more thorough and consistent approach for accounting for these socio-economic
effects in future studies.
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2050s

Risk / Opportunit
NES5. Risks to natural carbon stores and sequestration
I1. Risks to infrastructure networks from cascading failures

H1. Risks to health and wellbeing from high temperatures

| H3a River and surface flooding

| B1. Risks to business from flooding

B4. Risks to finance, investment and insurance

ID8:_Risk finance sector

12. Risks to infrastructure services from flooding
HS5: Risks to building fabric

H6b: Risks from increased summer household energy demand
ID7: Risks international trade disruption

2080s, 2°C

B5. Risks to business from reduced employee productivi

112. Risks to transport (in addition to flooding)
NE4. Risk to soils.

2080s, 4°C

NES. Risks to and opportunities for: Agriculture

ID1: Risks to UK food availability

| 110. Risks to energy (in addition to flooding)

111. Risks to offshore infrastructure from storms and high waves

| N11.Risks to freshwater species and habitats

H3b Coastal flooding

B3. Risks to businesses from water scarcity

NE?7. Risks to agriculture from pests, pathogens and invasive

H10a: Risks to household water supplies
15. Risks to transport networks from slope / embankment failure

NEB8. Risks to forestry from pests, pathogens and invasive M M
NE14. Risks to marine species, habitats and fisheries M M
113. Risks to digital M M
1D4: Violent conflict M M H
NE16. Risks to marine from pests, pathogens and invasive M M M
NE17. Risks and opportunities to coastal species and habitats M M M
13. Risks to infrastructure services from coastal flooding M M M
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B2. Risks to business and infrastructure from coastal change M M M
| H8: Risks to health from vector-borne disease L-M M M
D9 Public Health L M M
12. Risks to freshwater from pests, pathogens and invasive L L M
H4: Risks to viability of coastal communities from sea level rise L L M
H7a: Risks to health and wellbeing from changes in air pollution L L L
H9: Risks to food safety and food security L L L
ID3: Human mobility L L L
| NE1. Risks to terrestrial species and habitats Unknown Unknown Unknown
| NE2. Risks to terrestrial from pests, pathogens and invasive Unknown Unknown Unknown
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| N10. Risks to aquifers and agricultural land from sea level rise Unknown Unknown Unknown
|_NE18. Risks and opportunities to landscape character Unknown Unknown Unknown
| 19. Risks to energy generation from reduced water availability Unknown Unknown Unknown
H7b: Risks to health / wellbeing from changes in aeroallergens Unknown Unknown Unknown
H10b: Risks to water quality Unknown Unknown Unknown
H11: Risks to cultural heritage Unknown Unknown Unknown
H12: Risks to health and social care delivery Unknown Unknown Unknown
H13: Risks to education and prison services Unknown Unknown Unknown
| ID5: Law and governance Unknown Unknown Unknown
| ID10 Multiplication Unknown Unknown Unknown
| B6. Risks to business from disruption to supply chains / dist Unknown Unknown Unknown
H2. Opportunities for health and wellbeing from high temp + VH + VH + VH
B7. Opportunities for businesses from changes in demand +VH +VH +VH
Héa: Opportunities reduced winter household energy demand + VH + VH + VH
E9. Opportunities for agricultural and forestry productivity +H +H +VH
D2: Opportunities for UK food availability +H +H +H
D6: Opportunities international trade routes + +H +VH
E15. Opportunities to marine species, habitats and fisheries + + +H
13. Opportunities to freshwater species and habitats +L +L +M

’

Comparison of overall valuation for CCRA1 (left) and CCRAS3 (right).




There is, however, one possible exception to the trend of larger impacts in CCRAS3 . This is for
international risks. CCRA1 only covered domestic risks, and so international risks were omitted.
However, at the time of CCRA1, other studies were reporting that the international risks of climate
change, i.e. that happened overseas, would cascade back and lead to impacts in the UK that were as
large as risks occurring directly (domestically) within the UK (e.g. Foresight, 2011vii). Based on the
valuation evidence presented here, this does not seem to be the case for warming of 3°C or below,
i.e. domestic risks appear much larger than international risks cascading back to the UK, though this
may be due to the lack of evidence, and the difficulty in quantifying these pathways. We also note that
this may not be true for business (and certainly some business sectors). We also stress that the
economic costs of intentional risks in the countries where these impacts occur (overseas) will be
extremely large, and that it is likely that international risks could rise disproportionately for a 4°C
pathway later in the century, and at this point, this finding is likely to change.

Finally, an interesting finding from the economic analysis is that when markets are involved, and
notably for the provisioning services (agriculture, fisheries and forestry), economic studies using
partial or general equilibrium modelling indicate different results to the physical analysis. These
economic studies tend to be much more positive for the UK, because they factor in trade and price
effects, and project that other countries in Europe and globally experience more negative impacts
than the UK (comparatively). However, it is highlighted these studies may not capture all risks due to
their aggregated nature, they do not consider other constraints (e.g. over land or water), and they may
be over optimistic on market adaptation and the potential for trade (and how this may change with
Brexit and other factors).

What is missing?

The evidence base has generally increased since CCRA1 in terms of economic information. However,
for 14 of the 61 risks and opportunities, even an indicative score was still not possible. There remains
little economic evidence for the natural environment theme, though primarily this is driven by lack of
evidence on the physical impacts of climate change, i.e. valuation is not the limiting factor (or at least,
not the only limiting factor), and on the dependencies of economic sectors on nature (beyond the
provisioning services). Many of the international risks are difficult to approach conceptually, and there
is also less economic evidence.

There is also a particular gap identified around Net Zero. These commitments will change the
receptors that climate change will act upon (e.g. the energy system), altering risks positively or
negatively. At the same time, climate change could make the net zero target harder (or easier) to
achieve, e.g. by increasing over-heating risk in summer or reducing energy demand in winter. Further
work is needed to consider how the CCRAGS risks could change under a Net Zero future. This is
particularly important to encourage synergistic mitigation-adaptation policies.

One other area that has been poorly captured in the valuation evidence base is around low
probability-high impact events. This includes the so-called climate tipping points, but also high
warming scenarios or extreme sea-level rise (including high++ scenarios). There is some limited
evidence that indicates that these events could have extremely large economic costs, plausibly even
non-marginal, though they would not only affect the UK. These outcomes are critical in the
consideration of mitigation policy, because they go beyond the limits of adaptation. Furthermore, a
new literature has emerged since CCRA1 on potential socio-economic tipping points (Van Ginkel,
2020viii), which either arise as a cascading impact from a climate tipping point, or arise from a tipping
point further down the impact chain. Again, these are a particular concern for high warming scenarios
and they could lead to very large economic impacts (e.g. Tesselaar et al, 2020ix).

What are the benefits of further adaptation?

The monetary valuation study in CCRA3 also undertook an evidence review of the costs and benefits
of further adaptation action for all individual risks and opportunities, as part of Task 3b of the CCRA3
Methodology. The review findings are reported in the Technical Chapters as a separate section for
each risk and opportunity, as well as in this report .




This review was based on the available evidence, thus the findings are partial, and can only be
considered indicative. Furthermore, it is stressed that there are a very large number of caveats in
transferring the results of existing cost-benefit studies of adaptation. This is due to the high site- and
context-specificity, but also because the long time periods and high levels of uncertainty make
quantification of benefits and thus economic analysis challenging.

Nonetheless, the review found an increased body of evidence, particularly since previous CCRAs,
and identified potentially high economic benefits from further adaptation for many of the CCRAS risks
and opportunities. The findings for a selection of individual risks are summarised in the figure below.

This identifies that many early adaptation investments deliver high value for money. The benefit-cost
ratios typically range from 2:1 to 10:1 — i.e., every £1 invested in adaptation could result in £2 to £10
in net economic benefits. The analysis also found that adaptation also often leads to important co-
benefits, so as well as reducing potential losses from climate change, it often generates direct
economic gains, or leads to social or environmental benefits. There are benefits from taking further
adaptation action for almost every risk assessed in the CCRA report.

Benefit to Cost Ratio
1:1 2:1 5:1 10:1
|

Water efficiency measures

Heat alert and heatwave planning

Weather & Climate Services including early warning

Capacity building®

Surveillance & monitoring for pests and diseases*

Upland peatland restoration

Flood preparedness and protection

Making new infrastructure resilient

Climate smart agriculture
Adaptive fisheries management*
Urban greenspace & SUDS *

Flood resilience and resistance measures

I Average (if value available) *Based on single, limited or indicative studies

Benefit to Cost ratios for Adaptation for Selected CCRA3 risks.

Notes: Figure shows the indicative benefit:cost ratios and ranges for a number of adaptation measures. It is
based on the evidence review undertaken in the CCRA3 Valuation study, which was co-funded by the EU’s
Horizon 2020 RTD COACCH project (CO-designing the Assessment of Climate CHange costs). Vertical bars
show where an average BCR is available, either from multiple studies or reviews. It is stressed that BCRs of
adaptation measures are highly site- and context-specific and there is future uncertainty about the scale of
climate change: actual BCRs will depend on these factors.

This highlights that there are benefits to acting early. Furthermore, delaying adaptation will make it
much harder to tackle future climate risks and may make large future costs inevitable: opportunities
for building resilience will decline with time (GCA, 2019%).

At the same time, some decisions and actions can be delayed: a key issue is therefore to identify
where what is urgent to do now, and what can be done later as part of an iterative, adaptive
management approach. There are three areas where early action is needed and can be justified in
economic terms (Watkiss and Betts, 2021%).



First, as highlighted above, the UK already experiences large economic costs from climate extremes
today, and these are growing. There are therefore large net economic benefits today from reducing
these with low- and no-regret actions, which have high benefit to cost ratios (OECD, 2015%).

Second, in some areas there is a large economic cost from delaying action. This involves decisions or
investment that could lead to very large future economic costs, that will be costly to address or are
irreversible. There is a one-off opportunity to avoid these risks now, but if this is not taken, we commit
(lock-in) to large future impacts. A good example is infrastructure. Infrastructure built over the next
five years will operate under a very different climate to today. If these future risks are not considered,
climate change will cause asset damage or failure, and affect operating costs and/or revenues. There
is a one-off opportunity to design infrastructure to be climate resilient when it is built, and this has a
benefit to cost ratio of 4:1 (Hallegette et al., 2019%ii). A further example is with the hundreds of
thousands of new homes being built each year in the UK, which are currently not designed for future
overheating risks. Similar issues arise with land-use, as this locks-in development patterns for
decades.

Finally, there are some extremely low-cost preparatory actions that can be taken to improve future
decisions, effectively providing option values*¥. This involves developing adaptive management plans,
especially for decisions that have long lead times or involve major future change in the future that is
uncertain.

What has been difficult and what are recommendations for future analysis?

The valuation exercise in CCRA3 has been much more challenging than in CCRA1, because of the
use of a synthesis approach in the underlying CCRA Technical Report. It has required more work to
go back to the primary physical impact literature, and it has relied more on the use of existing
economic studies in a synthesis analysis. In turn, this has made the reporting and direct comparison
of monetary values for individual risks and opportunities problematic, because primary studies use
different scenarios, socio-economic assumptions, etc. This means the valuation results here are
‘messier’ than for CCRA1.

Looking forward, it is notable that by the time of CCRAA4, it will have been fifteen years since a
systematic, comprehensive and consistent analysis of risks and opportunities for the UK has been
conducted, including an economic assessment. Given the scale of economic cost being projected in
CCRAS3, and the need to inform future risk management and adaptation decisions, it is important to
plan how CCRA4 can incorporate a more advanced analysis (including economic analysis).

Finally, alongside any analysis of risks and opportunities, there is a need to improve the economic
analysis of how current (and planned) adaptation is reducing these future risks (or enhancing
opportunities). There is very little information — from either government policy studies or the academic
literature — on the real-world impact of current adaptation. This is partly because there is insufficient
ex post data, and partly because ex ante studies are very difficult. However, it is a major gap and
would have significant benefits for the economic analysis in CCRA4.
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Introduction

The Third UK Climate Change Risk Assessment (CCRA)

The UK'’s Climate Change Risk Assessment (CCRA) aims to analyse the risks and opportunities from
climate change to the UK, with the goal of informing the priorities for the UK Government’s National
Adaptation Programme (NAP) as well as the adaptation programmes of the devolved administrations
(DAs).

The UK CCRA is undertaken on a five-year rolling cycle and is now on its third cycle (CCRA3). Work
is currently underway to produce the third CCRA Evidence Report, due for publication in 2021. The
objective of the Evidence Report is to review and analyse the evidence on priority risks and
opportunities for England, Northern Ireland, Scotland and Wales and by doing so, to help provide
information of relevance for the next round of Government-led adaptation programmes. This
Evidence Report will therefore inform the CCRA3 Government Report (due for publication in 2022)
and the third NAP and the third adaptation programmes of the devolved administrations (DAs), due to
be published from 2023. The information in the CCRA3 Evidence Report is, however, also likely to be
of interest to a wider audience.

For practical purposes, the CCRA3 Evidence Report sets out to address the following key ‘exam’
question:

Based on the latest understanding of current and future climate risks and opportunities, as
well as current and planned adaptation, what should the priorities be for the next National
Adaptation Programme and adaptation programmes of the devolved administrations?

These adaptation programmes may include direct public sector action (by government, agencies,
regulators, etc.), but also interventions that create the enabling environment for others to adapt, i.e.
for utilities, the private sector and households.

To provide this information, the CCRA focuses on the urgency of risks and opportunities. Urgency is
defined as a measure of the level of action that is needed in the next five years to reduce a risk or
realise an opportunity from climate change, noting that these near-term actions may address risks or
opportunities in the short, medium or long-term. To ensure that the information provided is relevant for
the respective adaptation programmes, the assessment is undertaken for each individual country
(England, Northern Ireland, Scotland, Wales), rather than for the UK.

As with CCRA2, the CCRA3 Evidence Report is based on a synthesis exercise, rather than a new
national quantified assessment. It draws on the large body of peer-reviewed scientific literature and
grey literature on climate change, risks and adaptation in the UK, complemented with new CCC
commissioned research in key areas. It uses this evidence alongside expert judgement in assessing
risks and opportunities, building on expertise in the international context as well as previous CCRAs.

For risks and opportunities, the method uses an urgency scoring framework. This is shown below
and uses three questions to elicit the urgency score. Risks and opportunities are given one of four
possible scores, reflect more or less urgency.



1. What is the current and future level of risk/opportunity?

Low

l High, medium or unknown

2. Is the risk/opportunity going to be being managed, taking into
account government commitments and non-governmental adaptation?

Less
significant

l Significant adaptation shortfall (barriers / failures) shortfall

3. Are there benefits to further action in the next five years, over and
above what is already planned?

l Yes

More action Further Sustain Watching
needed investigation current action brief
d
N

More urgent Less urgent

Supported by capacity building
Figure 1. Urgency Scoring Framework. Updated from CCRAZ2.

Monetary Valuation of Risks and Opportunities

As part of the development of CCRAS3, the UK Government (Defra) produced a ‘Customer
Requirement Document for CCRA3’ for the Committee on Climate Change. This included some
guidance on the approach and key outputs. There was also a subsequent request from Defra, as part
of discussions on the Customer Requirement, to assess risks and opportunities in monetary
terms, and to consider the indicative costs and benefits of adaptation. This recognised that
although CCRA1 had undertaken monetary valuation, CCRA2 (due to lower resources) had not.

The valuation analysis has been undertaken as a separate exercise and is summarised in this report.
The valuation of risks and opportunities aligns with Step 1 of the urgency method, which established
the potential magnitude of risks and opportunities. The results of the valuation analysis have been
used (with Chapter Authors) to provide supporting evidence on the magnitude of CCRAS3 risks and
opportunities.

The work on the costs and benefits of adaptation, which is undertaken for all risks and opportunities
that have a higher urgency score, has been included in the CCRAS3 evidence report directly, as part of
Step 3 of the urgency method. They are also reported in this report, as an additional section to each
risk or opportunity.

This report presents the monetary valuation only. The first section provides an initial section to frame
the analysis, to highlight the overall objective and set out what is and what is not included. The
second section presents the methodology. The third section presents the valuation results, for each
CCRAS3 chapter and each individual risk and opportunity. Finally, key conclusions and
recommendations are presented.



Methods and Framing

Objectives and Framing for Valuation

The purpose of this study is to monetise risks and opportunities as far as possible. This provides one
way to help assess the relative importance of different climate change risks in the UK, using a
common metric (£) to compare direct impacts within and between sectors. The aim of the analysis is
to express the risk in terms of the effects on social welfare, as measured by individuals’ preferences
using a monetary metric. This values market and non-market impacts, and includes consideration of
environmental, economic and social costs, not just financial impacts.

Monetary Valuation in CCRA1 and CCRA2

The monetary valuation of climate risks was included in the First UK Climate Change Risk
Assessment (CCRA1) (Watkiss and Hunt, 2011). The approach for valuation was based on economic
appraisal guidance from HM Treasury Green Book and Government Departments for economic
appraisal.

An attempt was made to value each individual risk or opportunity in CCRA1. However, the feasibility
of valuation depended on the level of quantification from the previous step in the CCRA1 process. In
some cases where there was quantitative risk information, valuation was undertaken. In cases where
there was only qualitative information, an indicative analysis was undertaken and an order of
magnitude of potential valuation was made, based on available evidence and expert judgement.

As CCRA1 involved new quantitative and qualitative analysis for each risk and opportunity, the overall
analysis was undertaken consistently for each time periods (current, 2020s, 2050s, 2080s) and for the
low, medium and high UKCPQ9 scenarios. Where possible, socio-economic and climate risks were
reported separately and together, i.e. economic costs with climate change hazards and population
increases, and for the changes from the climate hazard alone.

The synthesis output from CCRA1 is shown in box 1.

Within CCRA1, it was not possible to estimate an aggregate total monetary value for climate change
in the UK, nor to generate an equivalent % of GDP value (i.e. a Stern review type number). This was
because there was no quantitative information on all risks, and providing estimates only for a sub set

of risks would be misleading, as it would underestimate the economic cost of climate change.

The valuation of risks and opportunities was not undertaken in CCRAZ2.

" There are important caveats with these results, as reported in CCRA1. Some results are presented for a scenario of future
climate change only, whilst others include climate change under assumptions of future socio-economic change. It is also
stressed that in some cases the magnitude of the impact (or opportunity) changes across the full UKCPO09 projections (the p10
to p90 range) and in some cases even changes in sign. It is noted that some care must be taken in aggregating risk categories,
as there are some overlapping impacts, and thus the risk of double counting at the UK level. Further, it is stressed that these
results do not include autonomous adaptation, and in general, do not take account of existing planned adaptation measures. It
is stressed that the list of possible impacts is partial, Further, consideration of the range of scenarios — and the range of
estimated levels of future climate change — include much higher economic costs associated with higher rates of changes, non-
linear increases, and exceedences of threshold levels. Finally, these current estimates do not include consideration of the
economic costs of climate change overseas, and how these might affect the UK, or the potential economic costs of major
events post 2100. All of these issues are critical to the assessment of the overall aggregate costs of climate change in the UK.



Box 1. CCRA1 Summary. Range of potential magnitude in the 2050s (all estimates) and time of
onset (medium emissions, central estimate) for risks important from an economic perspective

2020s 2050s 2080s

Financial impact of industry assets at risk of flooding -
Residential properties at risk of flooding 9‘)
Non-residential properties at risk of flooding I
Cropyield (wheat)
Decrease indemand for heating
Redcution in winter morbidity 8
Cropyield (sugar beet) c
Water supply demand deficits %
Ocean acidification "E
Coastal evolution due to sea-level rise ]
Ecological impacts due to inundation from coastal flooding o
Buildings affected by subsidence due to rainfall changes g
Agricultural land lost due to coastal erosion -E
Flood risk for agricultural land (]
Summer morbidity E
Extreme weather event(flooding and storms) injuries
An expansion of tourist destinations in the UK
Reduction in winter mortality
Arctic seaice extent - number of navigable days
Warmer riversand lakes
Generalist species benefiting at the expense of specialists
Wildfires due to warmer and drier conditions
Impact of pests on biodiversity
Impact of disease on biodiversity
Species unable to track changing climate space
Changes in species migration patterns
Heat related damage/disruption to energy infrastructure
Flood risk for Scheduled Ancient Monument sites
Forestextent affected by red band needle blight
Summer mortality
Health impact of summer air pollution (ozone)
Changes to marine water quality [«}]
Incidents of shellfish related human illness g
Flood disruption/delay to road traffic %
Energy demand for cooling vehicles =
Agricultural areas at risk from flooding g
Changes in soil organic carbon o
Overheating of buildings %
A decrease in output for businesses due to supply chain disruption -l
Energy transmission efficiency capacity losses due to heat - over ground
Flooding of energy infrastructure
Demand for cooling
Flooding of energy infrastructure
Hospitals at risk of flooding
Extreme weather event(flooding and storms) mortality
Distribution of marine alien/invasive species
Population affected by water supply deficits
Impact of climate on funds and fund management
Loss of staff hours due to high internal building temperatures
Rivers meeting WFD flow targets
Payout costs by the insurance industry due to flooding
Urban Heat Island effect
Effectiveness of green space for cooling

Key: Red = impact. Green = benefit
Low, <£0 m, Medium, £10 million to £100 million, High, £100 million to £ billion, Very high,
>£1bililon.




Valuation of risks and opportunities in CCRA3

The approach for meeting the customer requirement, and undertaking valuation in CCRAZ3, follows
the same methodological approach as undertaken in CCRA1. The aim of this exercise is to estimate
the potential monetary values of all risks and opportunities in terms of the effects on social welfare.
However, there are some major differences between CCRA1 and CCRAS3, which mean a different
approach is required.

o CCRAS3 is a synthesis exercise, which limits what is possible. It also makes it difficult to deliver a
consistent set of valuation estimates.

o In CCRA1, a new analysis was undertaken for each risk and opportunity using consistent
methods and consistent (harmonised) socio-economic and climate scenarios.

o In CCRAS, there is no new analysis (other than from the research projects), and thus
valuation is only possible if there is existing evidence, e.g. if there are quantitative or
semi-quantitative estimates in the literature. There is therefore likely to be a much
greater use of expert judgement in CCRA3.

o In CCRAS, the use of existing evidence from different studies (for each risk) means that
there will be much less consistency between risks, especially in terms of climate
scenarios and socio-economic scenarios.

e CCRAS3 has more aggregated risks than CCRA1.

o In CCRA1, risks were described with much greater granularity, and focused on a specific
physical endpoint. This makes it easier to apply government economic appraisal, with the
use of monetary unit values.

o In CCRAS, risks and opportunities are often pooled together. This reduced down the
number of risks/opportunities, but makes quantitative analysis more challenging. As an
example, CCRA1 had the defined risk of ‘forest extent affected by red needle blight’ while
CCRAS3 has the more generic category of ‘risks to terrestrial species and habitats from
pests and pathogens’. It is much easier to provide a valuation endpoint for a specific risk
(e.g. red needle blight in CCRA1) than for a very broad category of all pests and
pathogens (in CCRA3). Further, the broad categories in CCRA3 involve much more work
(as they involve all risks, not just one single risk). To address this, the proposed
approach in CCRAS is to use examples and case studies to explore the importance of
risks when broad categories are involved.

e The resources available for valuation are low.

o The available resources for the CCRAS3 valuation exercise are very modest. The
allocated time per risk / opportunity is extremely low, given there are other 60 risks and
opportunities to consider. This has limited what is possible and CCRAS3 valuation relies
more on synthesis than new analysis.

CCRAS3 monetary valuation analysis

While valuation (monetisation) is sometimes considered controversial, it is a standard part of
government economic appraisal, as set out in the HM Treasury Green Book (HMT, 2020%V). This is
based on the principles of welfare economics — that is, how the government can improve social
welfare or wellbeing. The Green Book outlines that the costs or benefits of policies or projects —
relative to a baseline and towards a goal - should be valued and monetised where possible in order to
provide a common metric.

The aim of CCRAS is therefore to monetise all risks and opportunities as far as possible, expressing
these in terms of the effects on social welfare or wellbeing, i.e. for society overall. It is recognised,
however, that it is much more challenging to value some of these risks and opportunities, especially
those in non-market sectors. This includes in particular the natural environment theme. It is therefore



very important to acknowledge if valuation gaps exist, and report these alongside any estimates,
otherwise there can be an underestimation of the overall economic cost of climate change.

In CCRAT1, values were presented as annual economic values, related to information on annual risks
or opportunities. This included annual impacts (as arising from slow onset climate change impacts)
as well as probabilistic events (extremes), with the latter being reported as annualised average
damage / equivalent annual damage. Central estimates were reported. However, this underestimates
the importance of large-scale events, both in terms of their direct costs, and also the wider indirect
cost (wider economy effects) that large events can cause. Therefore, in CCRAS3 valuation, there is
some consideration given in valuation to ‘events’ as well as annualised damages.

In CCRAGS, in Step 1, an analysis of the magnitude for risks and opportunities is made. A long list of
metrics is provided, which includes the potential for using monetary values. This is shown in Table 1
below. Alongside this, CCRA3 assesses the confidence, based on the quality of the evidence and the
level of agreement in the evidence between studies and authors.

Table 1. CCRA3 Magnitude table — showing valuation metrics only.

High Magnitude

Medium Magnitude Low Magnitude

Quantitative

evidence

Major annual damage
and disruption or
foregone opportunities:?

Moderate annual damage
and disruption or
foregone opportunities:

Minor annual damage
and disruption or
foregone opportunities:

-£hundreds of millions

damage (economic) or
foregone opportunities,
and/or

-£tens of millions damage
(economic) or foregone
opportunities, and/or

-Less than £10 million
damage (economic) or
foregone opportunities,
and/or

-Other metrics (physical,
social, environmental),
see method chapter.

-Other metrics (physical,
social, environmental),
see method chapter.

-Other metrics (physical,
social, environmental),
see method chapter.

In CCRABS the risks and opportunities are scored separately for each of the four countries (England,
Scotland, Wales and Northern Ireland. In CCRAS3, an adjustment factor is included, as CCRA3
focuses on the relative importance for each DA. Note that in the valuation analysis in this report, we
focus on the absolute valuation estimates, i.e. the adjustments in Table 2 are not used.

Table 2 Adjustment factors for scoring magnitude for devolved administrations. Note these are not
used in the monetary valuation report.

UK/ Wales

England

Scotland

Northern Ireland

Economics

As table
above

Metrics in table above adjusted for gross value added?, thus to give relative
importance, values in table are reduced by 1 order of magnitude, and applied
equally to Northern Ireland/Scotland/Wales.
e £tens of millions damage or foregone opportunities,

e £ millions damage or foregone opportunities

e Less than £1 million damage or foregone opportunities.




For the valuation in CCRAS3, the aim is to try and focus on the monetary valuation for the magnitude
score. The results are presented in terms of the indicative values. However, an additional category
has been included, which represents costs or benefits> £1billion/year. The table is presented below.

Table 3 Magnitude categories proposed for CCRAS3 valuation (annual values).

| Medium Magnitude

Very High Magnitude High Magnitude Low Magnitude

-Less than £10 million
damage (economic) or
foregone opportunities

-£tens of millions
damage (economic) or
foregone opportunities

-£hundreds of millions
damage (economic) or
foregone opportunities

>£ 1billion damage
(economic) or foregone
opportunities

In CCRAZS, the scoring the magnitude of risks and opportunities is included for 2°C and 4°C pathways,
both in the mid-century and the end of the century, relative to pre-industrial. However, because
CCRAB3 is a synthesis exercise, it is rarely the case that underlying studies provide the exact evidence
for these futures. The scenarios and some of the evidence used is summarise below.

e 2°C world. A scenario that limits global mean temperature to 2°C relative to pre-industrial, i.e.
consistent with the Paris Agreement. This assumes temperatures are 2°C (or below) by the end of
the century and that there are no overshoots. However, as these goals are set using emission
reduction targets, there is uncertainty around the exact level of temperature change that will be
experienced. In terms of synthesis material, this often draws on the earlier UKCOQ09 low scenario,
or the IPCC Representative Concentration Pathways (RCP) 2.6.

e 4°C world. A counter-factual scenario with little mitigation, leading to global mean temperatures
of 4°C relative to pre-industrial by the end of the century (approximately). However, this needs to
take account of the range of (equilibrium) climate sensitivity in the climate models, and even if
there is an emissions pathway that might lead to a median chance of 4°C of warming, the range
experienced could be from 3 to 5°C. This draws on the UKCOO09 high scenario, or the IPCC
Representative Concentration Pathways (RCP) 6.0 or 8.5.

These pathways are considered for the following time periods:
e Current (recent historic);

e Mid-century (2050s, i.e. 2041-2060);

e Late-century (2080s, 2080 — 2099).

This is shown below.

Table 4 Magnitude scoring in CCRAS3.

Magnitude scores
Country Present 2050s, on a to 2050s, on a 2080s, on a 2080s, for
Day pathway pathway to to pathway 4°C world at

stabilising at 4°C at the end | stabilising at the end of the
2°C by 2100* of the century# | 2°C by 2100* | century#

England

Northern Ireland

Scotland

Wales

*This scenario is aligned broadly to the Paris Agreement and the goal of limiting global mean temperature to well
below 2°C above pre-industrial levels.

# This scenario is defined around outcomes that lead to approximately 4°C global mean temperature above pre-
industrial levels by the end of the century. This is strictly defined as the period 2080 to 2100. However, because
CCRAS3 is a synthesis exercise, a pragmatic approach is adopted that considers a range of modelling scenarios
that fall slightly outside this range. Details on what is included are provided in the separate guidance section.



Note that in CCRAZ3, the score is based on the highest value in each cell, as captured by the 10th to
90th percentile of the UKCP projections. For the CCRAS3 valuation, we have focused more on central
values.

Alongside this, the analysis reviews where there is evidence of Low likelihood, high impact scenarios.
These involve a set of possible outcomes that lie outside the core scenarios above. They include tail-
end risks, High++ scenarios, as well as earth system instabilities (tipping points). These are
important, because they could have extremely large economic costs and represent outcomes that we
would definitely wish to avoid.

Socio-economics and current adaptation

In a synthesis exercise, as for CCRAS3, it is very difficult to provide consistent and harmonised
estimates of monetary values. This is because the study must draw on existing evidence (rather than
generating new harmonised numbers). This means there is much less consistency between
modelling methods, climate projections used, socio-economic data and scenarios used, time periods
considered, etc.

In practice, this becomes extremely complicated very quickly because there is a huge variation in how
results are presented. This hampers direct comparability. The following effects are highlighted.

Total versus marginal. Some of the evidence (which CCRAS3 will draw on) generates estimates of the
total impacts of climate change, i.e. current plus the future change, will some evidence is for the
marginal impacts of climate change (alone).

In this report, we provide values for the total, because adaptation needs to be undertaken in response
to the aggregate sum of future impacts (climate and socio-economic) irrespective of the attribution.
However, it can influence the type of adaptation, i.e. whether planned activities address socio-
economic drivers and/or climate drivers of change.

Current socio-economics or future socio-economics. The future impacts of climate change depend on
what happens to the climate, but also the future society that climate acts upon. In the future, there will
be changes in the stock of risk and thus exposure to climate hazards, as well as the vulnerability and
adaptive capacity. To put it simply, a flood in a future year is likely to have a greater impact than
today, just because there will be more people, or a greater value at risk. The assumptions about
future socio-economic change make a large difference to results, and involve complex interactions,
discus

There is little consistency on these issues in the literature. Some studies consider the future risks of
climate change on the current socio-economic conditions and the current economy (static socio-
economics). Other studies include the combined impacts of future climate and future socio-economic
change together?, or include some socio-economics for some elements (e.g. population growth) but
not others (e.g. including population but excluding economic growth).

These considerations are not trivial. Previous studies (e.g. Rojas et al., 2013*i: Brown et al., 2011xii)
typically find that socio-economic change such as population increase or economic growth is at least
as important as climate change in determining the overall magnitude impacts in future periods. While
the influence of socio-economics is often dominant at mid-century, it is still very large in the late
century, as shown by studies that compare Shared Socio-economic Pathways (SSPs) (e.g. see
Hinkel et a., 2014xvii),

s in the box below.

2 The combined effects of socio-economic and climate change together provides the total risks faced, but care should be taken
when attributing the relative (or marginal) risk due to climate change specifically, since this is measured here as being
incremental to the current socio-economic baseline.



Box 1 Climate and Socio-economic Change

CCRAS3 should ideally take account of socio-economic change, as well as climate change, in the assessment
of future risks and magnitude, in order to derive an estimate of the level of future change and its significance.
A failure to do so implies that future climate change will take place in a world similar to today. The primary
drivers of modelled socio-economic change include economic growth, demographic change (population) and
land-use change, but there are also a wide range of other potential factors, including policy, societal and
behavioural change, that are relevant, but more difficult to consider in quantitative terms. Future socio-
economic change makes a very large difference to future risks, because climate and socio-economic factors
can act together as risk multipliers (although it is also possible that socio-economic change can dampen
impacts). There is also another dimension when considering adaptation interventions, because socio-
economic change affects adaptive capacity, and therefore adaptation can be targeted to socio-economic
aspects, in addition to or as well as climate risks. However, the consideration of socio-economic change
considerably complicates analysis.

Some studies look at the effect of future climate change alone, assessing the risks on the current stock (and
exposure and vulnerability). This is shown using a simplified illustration, starting with panel 1 (far left) below.
However, in practice, even in the absence of climate change, there will be changes in exposure and
vulnerability in the future, for example with the growing population projected in the UK, as well as the projected
increase in economic growth. Panel 2 shows that even in the absence of climate change, future impacts could
rise due to a greater stock at risk (all else being equal). However, it is not sufficient to add climate change and
socio-economic together (Panel 3) because the two acting together can lead to larger cumulative risks (Panel
4, far right), e.g. climate change acts on a larger number of people or a greater value at risk (e.g. see Rojas et
al, 2014). Ideally, therefore, studies should look at the future impacts of climate and socio-economic change
individually as well as together, in order to separate out the relative importance of each, though in practice this
is rarely considered in national risk assessments due to the difficulty of conducting this analysis across a wide
range of risks.

It is also highlighted that there is considerable uncertainty around the socio-economic scenarios themselves,
which adds another uncertainty dimension to risks, especially when combined with climate drivers. This can
lead to a cascade of uncertainty (see Wilby and Dessai, 2010).

1) Climate change (CC) only 2) Socio-economic (SE) 3) Sum of CC and SE 4) Combined CC and SE
change only

Total (£)

/ />

Time

v
v

Furthermore, they generate issues of attribution. When looking at future economic costs, due to the
combination of climate and socio-economic change, some of these impacts would have occurred
anyway. It is possible to get around this effect when looking at mitigation policy by directly comparing
the economic costs of different climate futures, i.e. the difference between a 2°C and 4°C world, and
looking at the change in economic costs.

These issues make the valuation extremely complicated, because if reporting estimates, one has to
go back to original sources and try and work through what is included. It is stressed it is not possible
to separate out socio-economic and climate signals from an original study, unless the authors have
run a socio-economic only run alone (which is good practice, but normally omitted). Further, it is not
possible (or certainly not easy) to introduce socio-economics into a primary study that has looked at
climate change only (i.e. with static assumptions).

In this study we aim to be transparent on whether future socio-economic change has been included or
not, and where possible show estimates with and without, but this is not possible for most risks.



Current Adaptation. The final challenges relates to the fact that the UK is now undertaking adaptation.
In the CCRA3 method, this is assessed in Step 2. In an ideal analysis, the valuation would undertake
a counterfactual valuation in Step 1 to establish magnitude, and then reanalyse future risks and
opportunities after taking account of current and planned adaptation (noting this would also estimate
the economic benefit of d adaptation). However, with the exception of a few areas (flooding and water
plans) there is almost no evidence to allow such an analysis. Most of the valuation evidence is
therefore presented without existing adaptation. We highlight that this may mean we overestimate
economic costs.

It is stressed that while it would be desirable in theory to assess the economic costs of climate change
as total and marginal, and gross and net of socio-economic change, and with and without current
adaptation, this is extremely challenging in practice.

Discounting

The monetary valuation in CCRA3 has sought to impose some consistency through the use of a
common base year for prices.

It has also reported future values without discounting (where possible), in order to facilitate direct
comparison over time and between sectors.

However, it is stressed that the consideration of the economic costs of climate change in subsequent
policy or project appraisal of adaptation, should discount.

The choice of discount rates has been a source of considerable disagreement in the literature, but this
has been focused on the long-term values, notably in estimates of the social cost of carbon (SCC)
(discounted sum of all future costs of climate change for a tonne of emission) or cost-benefit analysis
of mitigation policy.

Such issues do not apply to most short-term adaptation. For longer-term adaptation investments, it is
stressed that the UK guidance (HMT, 2020) already uses declining discount rates and further, there is
supplementary guidance that allows use of intergenerational discount rates (HMT, 2008%x). It is
highlighted that such considerations may be applicable when non-marginal risks occur in the UK, and
for transformational.

Aggregate estimates

At the global level, previous studies have reported the aggregate economic costs of climate change in
future years, as an equivalent % of GDP (Watkiss, 2011*¥), noting this is different to the social cost of
carbon which is the discounted sum of all future costs of climate change for a tonne of emission. The

most famous of these is the Stern Report (2006)*x.

Most of the earlier global studies estimate a 1 to 2% welfare-equivalent income loss, expressed as a
percentage of income, for 2 — 3°C of warming*i, although recent report higher costs for the same
temperature changes, due to more negative literature on impacts*¥ii. There are also a set of studies
that derive much higher estimates of the economic costs of climate change, based on econometric
based analysis*V, partly because they assume climate change could reduce growth rates (rather than
just output). However, some of the results of such studies do not look plausible, and as an example,
they provide very odd results for the UK.

For CCRAS3, we do not provide an aggregate estimate of the economic costs of climate change to the
UK, nor express risks as a % of GDP. This is because it is very challenging to do such an analysis
through a synthesis exercise. It is also important in that providing any such estimates, the total
economic costs are presented, and not a sub-total (which is a problem, because there are many gaps
in the evidence).
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It is also noted that CCRAS3 considers risks and opportunities, i.e. impacts and benefits. In global
studies (and estimates of the %GDP equivalent) these are usually aggregated together, i.e. climate
change is the net impact of gains and losses. For a UK study, we do not believe that such
aggregation is appropriate, because it loses the importance of risks and the driver for adaptation, e.g.
we look at reduced winter heating demand and increased summer cooling and report these
separately: we do not add these together and look at the net economic effect.

Uncertainty

A final issue is around uncertainty. The economic costs of climate change vary because of the
uncertainty around scenarios (i.e. the 2°C or 4°C pathway) but just as much, due to climate model
uncertainty. These are both large, especially in the medium term of most relevance to policy
considerations and adaptation.

The projected temperature and precipitation changes for the UK are broadly similar until the 2040s
(and thus mid-century 2050) across all the scenarios, i.e. with similar results for RCP2.6, RCP4.5 and
RCP6.0 and to a slightly lesser extent in results for RCP8.5. However, there is a much larger
difference in the results between or within models at this time. This means that the main uncertainty at
mid-century is due to differences between (and within) the climate models. This is captured by the
10th to 90th percentile range from UKCP18. This leads to a considerable range, and for some
parameters (e.g. summer rainfall), it can even lead to a change in the sign, i.e. moving from an
increase to a decrease in projected change.

This is illustrated in the figure below, with the effect of climate change on UK summer rainfall (from
UKCP18 (Lowe et al., 2018*). This compares:

e RCP2/6 and RCP8.5 (scenario uncertainty);

e The 10", 50 and 90t values from the probabilistic projections (model uncertainty).

The left-hand panel shows the projections for the 2050s. In this case, the model uncertainty
dominates, indeed, there is not much difference between RCP2.6 and 8.5 (i.e. between a 2 and +4°C
pathway). However, this uncertainty changes the sign of the change (i.e. whether a decrease or
increase in summer rainfall). The right-hand panel shows the projections for the 2080s. In this period
there is very large uncertainty from both scenario uncertainty (RCP2.6 vs 8.5) AND modelling
uncertainty (10t to 90t).

This does matter. Even in the 2050s, the projected change of summer rainfall extends from a 34%
reduction to a +2% increase. The central value is -15%. Reporting only the economic costs of a
central value (15% reduction) does not convey the potential for downside economic risks. In the
adaptation literature, including adaptation economics, this has led to a focus on decision making
under uncertainty (Watkiss et al., 2014V,

Where possible, and if they exist, we therefore report the importance of uncertainty for future
economic costs.

However, for valuation, this uncertainty extends considerably. First, there are often quite large
differences in impacts projected by studies, even for the same scenarios. This can result from the
use of different impact functions or models, from different climate hazards (especially whether slow
onset or changing extremes).
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Figure 2 Plot of Temperature change versus Summer Precipitation — for (left) the 2041 — 2060 period and (right).
2080-2099, relative to 1981-2000 for RCP2.6 (green) and RCP8.5 (red) from left to right, for 10", 50", 90"
percentiles of the UKCP18 ensemble range. Note scale are different in the graphs. Source Lowe et al., 2018.xxvii,

Second, there is uncertainty around the valuation estimates. This can arise over the choice of
valuation endpoint, e.g. how to value deaths brough forward by air pollution, but it can also depend on
the choice of economic analysis, especially when extending to partial equilibrium modelling and
general equilibrium modelling. This includes additional price effects and starts to take into account the
effect of changes elsewhere in the world. As an example, while yields of some crops may decline in
the UK, there could still be positive effects for prices and exports, if yields decrease much more in
other competing regions. This can lead to completely different results between the results of physical
impacts and economic impacts.

Practical Approaches for CCRA3 Valuation

In CCRABS, different types of evidence haven taken for the monetisation as follows:

o For some risks and opportunities, direct economic cost estimates are already available (such as
floods). In this case, these values will be used directly, after checking these are consistent with
existing Government appraisal guidance.

o Where quantified risk information exists but no valuation has been undertaken, the approach will
use unit values from existing Governmental appraisal guidance. This has been possible for a
small number of risks.

o Where no quantitative information is available, estimates of the order of magnitude of the
economic costs is made using available information and expert judgement.

When unit values are used, these are based on guidance from HM Treasury Green Book and
Supplementary Guidance from Departments and Ministries, e.g. for transport, we would draw on the
Department of Transport WEBTAG guidance on appraisal.

However, for many risks, no government appraisal guidance or unit values exist. In these cases,
estimates are based on the literature. Ideally, these are based on valuation estimates from market
values or willingness to pay estimates. However, where such data are not available, we use
alternative approaches for valuation (e.g. repair or adaptation costs) to provide indicative estimates.
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Adaptation

A new task included in CCRAS, at the request of the Customer Group, was to consider the possible
costs and benefits of the further action identified. As set out earlier, valuation (monetisation) is a
standard part of UK government policy development and economic appraisal, based on the principles
of welfare economics. These same concepts are applicable to the identification of possible further
adaptation interventions, and the analysis of the benefits of further action.

This task (3.2 of the CCRA3 method) investigated the indicative costs and benefits of the further
adaptation action. This information was used to help identify the possible priority areas for action, to
assess the possible benefits of further action as compared to costs, and to help inform the urgency
score. Given the synthesis nature of CCRAS, this was based on a review of existing evidence and
qualitative analysis.

It is stressed that the analysis of the costs and benefits of adaptation is challenging, much more so
than for mitigation, and this makes it difficult to gather comparable information on further action across
risks and opportunities. For mitigation, benefits are measured using a common burden (tonnes of
GHG reduced), irrespective of location and sector, and many studies prioritise options using a cost-
effectiveness analysis (£/tCOz), which is a relative measure and provides direct comparability across
interventions. This also makes it easier to use a synthesis exercise to gather information on benefits
of further action. In contrast adaptation benefits require quantification of the reductions in climate
impacts (not burdens), and these are time-, sector-, location- and context- specific. Adaptation is also
generally introduced as part of a mainstreaming approach in the UK, which requires consideration of
multiple metrics, not a single metric, and this means that a cost-effectiveness approach is insufficient.
The economic prioritisation of adaptation is therefore better suited to cost-benefit analysis (CBA).
However, because of uncertainty, as well as valuation in non-market sectors and of non-technical
options, this normally requires extended cost-benefit analysis or multi-metric appraisal (see
Chambwera et al., 2014xxvii),

There is also a very low evidence base on the costs and benefits of adaptation and many estimates in
the literature are based on technical (engineering) adaptation options for long-term climate change
(OECD, 2015*), For CCRAS3, however, the focus is on the costs and benefits of short-term
adaptation priorities (implemented over the next five years), which might have short, medium or long-
term benefits. Given the synthesis approach of CCRAS, it was not possible to undertake new
analysis, and thus the task drew on previous evidence reviews (ECONADAPT, 2017**) and available
literature.

It is noted that the consideration of the costs and benefits of adaptation, as part of economic
appraisal, does require the use of discount rates, in order to estimate the net present value or benefit
to cost ratio. As highlighted earlier, the use of discount rates when calculating the social cost of
carbon, or the costs and benefits of mitigation policy, has been contentious. However, CCRAS3 is not
looking at mitigation policy: it is focused on domestic adaptation, particularly near-term actions that
align within the existing policy decision landscape and thus existing Government recommended
discounting approaches. For longer-term adaptation investments, it is stressed that the UK guidance
(HMT, 2018) already uses declining discount rates. It is also noted that CCRAG3 still prioritises long-
term adaptation considerations, with early action to plan for longer-term risks. However, it is
highlighted that in future CCRAs, if transformational adaptation is identified, this may necessitate
consideration of intergenerational issues when considering the costs and benefits of further action
(and accordingly, the HMT intergenerational discount rate scheme, HMT, 2008>*),

Towards the end of the CCRA3 process, in late 2020, new HMT supplementary Green Book guidance
was published on accounting for the effects of climate change (adaptation) (Defra, 2020, While
this was too late to inform this CCRAS3, the approach the guidance recommends broadly aligns with
the description above.
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Natural Environment

The list of risks and opportunities considered in the CCRAS3 Technical report (Chapter 3), and thus for
valuation, are presented below:

Risk/Opportunity

N1 Risks to terrestrial species and habitats from changing climatic conditions and extreme
events, including temperature change, water scarcity, wildfire, flooding, wind, and altered
hydrology (including water scarcity, flooding and saline intrusion)

N2 Risks to terrestrial species and habitats from pests, pathogens and invasive species

N3 Opportunities from new species colonisations in terrestrial habitats

N4 Risk to soils from changing climatic conditions, including seasonal aridity and wetness.

N5 Risks to natural carbon stores and sequestration from changing climatic conditions,
including temperature change and water scarcity.

N6 Risks to and opportunities for agricultural and forestry productivity from extreme events and
changing climatic conditions (including temperature change, water scarcity, wildfire,
flooding, coastal erosion, wind and saline intrusion).

N7 Risks to agriculture from pests, pathogens and invasive species

N8 Risks to forestry from pests, pathogens and invasive species

N9 Opportunities for agricultural and forestry productivity from new/alternative species
becoming suitable.

N10 | Risks to aquifers and agricultural land from sea level rise, saltwater intrusion

N11 | Risks to freshwater species and habitats from changing climatic conditions and extreme
events, including higher water temperatures, flooding, water scarcity and phenological
shifts.

N12 | Risks to freshwater species and habitats from pests, pathogens and invasive species

N13 | Opportunities to freshwater species and habitats from new species colonisations

N14 | Risks to marine species, habitats and fisheries from changing climatic conditions, including
ocean acidification and higher water temperatures.

N15 | Opportunities to marine species, habitats and fisheries from changing climatic conditions

N16 | Risks to marine species and habitats from pests, pathogens and invasive species

N17 | Risks and opportunities to coastal species and habitats due to coastal flooding, erosion and
climate factors

N18 | Risks and opportunities from climate change to landscape character

The monetary valuation of climate change risks for the natural environment, and their impacts on
human welfare, is one of the most challenging areas. However, the main challenge is that there is
little quantification of the risks of climate change, i.e. there is little physical impact evidence on which
to apply valuation estimates. This means that the valuation of natural environment relies on a mix of
qualitative and semi-quantitative evidence, case studies, and expert judgement, much more so than
for other chapters.

Valuation is also challenging because the majority of the risks are not captured by market prices.
Consequently, non-market measures of the willingness to pay to avoid impacts — or for positive
impacts — are needed to understand effects on economic welfare.
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In practical terms, studies to derive non-market value are not easy or cheap to obtain, relying usually
on survey-based evidence or data that captures people’s values through their behaviour (e.g.
expenditures made to visit a national park, e.g. the ORVAL tool for valuing recreational visits to
national parks and other greenspaces*ii). There is some literature on the economic values
associated with valuation of the natural environment that has been assembled by international
initiatives such as The Economics of Ecosystems and Biodiversity (TEEB, 2009; TEEB, 2010**V), and
through valuation databases internationally (the Environmental Valuation Reference Inventory, EVRI3)
and in the UK (the Natural Environment Valuation Online tool (NEVO*#) as well as the Defra ENCAX*
and the Natural Capital Accounts developed by the ONS**Vi, This provides potentially relevant
information, but these estimates can only be used if there is quantitative information on the physical
impact of climate change, to apply these values to.

Much of the valuation for the natural environment area is framed using the ecosystem service-based
classification from the Millennium Ecosystem Assessment, i.e. Provisioning Services; Regulating
services; Cultural Services and Supporting Services. This is shown below. These can provide
estimates that could be transferred to the climate change context (through value transfer
approaches), though there are some caveats here as the effects of climate change could be non-
marginal, i.e. it might not be appropriate to use value transfer for the potentially very large changes
that might occur.

Provisioning Services Regulating Services Cultural Services
Products obtained Benefits obtained Nonmaterial
from ecosystems from regulation of benefits obtained
B Food ecosystem processes from ecosystems
W Fresh water m Climate regulation W Spiritual and religious
B Fuelwood | Disease regulation m Recreation and ecotourism
W Fiber B Water regulation B Aesthetic
H Biochemicals B Water purification M |nspirational
B Genetic resources m Pollination W Educational

m Sense of place
m Cultural heritage

Supporting Services

Services necessary for the production of all other ecosystem services

| Soil formation W Nutrient cycling W Primary production

Figure 3. Ecosystem Services. Source Millennium Ecosystem Assessment.

There is also a further issue on the framing used and the need to capture the role of the natural
environment as natural capital (see box below). Natural capital extends to focus on the stock of
assets, and how their quality and quantity change, as well as the flows of benefits (of ecosystem
services)®. However, the analysis of risks and opportunities in CCRA3 has not been quantified in
terms of the potential effects on natural capital. Therefore, this chapter estimates the likely economic
costs of individual risks of climate change, as much as data and evidence allows. A natural capital
approach would focus on the impact of climate change risks on the quality and quantity of the stock of
assets, or the total impact on all the benefits provided by a given natural capital asset. There has,
however, been some consideration of natural capital in the CCRA Advice report.

3 https://evri.calen/splashify-splash
“ https://sweep.ac.uk/portfolios/natural-environment-valuation-online-tool-nevo/

5 Natural capital also include abiotic as well as biotic elements of nature. A comparison of the two is available at
https://naturalcapitalcoalition.org/wp-content/uploads/2019/06/NCC-Whatls-NaturalCapitalApproach-FINAL.pdf
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Box NE1. Natural Capital

Natural capital is defined by the Natural Capital Committee (NCC) (2017} as follows: Natural capital are the
elements of nature that directly or indirectly produce value to people, including ecosystems, species, freshwater,
land, minerals, the air and oceans, as well as natural processes and functions. It is therefore the services that
flow from the natural capital that we look to value in economic terms. Natural capital is a broad term that includes
many different components of the living and non-living natural environment, as well as the processes and
functions that link these components and sustain life. Natural capital assets include all biotic and abiotic assets
(e.g. species, ecological communities, soils, freshwaters, land, atmosphere, minerals, sub-soil assets and
oceans) and include both designated and undesignated habitats and species. The magnitude of a risk on a
natural capital asset can be measured using any of the quantitative or qualitative indicators [of NCC 20177?], and
not just those described using the term ‘natural capital’.

For the valuation here, our approach has been to first consider which specific ecosystem services are
relevant for each risk or opportunity, and then to consider if the evidence is qualitative or quantitative.
However, we stress that this analysis does not capture all impacts: any estimates should be
considered as partial unless stated otherwise.

Based on the approach of Hooper et al. (2014 )i we then identify the human welfare effects of the
risks, where evidence exists, and look at possible monetary data to express these. In doing so we
consider whether existing market and non-market data can legitimately be transferred from its original
context to the current climate change risk context (i.e. benefits transfer). The coverage of the
estimates, and whether these are total or partial, or derived from a case study, are also reported.

This evidence is then used to provide an overall valuation range. In most cases, the confidence in the
estimates (for the valuation) are low. The risks and opportunities are assessed in turn below.

N1 Risks to terrestrial species and habitats from changing climatic conditions and extreme
events, including temperature change, water scarcity, wildfire, flooding, wind, and altered
hydrology (including water scarcity, flooding and saline intrusion)

CCRAS findings
Chapter 3 of the CCRA summarised the evidence on this risk. There is now considerable evidence of

the current and likely future effects of climate change and associated drivers on individuals (e.g. their
physiology and phenology), populations (composition and abundance) and species (distribution).
These combine to affect community and habitat composition and thus the services that they can
deliver (captured in Risks N6 and N18). These changes can lead to losses or gains of species in a
community or geographic area, whilst changes in distribution can represent threats or opportunities
for the receiving area (Risk N3). Risks are therefore different for different species and habitats, but
given the potential for local or more widespread extinctions and losses, the current and future risks
are both assessed to be high magnitude across the UK.

Valuation

The analysis of this risk is challenging because of the very wide coverage of all climate change-
induced change to all terrestrial species and habitats. In turn, this means there is a very large number
of potential effects on ecosystem services. However, many of these effects are covered in
subsequent risks or opportunities, and thus there is a need to avoid double counting. It is also
highlighted that climate change is not the only driver, and often not the most important, of species
population change.

The linkages between ecosystem changes and effects on ecosystem services (and on human
welfare) were not identified in the CCRA3 assessment. A supplementary literature review has been
undertaken as part of this study, but this has not identified any quantitative estimates to welfare
change resulting from the types of ecosystem changes described.
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There, are, however, some examples that provide insights on the potential level of risks in monetary
terms.

Most provisioning services are covered in later risks, but there are some additional risks to
provisioning services associated with unmanaged natural environments. A clear example is
pollination. By way of illustration, a recent assessment of the value of pollinators to crops in the UK
reported an aggregated value of £620 million annually**x, A fractional decline in the scale of
pollination — irrespective of socio-economic change — may therefore be in the order of £tens of million,
annually. A survey-based study estimated the willingness to pay for the pollination services of bees in
the UK, in the context of habitat destruction and climate change (Mwebaze et al., 2010)*. The authors
explored how much public support there would be in preventing further decline in the number of bee
colonies in the UK. They found that the mean WTP to support a bee protection policy was
£1.37/week/household. Scaling up to the 25 million households in the UK, this is equivalent to £1.77
billion per year. However, this is the total WTP and the prevented change attributable to climate
change was not separated from other causes. The CCRA3 chapter also does not quantify the size of
the potential effect on pollinators. Nonetheless, the evidence presented here indicates that the
potential magnitude of climate risks might be high.

For cultural services, there will be direct use and non-use values (including option and existence
values). There is some partial information on these from charitable donations. For example, there are
estimates of the amount of money given to charities with a focus on the environment and
conservation. The Charities Aid Foundation report on charitable giving in the UK (CAF~i) reports that
the UK population donated £400 million to conservation, environment and heritage in 2018 —
equivalent to £7.50 per household per year. This total provides some (albeit partial) information on the
peoples’ preferences to maintain the natural environment in its current state, though the inclusion of
heritage inflates the estimate and it is not possible to disaggregate the natural environment or climate
change portion. Moreover, it does not identify preferences relating to changes attributable to climate
change, or the size of changes encouraged or to be avoided.

There are a small number of large-scale international assessments that provide some additional
context. Tietjen et al. (2010)*i used the Lund-Potsdam-Jena Dynamic Global Vegetation Model,
which simulates the dynamics of both natural and managed vegetation grouped into plant functional
types, and combined analysis of climate change effects with Willingness To Pay (WTP) results
available from the published literature gathered in the TEEB database (McVittie & Hussain, 2013xii),
This was used to look at changes in ecosystem services, as identified from application of the
vegetation model, and physical changes in biome coverage. It was therefore essentially a partial
equilibrium ecosystem-economic modelling exercise, undertaken at the European level. Results for
the different biomes under an A1B scenario were mixed, i.e. with negative impacts on some biomes
such as desert/tundra and scrubland, and benefits for others such as mixed and temperate forests.

The OECD (2015)*"v undertook an assessment of the global economic consequences of climate
change, with regional disaggregation (that included regions of Europe) using a computable general
equilibrium model. They modelled changes in terrestrial mean species abundance as an indicator of
biodiversity between 2010 and 2050. In order to value biodiversity loss, they adopted a function that
related expenditure on environmental protection to temperature change under climate scenarios. The
two climate scenarios adopted were RCP6.0 and RCP8.5. The cost estimates for (all) EU countries
under these scenarios were 0.5% of GDP, and 1.1% of GDP, respectively.

The PESETA IV project (Barredo et al., 2020*V) considered the impacts of climate change in
European mountains, treeline shifts, including for England and Wales, Northern Ireland and the
Scottish Highlands, and discussed potential changes in ecosystem services (hydrological properties,
water quality, erosion protection and recreational services) but did not value these.

The COACCH project (COACCH, 2020*) used GLOBIO, a scenario-based gridded global model for

biodiversity, which estimates the Mean Species Abundance — an indicator of biodiversity — on the basis
of a meta-analysis of a range of studies at the European level. The results found a negative impact of
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climate change on biodiversity. Plants were considered to be more sensitive than vertebrates (partly
from a lower ability to adapt). The exact relationships are uncertain, but the analysis suggested a 25-
30% decline in plant biodiversity for 4 degrees warming and a 10-20% decline in vertebrate biodiversity.
Economic valuation was undertaken by utilising unit values per hectare. The results show annual
damage costs in 2050 to range between about Euro 15 billion and Euro 22 billion for Europe under
SSP2-RCP2.6 and SSP2-RCP6.0 scenario combinations, very approximately equivalent to 2 and 4°C
pathways respectively, whilst for 2100 the range of annual damage costs are Euro 14 billion to Euro 58
billion. There is not sufficient information to break down these for the UK but on the basis of land area
it suggests impact values of £100+ million annually.

Table 5 Climate Change-induced Biodiversity damage costs in Europe. Source COACCH, 2020.

Time Period Scenario Euro (bn, 2018 prices, annual)
2050 SSP2_2.6 14.9

SSP2_3.4 18.4

SSP2_4.5 21.0

SSP2_6.0 21.9
2100 SSP2_2.6 14.0

SSP2_3.4 23.6

SSP2_4.5 38.5

SSP2_6.0 57.7

Finally, an alternative approach that has been applied in the UK is to look at restoration costs for
damaged habitats, as a proxy for damage. Berry & Hunt (2006)*Vi in the UK used a replacement cost
approach to value changes in habitat coverage. A combination of literature review and SPECIES
model outputs was used to identify species and habitats of national and regional significance,
sensitive to climate change, including some which have a direct economic value. The SPECIES
model simulated changes in suitable climate space at the national scale. It was run using A1F1 (high)
and B2 (low) emission scenarios. The study used the restoration and re-creation cost data from the
UK Biodiversity Action Plan (UK BAP), which were calculated by multiplying the estimates of the area
degraded or lost by the annual costs. The results show £400,000 to £890,000 (2004 prices) for the
2020s and £1.6 million to £2.8 million in the 2050s, but it is stressed that these values are very partial
in terms of coverage and valuation

The examples above cannot be taken to provide firm quantitative estimates, but they do illustrate that
there is likely to be a potentially large economic welfare impact associated with risks to terrestrial
species and habitats from climate change in the UK. On the basis of the review, it seems likely that
these impacts are high (Ehundreds millions/year), and quite plausibly very high (EBillions/year), but it
is also clear that there is a significant lack of quantitative evidence.

Valuation summary

Valuation

Country Present Day | 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
to pathway pathway to to pathway 4°C world at Jlikelihood —
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#

UK Not known Not known Not known Not known Not known Not known

England Not known Not known Not known Not known Not known

N. Ireland Not known Not known Not known Not known Not known

Scotland Not known Not known Not known Not known Not known

Wales Not known Not known Not known Not known Not known

Confidence - - - -

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).
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Adaptation
The valuation of the impacts of climate change on terrestrial species and habitats is challenging, and

this makes it difficult to analyse the subsequent benefits of adaptation in reducing these risks. It is
also highlighted that while the literature on the costs and benefits of adaptation is improving, there is
very little information on the costs and benefits of helping natural systems adapt (Tréltzsch et al.,
2018xVii), There has been some analysis on the costs and benefits of peatland restoration (Moxey
and Moran, 2014xix; Bright, 2017', Watkiss et al., 2019"), which indicate that restoration is generally
worthwhile in most (but not all) cases, for both upland and lowland peatlands (i.e., with positive benefit
cost ratios). The benefits increase if more ecosystem services are able to be valued (and this is a
general issue for many risks in this chapter) and climate change strengthens the case for restoration.
There are some case studies on cost-effectiveness or cost benefit analysis of buffer zones, migration
corridors and even translocation for specific habitats or species (e.g., Tainio et al., 2014i) though this
remains a gap (especially on the benefits analysis). Finally, there would seem to be a strong
economic case for an expanded role for Government intervention to provide enhanced monitoring and
surveillance and early response.

N2 Risks to terrestrial species and habitats from pests, pathogens and invasive species

CCRAS findings
Chapter 3 of the CCRA Technical Report summarised the evidence on this risk. It reports that while

there are international and national policy frameworks for managing the risks to terrestrial species and
habitats from native pests and pathogens, including Invasive Non-Native Species (INNS), these risks
are expected to continue increasing. Changes in these risks are primarily influenced by
socioeconomic drivers, including cross-border trade, within-country movements, biosecurity measures
and land use change, i.e. climate change is generally considered a second order influence. Evidence
of recent increases in the number and severity of outbreaks of native pest and pathogen species, and
establishment of INNS, indicate that risks to terrestrial species and habitats have continued to
increase since CCRA2. Warming is likely to expand the range of climate suitability for many species
and increase the chance of establishment of INNS in the UK, particularly for species that have shown
recent northward expansion across Europe.

Valuation

N2 involves potential risks to regulating, provisioning and cultural services. This risk categories covers
a large number of potential species, and this makes it difficult to produce an aggregate risk. However,
most of the quantitative evidence exists for the risks to provisioning services, and thus the potential
risks of pests, pathogens and invasive species to agriculture, forestry and fisheries. These are
considered in N7, N8 and N16 and are not repeated here in order to avoid double counting.

The focus for this risk is on the impacts of pests, pathogens and invasive species to regulating,
supporting and cultural services. The evidence base here is extremely low, in terms of quantitative
effects, and subsequent implications for these ecosystem services. It is certainly possible that they
could be large, but this is reported as ‘not known’ because of this lack of primary evidence.

Valuation

Country Present Day | 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
to pathway pathway to to pathway 4°C world at Jlikelihood —
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#

UK Not known Not known Not known Not known Not known Not known

Confidence | Very Low Very Low Very Low Very Low Very Low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).
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Adaptation
There is a strong economic case for greater Government intervention in research, monitoring,

awareness raising and coordination of reactive response to potential and emerging threats (including
invasive species) based on case study analysis of four major pests and pathogens Phytophthora
ramorum, Ash dieback, Dothistroma Red needle blight and Septora, a winter wheat yellowing fungus
(see Watkiss et al., 2019'ii), Although this would require additional Government action, Watkiss et al.
(2019) project that the economic benefits are high compared with the costs. There is a clear a role for
public co-ordination of research, monitoring and surveillance. Previous analysis by SRUC (2013'V)
has identified that investment in monitoring for pests has a high benefit-cost ratio of around 10:1.
There are also clear benefits from Government investing in information about pests and pathogens —
their spread, likely impacts, and treatment methods — as this information flow would not otherwise
occur. Whilst a large proportion of the costs (or pests and pathogens) may be borne by private land-
owners, public support is likely to be needed where there are local concentrations of economic activity
that are threatened by the rapid spread of one of these pathogens in an area (to reduce the much
larger costs once pests and pathogens become established). This economic argument is
strengthened by climate change because the future nature of the threats will be less understood by
private actors’ past experience.

N3 Opportunities from new species colonisations in terrestrial habitats

CCRAS findings
Chapter 3 of the CCRA Technical Report summarised the evidence on this risk. Opportunities of

climate change will be taxon and species specific, with more mobile species likely to be more
responsive. Climate change, especially increasing temperatures, can provide the opportunity for
increases in populations, as well as leading to species moving and / or expanding their ranges
northwards or to higher altitudes. Thus, they have the opportunity to colonise new areas. This can
take two forms, firstly the species can be new to the UK, although the level of migration is restricted
as these are islands. If it interacts negatively with native species, or alters habitat condition, then it is
considered an INNS (Risk N2). Secondly, the species may be new to an area, be it a Devolved
Administration or a region. Climate, however, is only one of a number of interacting factors that will
affect the ability of species to realise the opportunity presented by increased suitable climate space.
Dispersal potential may be limited by lack of dispersal routes and suitable habitat availability.

The CCRAS Technical Report does have some quantitative information:

o A simple analysis (based solely on climate) of 3,048 species from a range of taxa, compared
projected future distributional changes with recently observed changes and found that, under a
2°C warming scenario, climate change could represent a medium or high opportunity for 54%
species in Great Britain (Pearce Higgins et al., 2017).

¢ Modelling of changes in suitable climate for birds under the future 3°C-rise scenario projected
that, some birds (such as melodious warbler, short-toed eagle, red-backed shrike, short-toed tree
creeper) potentially could establish (or re-establish) regular breeding populations in Britain in the
next few decades at least partly as a function of climate (Ausden et al., 2015; Hayhow et al.,
2017).

e Massimino et al. (2015) model changes in climate suitability for 124 bird species in Great Britain
using the UKCP09 SCPs and a medium-emissions (A1B) scenario and showed increases for 44%
of species by 2080, with 15% of species projected to increase by 2080 currently red-listed (high
conservation concern) and 13% amber-listed (medium conservation concern).

e There is also some evidence that for some species of butterflies there could be positive benefits,
and also for some rare species. These positive effects need to be seen in the context of the
negative impact discussed elsewhere, but they indicate there could be benefits for some species.

Valuation

It is difficult given the low availability of evidence to develop valuation estimates for this opportunity.
There are likely to be values attached to some cultural services associated with positive bird and
butterfly species changes, as identified above, however, there is insufficient quantitative data on the
physical change and also challenges for subsequent valuation of these. It is therefore difficult to
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judge what the positive effects might be, and in aggregate, because of the lack of quantitative impacts
information, and the link to services.

Valuation

Country Present Day | 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
to pathway pathway to to pathway 4°C world at Jlikelihood —
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#

UK Not known Not known Not known Not known Not known Not known

Confidence | - - - - -

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation

The potential size of the opportunities involved are not well characterised, and this make it difficult to
assess the potential costs and benefits of adaptation: a low regret option would therefore be to
investigate these potential opportunities, and to consider what steps might be needed to help realise
the more important.

N4 Risk to soils from changing climatic conditions, including seasonal aridity and wetness

CCRAS findings
Chapter 3 of the CCRA summarised the evidence for this risk. Climate parameters influencing soils

include temperature, (notably through soil temperature and net primary productivity); precipitation and
evapotranspiration which influence soil moisture, water leaching etc.; and wind, which can interact
with specific soil textures. Soil degradation can occur from erosion (water and wind), compaction,
modification of water-holding properties notably by drainage, loss of soil organic matter (and soil
organic carbon SOC), loss or modification to soil biodiversity, imbalance of nutrients, release of
legacy contaminants into water bodies, and soil sealing. Climate change potentially could have some
benefits for soils through enhanced net primary productivity (from temperature increases and elevated
COz2) and increased organic matter, but this will also be affected by temperature-related changes in
decomposition rates. However, there are notable difficulties in differentiating climate change effects
from other factors: many risks to soils are the product of climate-related processes acting together
with socioeconomic factors to cause soil degradation, notably land use and land management.
CCRAS3 did not identify quantitative studies of potential impacts, but did consider the overall
magnitude of the risk to be important.

Valuation

The importance of effective soil management — and soil quality - derives from the fact that soil

performs several important functions: it supports food production, water storage, biodiversity

conservation and carbon storage. This therefore means it provides provisioning, regulating and

supporting ecosystem services. The ability of soil to perform these services is reduced when it is

degraded (its quality is reduced) or eroded (its quantity is reduced), as can arise from several factors,

which includes climate change. Climate change can potentially impact on soil quality through a

number of pathways (Morison and Matthews, 2016"):

e Soil degradation (although this can include multiple processes, including those below);

e Soil erosion (from heavy precipitation and extremes);

e Higher rainfall increasing soil compaction;

e Loss of soil organic carbon;

o Multiple climate factors affecting vegetation cover and soil processes, affecting function, water
holding capacity, salinization, etc.

While estimates of carbon stocks are relevant for this risk, it is important to avoid double counting with
the next risk (N6) on carbon stores. The valuation of carbon emissions is discussed in the box below.
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Box NE2. Valuation of carbon emission

The monetary valuation of greenhouse gases (GHGs) can be estimated in relation to the economic impacts of
climate change. These values can be used to report the aggregate economic costs of climate change. They can
also be used to assess the marginal economic cost of GHG emissions, which can be used in the economic
appraisal of new policies or projects. In theory, the relevant metric is the marginal damage cost of a tonne of
emissions, known as the Social Cost of Carbon (SCC). However, estimating these economic costs of climate
change is extremely challenging and while estimates are improving, there remains a wide range, which also
depends on the discount rate and equity assumptions used. As a result, many organisations use a shadow price
of carbon (SPC), as an alternative to the SCC (though these are usually based on the costs of abatement with
respect to future targets, and the values are generally lower than the SCC). The UK Government has a long
tradition of using carbon prices in policy appraisal, going back almost two decades (See Watkiss and Hope,
2011V, The UK government has agreed a set of carbon values that are to be used in policy appraisal and
evaluation, and published as part of the Green Book Supplementary Guidance (BEIS, 2019"i). More information
is available at https://www.gov.uk/government/collections/carbon-valuation--2. These are based on the traded
(EUA permit prices) and Non-traded sector (using the non-traded price of carbon).

The most direct climate pathway is from soil erosion, which leads to the reduced productivity and
reduced soil carbon (and increased GHG emissions) and can also lead to downstream impacts such
as on water quality. There are other impacts, though these involve complex pathways where climate
is only one of many factors. Note that there are also some potential positive effects as well, from
climate change increasing organic matter (although this is still the subject of discussion) and higher
primary productivity. It is stressed, however, that in all cases, the overall scale of negative impacts
and any positive effects will be dominated by land management.

There is some valuation information available on current risks. There is a literature which reports on
the impacts and economic costs of soil erosion and land degradation, relating this to the reduction in
(long-term) agricultural productivity, with values that are estimated at several % of agricultural GDP.

Graves et al (2015"ii) estimated the annual costs of soil degradation in England and Wales at
between £0.9 and £1.4 billion. This resulted from erosion that includes: (i) the onsite costs of the
decline in agricultural and forestry yields caused by the reduction in soil depth, the cost of a reduction
in the stock of carbon, and the cost of replacing losses in Nitrogen, Potassium and K, and (ii) the
offsite cost associated with impacts on environmental water quality, drinking water quality, and iii)
greenhouse gas regulation. The total annual cost of erosion in England and Wales for all soil-scapes
was estimated at about £177 million yr. Onsite costs (£40 million per year) comprise loss of yield
potential, valued at market prices, and loss of soil nutrients, valued by their replacement costs. Offsite
costs (£137 million per year) comprise mainly the treatment cost of nutrient removal from drinking
water, the damage costs of nutrients passing to the water environment, sediment removal from rivers
and lakes and sediment removal from urban drainage systems.

The cost of compaction was considered by Graves et al. (2015) to include: the onsite cost of
agricultural and forestry yield decline caused by impaired rooting medium and reduced water holding
capacity, the extra draught power associated with ploughing and cultivation operations, and the cost
of losing applied N, P, and K because of extra runoff. The off-site costs included the impact of
compaction induced additional N, P and K in the water environment and the environmental burdens
associated with increased soil tillage. An estimated 3.9 million ha are at risk of compaction in England
and Wales, highest on clay soils during wet periods. The estimated total current cost of compaction is
£472 million per year, about half of which is on-site, and half is offsite.

The loss of soil carbon has both onsite implications for agricultural production and offsite implications
for global warming. Soil organic matter, for which soil organic C is a proxy, is critical for good sail
structure. The annual cost of the loss of organic matter in the soil as measured by loss of organic
carbon was calculated to be £3.5 million per year, based on the cost of replacing it with organic
manures. The off-site cost in terms of GHG emission was much larger. Using the ratio of 1 to 3.67 for
soil C to CO:z in the atmosphere, the central estimated annual cost, assuming a CO: value of £51
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CO2elt is £566 million mostly associated with clay and peat soils, ranging between low and high
estimates of £360 million and £700 million per year respectively.
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Figure 4 Annual costs of soil degradation in England & Wales. Source: POST, 2015'x),

In Scotland, the total costs of soil erosion including drinking water treatment have been estimated at
£31-50 million/year (Rickson et al., 2019). The key challenge is to attribute current impacts to climate
variability and extremes and then consider how future climate change might affect these current
losses - a more difficult challenge. Some studies have projected that the impacts above could
increase with climate change, primarily due to changes in rainfall (with estimates of a 20% increase in
soil erosion by the end of the century, Cooper et al., 2010). In the medium-term (2050s) there is not
much difference in the average and extreme rainfall projected under 2 versus 4°C pathways, but there
is a very large difference due to model uncertainty and variability. As these indicate that rainfall
projections for England could vary significantly, even in the sign of change, there is considerable
uncertainty in the exact changes.

While there are no robust estimates of the future economic costs of climate change on soil
degradation, erosion and compaction, it is possible to provide some indicative estimates by deriving
annual totals for the climate change impacts. For example, applying the 20% change identified from
the impact of climate change on erosion (Cooper et al. (2010) to the current economic costs of soil
degradation presented above (from Graves et al. (2015)) would indicate potentially large economic
costs, i.e. annual economic costs of £hundreds of millions/year (though these would be dominated by
GHG emissions). The pathways for other climate change effects on soil, including vegetation cover
and soil processes, and the effects on soil health, are not sufficiently well understood to project the
detailed monetary effects of climate change.

A similar order of magnitude is derived from the study of Jones et al. (2020), which present estimates
of the yield losses, and their value, associated with soil erosion. Their results are disaggregated for
the four UK countries. Yield losses are one component of the onsite costs identified in the Graves et
al. (2015) study. Indeed, they comprise approximately 2% of the total costs of soil erosion. In order to
make use of the disaggregated and projected estimates of Jones et al. we therefore scale them on
the basis of the more comprehensive Grave et al. estimates. We derive values for Wales separately
by apportioning the combined England & Wales totals from Graves et al. on the basis of arable area
in the two countries. Note that for England, the 4°C total costs are less than the 2°C costs. This is due
to the relative change in rainfall intensity in regions with higher or lower arable area. Those with the
largest arable area such as East of England and the East Midlands are regions where the increase in
rainfall intensity is projected to be lower in the 4°C scenario later this century than in the 2°C scenario.
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Table 6 . Soil Erosion Costs under current and future scenarios (£Em, 2020 prices) Source, authors,
updating and extending Jones et al., 2020 using estimates from Graves et al., 2015.

Current 2°C 4°C
England 123 393 305
NI 0.5 1.0 9.8
Scotland 4.9 4.9 14.8
Wales 8.9 30.0 21.6

It is also possible to estimate the impacts of soil erosion in terms of loss productivity (the value of the
lost crop production valued at market prices, with future losses discounted by market interest rates),
and some studies have used restoration costs. Not surprisingly, the aggregation to national level
involves many assumptions, and there are important issues with the boundary of the analysis (not
least because upstream soil erosion can sometime lead to benefits downstream).

Interestingly, there is a study (GFSP, 2017%) which has identified unlikely but plausible major tipping
points for areas of England, from the impact of climate change on soil erosion leading to major
production losses. The study is qualitative but indicates that the impacts may be very high, but this is
considered a low likelihood, high impact event.

Valuation summary

Valuation
Country Present 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
Day to pathway pathway to to pathway 4°C world at [likelihood -

stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#

England High High High High High

N. Ireland Medium Medium Medium Medium Medium

Scotland Medium Medium Medium Medium Medium

Wales Medium Medium Medium Medium Medium

Confidence Low Low Low Low ow

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year.

values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation

Low = £<10 million/year. DA

Research is now increasingly available on the cost effectiveness of different soil protection measures,
which can be applied for as assessing adaptation actions, although the distinctive properties of UK
soils require that analysis is not simply transferred from other countries but is instead developed
through a procedure that is consistent with the UK context. Investments in soil monitoring would seem
a low-regret adaptation and a necessary precursor for subsequent improvements. As discussed in
more detail for Risk N6, further investment in climate services (seasonal forecasting etc.) for
agriculture and forestry, in conjunction with technological advances (e.g. precision agriculture) and
improved management practices may have considerable benefits in averting and redressing many of
the current negative outcomes for soils.

Economic analysis of soil protection and climate smart agriculture generally indicates positive
economic returns, although financial returns from a farmer rather than societal perspective may be
limited or take longer to accrue, and include non-market or off-site benefits (Kuhlman et al., 2010'%;

Watkiss et al., 2019), indicating also the key role of policy support. For individual practices, measures
are often highly site-specific, as reflected in large benefit-cost ratios for similar interventions in
different places, and evidence on these practices as viable standalone adaptation strategies remains
limited and sometimes contradictory depending on assumptions (e.g. relationship with other
measures) and context. Posthumus et al. (2015%i), using an ecosystem services valuation approach,
found that for soil erosion, use of tramline management, mulching, buffer strips, high-density planting
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and sediment traps were the most cost-effective control measures, with contour ploughing also cost-
effective in some circumstances. However, the study also noted that assessments of effectiveness
really need to be made at farm level or field level, because of the wide variation in biophysical and
land use contexts, emphasising again the key role of outreach and guidance in stimulating proactive
adaptation actions on the ground.

Previous analysis for CCRA1 and CCRA2 (Frontier Economics, 2013%ii; SRUC, 2013%V) found uptake
in the UK farming community and knowledge of the benefits for such measures was relatively low. For
example, adaptations analysed by SRUC (2013) (with one exception, for cover crops) generated
positive NPVs. These did not require long lead times and had positive ancillary benefits, but the study
still identified the challenge would be to encourage farmers to adopt them. All of this suggests that
while sustainable soil management approaches have potential for reducing climate impacts, their
uptake requires these barriers to be addressed, and may need a combination of awareness and
incentives to realise (Watkiss et al., 2019) though there are obvious opportunities to provide additional
incentives through revision of the current farm payment schemes. There is considerable work also
happening on soil management as linked with Net Zero pathways and it would therefore obviously be
beneficial to increasingly link adaptation assessments with that research.

N5 Risks to natural carbon stores and sequestration from changing climatic conditions,
including temperature change and water scarcity.

CCRAS findings
Chapter 3 of the CCRA Technical Report summarised the evidence on this risk. This highlighted that

confidence is low in assessing future change due to limited evidence and sometimes contrasting
findings. These are due to complex spatial variations in GHG flux relative to local biophysical and land
use settings, including the possibility of threshold effects, and differences in analytical methods.
Climate warming will interact with spatial variations in aridity (risks to soils and vegetation stocks)
and/or wetness (potential opportunities in some regions) to influence outcomes in terms of
risk/opportunity in conjunction with land use decisions. These decisions include changes within
agriculture, but also between these land uses as strongly influenced by policies for the Net Zero
commitment.

Valuation

This is one area where the valuation step is relatively easy, as it can use the UK Government carbon
prices discussed in the previous risk. The main problem is therefore the underlying evidence on the
quantitative risk to carbon stores.

The context for this risk is that gross carbon sequestration of UK natural habitats was estimated to be
28 billion tonnes in 2017 (UK Natural Capital, 2020™%). Applying the carbon values identified
discussed in Box 2 (non-traded prices), this provides a service worth £1.92 billion yearly and an asset
valuation of £108.7 billion. However, this excludes the emission costs related to the management of
natural habitats. In 2017, forest land removed 18.0 million tonnes of carbon, equating to a value of
around £1.19 billion annually and an asset valuation of £53.9 billion. In contrast, cropland emitted
11.4 million tonnes as a result of the loss of carbon stock when converting grassland to cropland. This
means UK croplands provide negative net carbon sequestration valued at a loss of £0.76 billion
annually, with an associated fall in asset value of £71.5 billion.

Blue carbon is not currently included. Using estimates of UK seagrass cover and recent carbon

trading values it has been estimated that the total value of the seagrass standing C stock is between
£2.6 million and £5.3 million (Green et al., 2018).
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Figure 5 Net Sequestration, UK 2017. Source. Natural Capital Accounts, 2020.

The greenhouse gas associated with soil degradation was set out in the previous risk. The focus here
is therefore on carbon sinks, and the effects of climate change on them.

The National Ecosystem Assessment (NEA (2011%)) provided estimates of the land cover in the
year, 2060, based on various socio-economic scenarios. AECOM (2015™i) selected three of the NEA
scenarios and used Bradley et al. (2005) ‘land types’ to assess the effect of land cover changes on
carbon stocks in both: a) the soil, and b) the vegetation. By using a land cover dataset that also
accounts for the indirect effect of climate change, this study quantified how climate change impacts,
such as increased drought events or the abandonment of agricultural land, drive changes in land
cover and thus changes in carbon stock. The three NEA scenarios used in AECOM (2015), reflect
different societal attitudes towards the environment. These range from a society relatively concerned
with the surrounding environment (‘Local stewardship’), to one mainly concerned with trade (‘World
markets’). The ‘Green and pleasant land’ scenario is one where the conservation of traditional
landscapes is a dominant driving force in society.

Each socio-economic scenario was matched with two climate change scenarios: ‘low’ and ‘high’.
These are loosely based on the results for mean temperature and precipitation changes under the
UKCPO09 low (SRES B1) and high (SRES A1FI) emissions scenarios for 2050-2079, (AECOM, 2015).
These low and high scenarios are projected to drive changes in global mean temperature of +1.8°C
(likely range +1.1 to +2.9°C) and +4.0°C (likely range +2.4 to +6.4°C) respectively (IPCC 2007). UK
NIR (2014) assume that it will take anything from 50 to 750 years for a land cover change to be
reflected in the soil carbon stock of the area in question (Table below), and as a rule of thumb, losses
are often assumed to occur over shorter timescales than gains - principally due to disturbance of the
soil. The AECOM (2015) study estimated the monetary value of changes in carbon stored in soil and
vegetation stocks under the range of climate scenarios over the period 2010 to 2060. Thus, the
annual change in tonnes of CO2 equivalent was multiplied by the central non-traded DECC carbon
prices for the period 2010 to 2060. These values were then discounted using a rate of 3.5% for the
first 30 years and 3.0% thereafter in order to estimate the Present Value (PV) of the change.

The resulting changes in carbon stock levels for England are presented below. AECOM, (2015) found
that ‘Local stewardship’ and ‘Green and pleasant land’ appear similar in policy terms and both result
in substantial gains in soil carbon throughout lowland Britain. However, the areas of highest gains
identified under each scenario are substantially different. In ‘Local stewardship’, the highest gains
come in upland periphery areas, where afforestation and changes from improved grassland to semi-
natural grassland drive a long-term increase in carbon amounts.
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Table 7 Present Value of soil carbon stocks from 2010 to 2060 (£ billion, 2019 prices, updated from
original study using BEIS carbon values'ii),

NEA Scenarios
Low Climate Change High Climate Change
Local Green & World Local Green & World
Stewardship Pleasant Markets Stewardship Pleasant Markets
Land Land
England 47 82 -71 52 107 -62

In ‘Green and pleasant land’, the largest gains come where the potential for habitat restoration is high:
in the mountainous areas where substantial reversions of enclosed farmland to semi-natural habitat
are projected for this scenario. The large difference between the low and high climate scenario
versions is driven by an increase in semi-natural grassland under high climate, which generally
replaces enclosed farmland in England.

In ‘World markets’, broad-scale industrialization of farming results in large net losses in soil carbon as
more semi-natural and wild habitats are brought into cultivation. Unlike the other two NEA scenarios,
for ‘World markets’ there is estimated to be less change to soil carbon stocks under high climate
change than under low climate change. This is due to increased losses of arable land to higher
temperatures, leading to increased drought and abandonment of unproductive land. Thus, reversion
to woodland or semi-natural grassland reduces estimated loss.

The results suggest that the total value of the change in soil carbon stocks across England over the
period 2010 to 2060 ranges from a low of -£33 billion in the ‘World markets’ (low emissions) scenario,
to a high of £50 billion in the green and pleasant land (high emissions scenario).

These results equate to undiscounted, annual, totals of approximately (minus) £1 billion to (plus) £2
billion — a mid-point of these appears to be broadly consistent with the current annual loss of carbon
of £566 million for England and Wales, as estimated by Graves et al. (2015); equivalent to £480
million for England alone.

This range of values is supported by Jones et al. (2020) who estimate the costs of excess carbon
emissions as increased temperatures are projected to result in degradation of peatlands and reduced
potential for carbon sequestration. They find excess annual costs of £1.1 billion in 2050s and between
£1.5 billion and £2.2 billion in 2080s for the UK. These costs are primarily as a result of peatland in
Scotland (70%), 15% in England, 10% in Northern Ireland and 5% in Wales. On the basis of the
information presented in the previous paragraphs we provide an assessment of potential magnitude
scores. Given the lack of quantification of a number of potentially significant risks to soil, these
estimates should be regarded as conservative.

There is more detailed information available for peatland; it is a separate category in the ONS Natural
Capital accounts, from which services flow™*. The majority of peatland sites in England are primarily
in poor condition as a result of land management practices, leading to areas of bare peat, a loss of
soil, habitats and biodiversity, and reduced capacity to stabilise base and peak flows of water
(Thomson et al., 2018%). In this condition, climate change will increase the loss of ecosystem
services from peatlands including through the risk of loss of the peat-forming sphagnum moss layer
on upland peats from hotter, drier conditions. Intact, functioning peatlands may still be susceptible to
climate change, but evidence suggests that they will be more resilient (to it) and may indeed be able
to self-adapt (e.g. through changing their vegetation species mix) to continue functioning. The
difference in impacts between 2°C and 4°C pathways is difficult to specify, but it is presumed that
degradation risks and rates of degradation increase with temperature and that trigger points, such as
prolonged droughts or simply more variable patterns of precipitation, may well exist for abrupt shifts in
vegetation cover and erosion (see Moxey, 2019%). Ultimately, once a site approaches complete
depletion of peat, degradation becomes irreversible. Before this point is reached, degradation can
generally be reversed, albeit that required actions may be more expensive and take longer to take
effect. This suggests that inaction now may potentially lock-in irreversible damage at some sites, and
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is more likely to incur additional on-going ecosystem service losses and increase later restoration
costs.

The costs of inaction equate to the value of ecosystem services lost due to continuing and worsening
degradation. Information on these costs is increasing as more studies are published, though the data
remains incomplete. Consequently, given heterogeneity of site conditions and current management,

it is difficult to estimate aggregate costs. Nevertheless, it is possible to use illustrative figures to give

an indication.

In relation to climate regulation services resulting from peatland, the Peatland Code provides
estimates of GHG emissions for different categories of degraded upland peatlands, ranging from
around 2t COz¢/halyr for lightly degraded sites through to around 24t COze/halyr for actively eroding
bare peat, with emissions from intensive cultivation or grazing of lowland peats being around 18 to 24t
COz2¢/halyr (Evans et al., 2017"). Evans et al. (2016) estimate current annual emissions for English
peatlands as around 11mt COxe. If published non-traded central carbon values' and the standard
3.5% discount rate are applied to these, the implied Present Value costs to 2040 are around £13.7bn
without further degradation. If climate change causes annual emissions to increase by 0.5% to 1.5%
per year, as assumed by Thomson et al., (2018%i), costs would rise to between £14.5bn and £16.2bn
respectively.

There figures are, of course, sensitive to a number of underlying assumptions but give an indication of
the possible magnitude. Arguably, under a 4°C+ scenario, rapid degradation of all unrestored sites
might be expected to be triggered, pushing emissions to the upper-bound estimates more quickly and
hence increasing overall carbon costs. In addition, given that current carbon price projections relate
to 2°C scenarios, overall costs would presumably increase through unit-price effects as well as overall
emission levels (but no such price projections appear to have been calculated).

Valuation summary

Valuation

Country Present Day | 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
to pathway pathway to to pathway 4°C world at Jlikelihood —
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#

UK High Very high Very high Very high Very high Not known

England High Very high Very high Very high Very high

N. Ireland Medium High High High Very high

Scotland High Very high Very high Very high Very high

Wales Medium High High High Very high

Confidence Low - Medium | Low—Medium Low - Medium | Low - Medium

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation

Restoration is a low regret action for degraded peatlands (CCC, 2013™xii) with early action having
short-term benefits as well as longer-term resilience to climate change. Moreover, early action is
desirable given that restoration to a near-natural, fully-functional state can take decades or longer and
that restoration costs increase with the degree of degradation faced. There has been some analysis
on the costs and benefits of restoring peatlands and enhancing carbon storage (Moxey and Moran,
2014; Bright, 2017, Watkiss et al., 2019), which indicate that restoration is generally worthwhile in

most (but not all) cases, for both upland and even lowland peatlands, especially if a broader range of
ecosystem services are included (Glenk and Martin-Ortega 2018xV), However, these assessments
are largely yet to include climate risks and the need for adaptation in achieving these objectives, and
also the timing of costs and benefits. In particular, capital investment costs are incurred upfront whilst
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benefits accumulate more slowly over time (as do any opportunity costs). This makes the choice
regarding both the time period over which comparisons are made, and the discount rate by which
future costs and benefits are translated to an equivalent Present Value, important. Information does
indicate that reliance on voluntary enrolment (rather than regulatory obligations) is likely to limit
restoration, because of necessary capital investments but also interactions with (especially)
agricultural policy support and market returns (the latter gives rise to high opportunity costs for
productive lowland sites), and suggests further action will need incentives.

Economic assessment of carbon storage and GHG issues for other soils, and for the marine sector
(wetlands and blue carbon) as a whole remains less available. Forestry is discussed in Risk N6.

N6 Risks to and opportunities for agricultural and forestry productivity from extreme events
and changing climatic conditions (including temperature change, water scarcity, wildfire,
flooding, coastal erosion, wind and saline intrusion).

CCRAS findings
Chapter 3 of the CCRA Technical Report summarised the evidence on this risk. Both risks and

opportunities are related to the type of farming or forestry, notably choice of crop, livestock or tree
species (and specialist cultivars), and the spatial and temporal dimensions of the climate effects that
correspond with different magnitudes of climate change. The interaction of multiple climate
parameters with other biophysical and socioeconomic factors, including the current plans for Net-Zero
GHG emissions, means future assessment inevitably involve some uncertainty.

Valuation
For the valuation analysis, this risk has been split into the agricultural and forestry sectors, and are
reported as two separate scores.

Agriculture

Climate change has the potential to affect the agricultural sector, both negatively (e.g. from lower
rainfall, increasing variability, extreme heat) and positively (e.g. from COz: fertilization, extended
seasons). These effects will arise from gradual climate change and extreme events that will directly
affect crop production, but will also have indirect effects, e.g. via the prevalence of pests and
diseases. These various impacts will affect crop yields and in turn, agricultural production,
consumption, prices, trade and decision-making on land-use (change).

Most studies take outputs from climate models and use these in crop growth models or statistical
models to assess changes in yields. These can then be fed into bio-economic models, partial
equilibrium (PE) or computable general equilibrium (CGE) models. PE models focus on land-based
sectors only, but have more detail. CGE models can assess impacts on other sectors via income and
price effects. This suite of models can also be used to assess some adaptation options (farm level
options and trade). Only a few models also analyse the effects of extreme weather events, and this
can make a large difference to results.

Importantly, results can change significantly when using economic models rather than crop models,
because of the subsequent impact on productivity, land-use decisions, trade, etc. This can also mean
there are cases where climate change might reduce yields in the UK, but the impacts of climate
change in other countries on yields are even greater (e.g. in Europe or globally). When these other
changes are factored into the analysis, with trade and price effects, this can lead to positive economic
benefits for UK producers (if they respond accordingly).

The combination of climate model, impact model (crop model or statistical), and economic model
(partial equilibrium or CGE) lead to an enormous range of uncertainty, and this is compounded by the
continued debate on the positive role (or not) of COz fertilisation, which can reduce yield impacts or
even lead to net positive effects. These results can change further again when the consideration of
reactive farm adaptation is considered. This means it is possible to find studies that cover the entire
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range from large negative to high positive outcomes for the UK. This study has reviewed some of the
economic literature, focusing on studies that take account of international effects.

The PESETA study (Ciscar et al. 2012) used crop model outputs in a CGE model and estimated the
impacts of climate change on agriculture in Europe. They estimated it would reduce GDP by 0.3%
overall, but with strong distributional patterns, with small productivity and economic gains observed in
the Northern European regions (including the UK) but large losses observed in Central and Southern
Europe. The PESETA Il study (Ciscar et al. 2014™) built upon this work and reported losses in
monetary terms. It estimated climate related costs for agriculture of €18 billion/year in Europe by the
2080s (A1B), driven by yield reductions in Southern Europe. When a warmer and drier climate was
considered, with no adaptation, the UK and Ireland were projected to experience yield losses in the
range of -10 to -20%, but these could be offset completely with adaptation. The most recent PESETA
IV (2020, iy study again reported that in the absence of adaptation, climate change could
substantially lower grain maize and wheat yields in southern Europe, and to a lesser extent grain
maize yields in northern Europe (although there were projected gains in the UK). However, economic
modelling found that production in the EU and UK could still increase slightly due to the interplay of
different market forces, i.e. because the negative effects in Europe are projected to be lower
compared to other world regions. This provides the EU a comparative advantage in terms of climate
change impacts on agricultural productivity, which could positively affect its competitiveness.
Interestingly it finds a tipping point for the UK above 2C, when there is a flip to a decrease in yields,
and for welfare.

Table 8 Change in welfare (bn €) from crop productivity change for the EU regions for the three climate
scenarios. The reported changes are with respect to current economy Source PESETA 1V, 2020.

¥ * Welfare (bn €) Welfare (% of GDP)
_""”'|I||I| 15°C 2°C 3°C 15°¢C 2°C 3°C

Northern Europe 06 05 02 0.06 0.06 0.02
UK & Ireland 04 04 -03 002 002 -0.01
Central Europe North 35 33 20 009 008 0.05
Central Europe South 0.0 -03 =25 000 -0.01 -0.09
Southern Europe -10 -l4 -37 -0.03 -0.04 -0.12
EU + UK 35 25 -43 003 002 -0.03
Source: PESETA IV, 2020.
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Sawwre: PESETA IV, 2020

Balkovic et al. (2015>ii) estimated the difference in welfare (the sum of producer and consumer
surplus) with and without climate-induced yield shocks using the partial-equilibrium model GLOBIOM
for a 2°C scenario (mid-century). They found that when adaptation was included, climate change had
an overall positive monetary aggregated impact on land-use related sectors in Europe of USD +0.56
billion/year, but found a loss of USD 1.96 to 6.95 billion/year without adaptation including losses in the
UK. They identified large uncertainties, partly due to the estimation on yield impacts, and the damage
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estimation was directly related to the production losses estimated using crop models, which in turn
was directly dependent on assumptions on rainfall and precipitation patterns estimated using climate
models.

The COACCH project (2020"*) used crop models inputs and used in the GLOBIOM model, to
estimate the impact of climate change on EU-28 production, area, and yield, looking at individual
crops and broad agricultural categories. In all scenarios (low, medium and high warming scenarios),
when CO: fertilization was included, crop productivity was projected to increase on average in
Europe, but there were large differences between crop types, as well as spatial differences within
Europe.
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Figure 6 Changes in real GDP in 2050 due to the combined effect of changed cropland availability and
yield changes, relative to a Baseline scenario without climate change.

(DEU: Germany; AUT: Austria; ITA: Italy; UKD: United Kingdom; FRA: France; BLU: Belgium and Luxemburg; NLD:
Netherlands; CEU: Central Europe; NEU: Northern Europe; MEU: Mediterranean and South-Eastern Europe).

The Highest negative impacts on both crop yields and the agricultural sector in general, were found
under a high emission scenario (RCP8.5) when CO: fertilisation was not considered. GLOBIOM
estimated that under this scenario, the production costs of climate change are in the order of 906
million Euros for arable production and 831 million Euros for the agricultural sector in 2050. For the
UK, the largest changes constituted a positive effect of around 0.18%of GDP in 2050 under RCP4.5 —
SSP1 and RCP8.5 — SSP5 scenario combinations. Negative effects were found under RCP2.6 —
SSP1 and RCP2.6 — SSP2 combinations though they were almost negligible. These estimates
consider the fact that the negative impacts of climate change are more profound in the rest of the
world compared to Europe, leading to a relative improvement in Europe’s export position, but also
increasing pressure on European resources such as land and water.

There is less information on the effects of livestock. There are some studies that review the potential
effects in the UK (Wreford et al., 2020%), though there is less information on the potential quantified
impacts.

Analysis by Fodor et al. (2018) using the UKCPO09 11-member PPE indicated possible average
annual milk production losses from the THI relationship, but with considerable interannual variability,
with the hotter locations projected to show an annual milk loss exceeding 1,300 kg/cow by the 2090s
(ca. 17% of today’s productive capacity). In order to address some of the key uncertainties, this study
also developed an improved model and concluded that SW England is the region most vulnerable to
climate change economically because of the combination of high heat stress with high dairy herd
density such that income loss for this region by the end of this century may reach £13.4m in average
years and £33.8m in extreme years.

One recent study analysed the implications of heat stress in dairy cattle and in turn milk production
using the temperature-based component of the established thermal humidity index (Jones et al.
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(2020). The study assessed the spatial variation of threshold exceedance across the UK, and
assessed climate impacts using the CMIP5 climate projections, for present day the 2050s and the
2080s. Exceedance of the air temperature threshold was found to lead to a decline in milk production
and decreased conception rates. In terms of milk production, the analysis found a steep increase in
total milk losses after the 2050s. At the UK level, the estimated economic impact range from £3
million to £4.5 million per annum, depending on current climate variability. Costs increase to between
£8 million to £13 million by 2050s, and to between £17 million and £57 million in the 2080s.

In England, economic impacts range from £13 million to £45 million per annum in the 2080s. The
larger share of costs in England reflects the fact that 60% of cows are currently reared there and
threshold temperature exceedances tend to occur more frequently in England compared with other
regions. Economic impacts in Scotland, Wales and Northern Ireland ranged from £0m to £7m per
annum in the 2080s depending on the model. The magnitude of these impacts compared to current
UK value of milk production implies that by 2080s total milk losses would range from around 0.4% of
total production to 1.3%. Current profit margins are 6% on milk yield, suggesting that future losses
could be significant. The regions most impacted include south west England, north west England, the
west Midlands, Wales and Northern Ireland.

Forestry
Forestry is a sector with long lifetimes, and thus high risk from climate change. As with agriculture,

forest growth may be positively impacted by some climate change effects but negatively impacted by
others, with the latter including changes in water availability, extremes (droughts, wind storms) and
pests and diseases. Additional impacts can arise from changes in forest ecosystem health, and from
increasing forest fires, affecting managed and natural forests.

Climate change affects the forest sector in two ways; first, through the impact on biomass
accumulation and the growth rates on forests, and second, through the enhanced risk of forest fires.

Hanewinkel et al. (2013)»x estimated the economic impact of projected climate change for a wide
range of temperature increases (between 1.4 and 5.8°C until 2100), using a high-resolution model
that predicted presence or absence for 32 tree species under different climate projections (A1B, B2
and A1F1) in Europe. They found that the expected value of European forestland will decrease owing
to the decline of economically valuable species in the absence of effective counter-measures.
Depending on the interest rate and climate scenario applied, this loss varies between 14 and 50%
(mean: 28% for an interest rate of 2%) of the present value of forestland in Europe, excluding Russia,
and may total several hundred billion Euros.

The COACCH project (2020*i) looked at productivity and fires using the biophysical forest model
G4M. This estimated that increased temperature and decreased precipitation cause a reduction in the
biomass and growth rate of forests in Southern Europe, especially towards 2070 under RCP8.5. In
the short-term, smaller gains on biomass growth were projected in Northern Europe. Under RCP8.5
and without CO:z fertilization, it estimated that the costs of climate change for forest production, related
to the loss of biomass, amounted to 62 million Euros in 2050 and 112 million Euros in 2070 for
Europe. In the UK the climate change costs were estimated to be negligible, though forestry in the
East of England was judged to lose productivity whilst it increases in Scotland.

Studies on forest fires project an increase in frequency and extent, especially in Southern Europe.
Fires currently affect more than half a million hectares of forest each year, with estimated economic
damages of €1.5 billion annually (San-Miguel-Ayanz and Camia, 2010): studies estimate the area
burned in Europe could increase by 200% by the 2080s due to climate change (Khabarov et al. 2016)
— although this excluded the UK.

The COACCH project (2020) estimated that the potential burned area in Europe will increase

significantly in Europe, especially under the RCP8.5 scenario. The areas (in ha) are estimated to be
largest in Portugal, Spain, South of France and Greece. Given that the losses in the UK are likely to
be relatively small compared to these countries, it considered that there is therefore the potential for
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timber demand to be switched so that it is met by UK production with higher prices resulting in higher
profitability.

The PESETA Il project (Ciscar et al., 2014) estimated that burned area due to forest fires could more

than double in the Southern European region in the reference simulation, reaching almost 800,000
ha. The PESETA IV study (Forziere et al., 2020"ii) undertook a detailed current study of climate
risks and considered damage from fires, windstorms and insect outbreaks is likely to increase further
in coming decades, and Costa et al., (2020%) looked at wildfires across Europe by country, and
projects increasing fires for the UK but did not monetise these.

Valuation summary

Estimation is complicated by the fact that the opportunities resulting primarily from changes in the
mean climate need to be balanced against the risks from extreme weather events. Thus, substantial
local or regional changes may be balanced out at the national scale. There is also an extremely large
range of results across the climate model projections, and according to assumptions about CO2
fertilisation. Values are presented separately for agriculture and forestry. There is insufficient
information to provide a breakdown by country, but it is noted that the forestry sector is particularly
important for Scotland.

Agriculture

Valuation

Country Present Day 2050s, on a to 2050s, on a 2080s, on a to 2080s, for 4°C |Low
pathway pathway to 4°C | pathway world at the ikelihood —
stabilising at at end of the stabilising at end of the high impact
2°C by 2100* century# 2°C by 2100* century#

UK High Range from Range from Range from Range from Very high
High positive to High positive to High positive to Very High
High negative High negative High negative positive to Very

High negative
Confidence Low Low Low Low
Forestry

Valuation

Country Present Day 2050s, on a to 2050s, on a 2080s, on a to 2080s, for 4°C |Low
pathway pathway to 4°C | pathway world at the ikelihood —
stabilising at at end of the stabilising at end of the high impact
2°C by 2100* century# 2°C by 2100* century#

UK Range from low | Range from low | Range from low | Range from low [Not known
to high to high to high to very high

Confidence Low Low Low Low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation

There are a number of studies on costs and benefits of adaptation actions (Watkiss and Hunt,

2018 V), although their conclusions depend on the modelling approach (i.e. whether using farm level
analysis, crop models, econometric analysis, or partial or general equilibrium models). Early studies
using crop productivity models tend to identify increased use of irrigation and fertiliser to address
changing yields, but rarely covered potential limits (e.g. water availability or implications of fertiliser
use). Another series of models use partial or general equilibrium models to analysis adaptation
options including trade, shifting crop types and land-use expansion. These highlight important issues
of market driven adaptation, and that changes that occur from impacts in the UK need to be seen in
the European and even global context. Such studies (e.g. Hristov et al., 2020™) report that large
negative climate change impacts on productivity outside of the EU can lead to large market spill-over
effects which could push up production in Northern Europe (including the UK, and assuming
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production capacity is available) as higher demand for some agricultural commaodities outside of EU
results in higher producer prices.

At local level, economic studies have found a large number of no- and low-regret options including
agronomic options such as changing sowing dates, planting new cultivars or varieties, or changing
management practices (Watkiss and Hunt, 2018). These are often already implemented as reactive
or even planned measures by farmers as adjustments to weather and climate variability, however
effectiveness is usually highly variable depending on the context for the measure, and differs for crops
and regions. As discussed in previous CCRAs, more strategic options that have good benefit to cost
ratios include increasing water supply through on-farm storage reservoirs and incentivising efficient
water management, the introduction and increasing expenditures on research and development
(Wreford and Renwick, 2012™xii: Moran et al., 2013»vii: Frontier Economics, 2013%)_ In addition,
studies also support early options that focus on enhancing adaptive capacity through research,
awareness, information provision, best practice and addressing barriers. This may be complemented
by further investment in weather and climate services (seasonal forecasting etc.) to improve the
quality of information on climate sensitivity and further support for technological developments,
notably precision agriculture.

In particular, and highlighting the risks transferred from the land use sector to biodiversity, soils and
water (see Risks N1, N4, N11), there is enhanced policy interest in ‘climate-smart’ initiatives, although
here additional policy support will likely be crucial, as through agri-environment scheme payments.
For agriculture, direct benefits from improved environmental protection for farm incomes (rather than
society as a whole) generally take longer to accrue, and include non-market and off-site benefits. For
individual practices, benefit to cost ratios are often highly site-specific, with varied evidence on
practices as viable standalone adaptation strategies (e.g. Kuhiman et al.,2010*¢). Previous qualitative
economic appraisal by Frontier Economics (2013) found UK farming uptake of soil protection
measures was relatively low, partly influenced by awareness but also financial return.

A report commissioned by the CCC from JBA Consulting (CCC, 2018*°) examined how taking a long-
term approach to considering the risks from climate change, and anticipating land-use changes to
manage these risks, could deliver net benefits in terms of the maintenance of natural capital and the
services it provides. An 'adaptation pathways' approach was used to develop understanding of how
the need for planned transformational change can be understood and analysed. Four case study
locations were scoped for the research all of which had agriculture as a significant proportion of
existing land use: Norfolk and Suffolk Broads; Somerset; the Petteril; and Moor House and Upper
Teesdale. The case studies showed that in scenarios where future climate change presents a threat
to current land uses, the use of adaptation pathways that consider land-use change in advance of the
climate hazard event occurring deliver higher net benefits compared to waiting until the hazard has
occurred. Anticipatory action was shown to improve total net benefits over and above a business as
usual scenario by between £2,500 per ha and £8,400 per ha across the four English case study
locations analysed in report.

Posthumus et al. (2015xci), using an ecosystem services valuation approach, found that for soil
erosion, use of tramline management, mulching, buffer strips, high-density planting and sediment
traps were the most cost-effective control measures, with contour ploughing also cost-effective in
some circumstances. However, as above, the study also found that assessments of effectiveness
really need to be made at farm level or field level, because of the wide variation in biophysical and
land use contexts, emphasising again the key role of outreach and guidance in stimulating proactive
adaptation actions on the ground. SRUC (2013>cii) for the CCC also looked at soil management,
considering six adaptations on a number of different crops. Under these assumptions, all the
adaptations analysed (with one exception, for cover crops) generated positive NPVs. These did not
require long lead times and had positive ancillary benefits, but the study still identified the challenge
would be to encourage farmers to adopt them. All of this suggests that while sustainable soil
management approaches have potential for reducing climate impacts, their uptake requires these
barriers to be addressed, and may need a combination of awareness and incentives to realise
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(Watkiss et al., 2019) though there are obvious opportunities to provide additional incentives through
revision of the current farm payment schemes.

Livestock adaptation options have been evaluated by Dittrich et al. (2017*V). The costs involved in
adapting the farming system range from simple low- or no-cost to those requiring large investments of
capital and labour (Wreford et al., 2015*<; Wreford and Topp, 2020%*¥). The lead-time and lifetime of
that adaptation measure influence the choice of economic appraisal method used for the evaluation
(Dittrich et al., 2017). In the case of short-term decisions that require a small investment or a
reversible cost-benefit analysis (CBA) is appropriate. On the other hand, projects that have a longer
lead-time or long lifetimes require methods that incorporate uncertainty (Dittrich et al., 2017). Thus,
when farmers consider changing the composition of the dairy herd to maximise productivity and
minimise stress, portfolio analysis, which evaluates several options in terms of herd structure, is
appropriate. However, when the impact on the farmer relates to the frequency of extreme events, real
option appraisal can be used as it allows for learning over time, and this method may be more suited
to natural flood risk management measures to protect livestock and agricultural land, and housing to
protect animals from heat.

Studies on adaptation costs and benefits in relation to sustainable forestry management investigate
the challenges in making long-term decisions over individual or multiple rotation cycles. Increasingly
these show the advantages from moving to a more diversified system rather than monocultures as
developed in the past, as also consistent also with the general shift towards multifunctional forestry,
including the increasing present and future threats from pests, pathogens and INNS (Risk N8) (e.g.
Ray et al., 2019xcvii),

N7 Risks to agriculture from pests, pathogens and invasive species

CCRAS findings
Chapter 3 of the CCRA summarised the evidence on this risk. This involves a large number of

possible plant and animal diseases. Pests, pathogens and invasive non-native species present
serious risks to agricultural productivity, with consequences for livelihoods and businesses. The
combined risk factors (climate and non-climate) clearly suggest that the magnitude of this risk is
increasing. The CCRAS3 Technical Report identified a number of potential threats. In general terms,
the trend towards warmer and seasonally wetter conditions, most especially in winter months, was
considered very likely to favour increased risk from some existing pests and pathogens. In assessing
risk from INNS, distinctions between introduction and establishment as compared to spread and
consequent impact become important as the magnitude of impact increases at each step.

Valuation

The valuation analysis has focused on case studies to explore this risk. The UK Biological Security
Strategy (The Home Office, 2018), reports that between August 2000 and December 2017 there were
22 outbreaks of exotic notifiable animal diseases in the UK that cost the Government between
£300,000 and £3 billion. The Environmental Audit Committee (2019) report on Invasive Species
identified INNS as one of the top five threats to the UK’s natural environment. Previously, and
reported estimated total costs to the GB economy of £1.9 billion per year (£1.5 billion to England,
£0.26 billion to Scotland and £0.15 billion to Wales.

Yellow Rust and Septoria on Winter Wheat

HGCA (2012") state that yield losses of 30-50% in winter wheat production have been reported and
susceptible varieties can average a yield loss of 20% in untreated trials. Watkiss et al. (2019xevii)
estimate that there is a loss equivalent to a cost of £250 per hectare, based on a grain price of
£150/tonne and an average treated yield of 8.5 ton/hectare. Adopting a figure of 15 million tonnes for
total winter wheat production in England, (Cho et al. (2012")), and assuming the yield loss of 20%, this
gives rise to a total current annual cost of £450 million. Under climate change, Gouache et al.
(2013*°*) project that septoria tritici incidence could be reduced by 2-6% at three sites across France
by 2071-2100. Transferring this impact estimate to England, Watkiss et al. (2019) project this cost to
be reduced by £9m - £27m per annum.
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Bluetongue virus (Culicoides)

Bluetongue is a viral disease of cattle and sheep transmitted by Culicoides biting midges; there have
been a number of recent outbreaks of the disease across Europe, including England and Wales.
Jones et al. (2019¢) identify that the risk of disease outbreaks are likely to increase under climate
change futures as a result of a number of factors including population size, mortality rate, the virus
replication rate and biting rate that are all temperature-dependent. The authors undertake modelling
of farm infection rates under two climate change scenarios — RCP4.5 and RCP8.5. They report that
outbreaks are approximately double the current number of 440 farms infected by the 2050s - 760 and
850 farms for RCP 4.5 and 8.5, respectively, and a further slight increase for RCP 4.5 to 900 by the
2080s, with a more significant increase to 1,250 farms for RCP 8.5 by the 2080s.
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Figure 7 Average (median) simulated BTV outbreak size in England and Wales under future climate

We use the results from Jones et al. (2020) to generate indicative estimates of the costs associated
with BTV under climate change scenarios. Unit costs for cattle are identified in Gethmann et al.
(2020)°. They estimate the direct costs which include production losses, animal deaths, and
veterinary treatment as well as the indirect costs which include surveillance, additional measures for
animal export, disease control (preventive vaccination and treatment with insecticides), vector
monitoring, and administration. The financial impact of a BTV-8 infection at the animal level was
estimated to average £130 per dairy cattle, £30 per beef cattle, and £75 per sheep. The cost of the
epidemic as a whole was estimated to be £180 million for Germany. Only 27% of the total cost
comprised of direct costs, with the remaining 73% being indirect costs. Studies in other countries
show widely differing results depending on the assumptions made in the methodological approach.
Nevertheless, the example of Germany — with a cattle and sheep sector of a size broadly similar to
that in the UK — provides an initial indication of the possible dimension of this risk. If we assume that
all cattle on affected farms are affected by the disease, and we utilise the figure for the average
number of cattle on a farm in the UK as £130, then the cost totals can be calculated, as presented in
Table 1. The frequency with which outbreaks occur are also projected to increase from the current 1
in 20 years (Jones et al.). The frequencies are projected to be 6 in every 20 by the 2050s for both
emission scenarios and the 2080s for RCP4.5, and around 13 years in 20 by the 2080s for RCP 8.5.
The resulting annual average costs are also included.

Table 9 Cost of BTV Outbreaks under Climate Scenarios — England & Wales

Total cost of Total Climate- Annual Climate-
Time period Climate Scenario outbreak (£m) related cost (Em) related cost (Em)
Current Baseline 7.2
2050 RCP4.5 12.4 5.2 1.6
RCP8.5 13.9 6.7 2.0
2080 RCP4.5 14.7 7.5 2.2
RCP8.5 20.4 13.2 8.6
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Phythophthora infestans

The risk assessment suggests that greater frequency of warm, dry, summers under climate change
could increase the likelihood of the pathogen, Phythophthora infestans, causing late potato blight —
the disease that resulted in the Irish Potato famine in the 19" century. The current size of this risk is
indicated by the findings of Haverkort et al. (2008) who estimate that the annual costs of potato blight
in the EU are around Euro 1 billion, equivalent to 15% of the total value of potato production. These
costs comprise of existing disease control costs as well as the value of lost output. Assuming that the
15% estimate applies to the UK, an average annual total production value of £515 million (AHDB,
2020) implies an annual loss of £77 million. This can be disaggregated to £18 million for Scotland, £6
million for Wales, £1.5 million for Northern Ireland and £52 million for England. However, there is not
good information on how much these costs would increase under future climate change scenarios.

Tobacco Whitefly (Bemisia tabaci)

Whitefly is considered to be one of the most serious threats to crop cultivation worldwide. In regions
where it is established, viruses transmitted by this insect, especially those affecting tomato and
cucurbits, and also beans, pepper and aubergines, are responsible for severe diseases that have a
strong negative impact on crop yield (EFSA, (2013¢)). Indeed, it has been estimated that a whitefly
outbreak in the United States resulted in £375 million worth of damage in a single year (Oliveira, et al.
2001¢ii), Bradshaw et al. (2019¢V) identify this as an agricultural pest that has the ability to transmit
multiple damaging plant viruses. To date, UK outbreaks of the whitefly have been restricted to
glasshouses and there are no records of the whitefly establishing outdoors during the summer.
However, they project that under 2°C and 4°C climate change scenarios the pest could pose a risk to
outdoor UK crops in July and August. Specifically, they find that B. tabaci could establish outdoors in
East Anglia and across southern England in the future. However, no quantification is given of the
likelihood and size of this risk and its impact on agricultural production.

Haemonchus contortus

An additional risk that has been quantified in the study by Jones et al. (2020) is the influence of
higher temperatures on incidences of the sheep parasite Haemonchus contortus, and the implications
for lamb production. The study extracted data from UKCP18 12 km projections for a RCP8.5
concentrations pathway. A single ensemble member was selected, roughly mid-range of the set of
ensembles. The research suggests an increase in the number of days where daily mean temperature
exceeds a temperature threshold of 9 °C, which allows sheep parasites to increase their life cycle
more frequently, with health impacts for sheep and economic costs to farmers.

For the UK as a whole, at the baseline annual economic losses are already £81 m per year (see
Table below). This compares to the total production value of sheep meat in 2018 at £1.2 billion in the
UK, around 7% of total production’. Under the 2°C scenario, monetary losses increase to £97 m per
year while under the 4°C scenario they total £113 m per year. In England, losses increase from £37 m
per year at baseline to £43 million and £50 million per year under 2°C and 4°C scenarios respectively.
In Wales they increase from £22 million per year to £27 million and £31 million per year, while in
Scotland annual losses increase from £16 million to £20 million and £23 million. In Northern Ireland
they increase from £4.8 million to £6.1 million and £6.7 million per year. Projected economic costs of
greater parasitic outbreak could thus cost up to 10% of the value of lamb production under a 4°C
scenario.

Table 10 Annual economic losses in lamb production by region. Average over a ten year period for
baseline (2001 — 2010), 2°C and 4°C scenarios.

Monetary loss (£ million)

. Total no. lambs Baseline (2001- o o
Region (million) 2010() 2%c 4°C
England (total) 8.0 37.6 43.8 51.0
Northern Ireland (total) 1.0 4.9 6.1 6.7
Wales (total) 4.9 23.0 27.4 31.8
Scotland (total) 3.4 16.0 201 23.7
UK (total) 17.3 81.4 97.4 113.2
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Asian Hornet

Asian hornets have been identified as currently living in the UK. For example, Defra reports that a
nest was identified and destroyed in Gosport, Hampshire in September, 2020. The identified risk is
primarily to honey-producing bees in the UK. An estimate of the economic value of bees in the UK
was made by Carreck and Williams (1998¢<¥) and included both the value of honey produced, and the
value of flower pollination. The study found a total value of approximately £250 million. No
quantification of the potential risk from the Asian Hornet has been made to date. However, if we use a

hypothetical “what if’ scenario that assumes a reduction of 5-10% in bee productivity as a result of
Asian Hornet attack, the loss in economic value of £12.5 million to £25 million would result.

Valuation summary

Changes in the climate can affect the suitability and geographical range for pests and diseases and
may also, in combination with changes in extremes, affect the prevalence and intensity of pest and
disease outbreaks. The economic costs of these outbreaks can be very high, once established.
However, making precise projections of the changes in specific pathogens, and the subsequent
impact, is much harder. We therefore consider that a conservative rating would suggest a Medium

valuation to the 2050s and a High estimate under scenarios for the 2080s.

Valuation

Country Present Day | 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
to pathway pathway to to pathway 4°C world at Jlikelihood —
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#

UK Medium Medium Medium High High Not known

Confidence | Low Low Low Low Low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation
Consistent with the discussion above, the economic case for further uptake of existing adaptation

measures is sound, as evidenced by case study analysis on pests and pathogens (Watkiss et al.,
2019): it is much more effective to prevent introduction and establishment rather than attempt to
mitigate spread and resulting impacts. However, this additional uptake of measures has an
associated resource cost. There is a clear a role for public co-ordination of monitoring and
surveillance. Previous analysis by SRUC (2013) has identified that investment in monitoring for pests
has a high benefit-cost ratio of around 10:1. The Environmental Audit Committee (2019) identified that
expenditure on GB biosecurity is ca. £220 million per year, but invasive species only receive 0.4% of
that sum (£0.9m). There are also clear benefits from Government investing in information about pests
and pathogens — their spread, likely impacts, and treatment methods — as this information flow would
not otherwise occur. Whilst a large proportion of the costs (for pests and pathogens) may be borne by
private land-owners, public support is likely to be needed where there are local concentrations of
economic activity that are threatened by the rapid spread of one of these pathogens in an area (to
reduce the much larger costs once pests and pathogens become established). This economic
argument is strengthened by climate change, because the future nature of threats will in many cases
be distant from private actors’ past experience.

N8 Risks to forestry from pests, pathogens and invasive species

CCRAS findings
Chapter 3 of the CCRA Technical Report summarised the evidence on this risk. Pests, pathogens and

invasive non-native species present serious risks to forest productivity, with consequences for
livelihoods and businesses, and for the multiple ecosystem services that forests provide. The
combined effect of risk factors (climate and non-climate) indicates that the magnitude of this risk is
increasing. The relationship of this risk with climate change is complex. Each problem species or
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micro-organism has its own specific climate sensitivities that can favour their increased incidence. In
addition, socioeconomic factors are highly influential, both management factors at forest/stand level
and large-scale drivers such as trends towards globalisation of trade and travel.

A number of specific risks were identified in the CCRA3 assessment. These include:

e Dothistroma needle blight of pine, which causes premature needle defoliation and reduces timber
yield (and in severe cases causes tree mortality);

e Phytophthora ramorum, which affects trees and other plants, although the disease is a particular
problem for in the UK for larch grown for timber;

e Thaumetopoea processionea (Oak processionary moth);

e Ips typographus (large eight-toothed European spruce bark beetle);

e Dondroctonus micans (great spruce bark beetle);

e Elatobium abietinum (green spruce aphid).

Valuation
The valuation analysis has focused on a number of case studies on specific risks, to explore the
potential magnitude.

Dothistroma (Red band) needle blight (DNB)

CCRA1 assessed the potential monetary impact of Red Band Needle Blight. This used analysis from
the Forestry Commission (2010) and values from Chiabai et al. (2009), for the marginal values for
forest ecosystem services for cold coniferous forests, with a marginal value of the ecosystem services
provided by forestry of approximately £334 per hectare. For the central estimates, the damage costs
ranged from zero to £2 million in the 2020s and up to £12 million by the 2080s. More recent studies
also project impacts. Red band needle blight is projected to increase to 2050 as a result of the higher
projected winter rainfall (Ray et al., 2017"). The Forestry Commission (2012) judges that there is a
risk of a significant reduction in Great Britain’s forest resource due to this disease — particularly Scots
pine, Lodge-pole pine and Corsican pine. We use the results of the Ray et al. (2017) study that
estimated changes in pine timber production under a climate change scenario as a result of DNB.
This projects approximately a 2m3/ha (0.7%) annual loss in pine trees to 2050. Since there are
approximately 320,000 hectares of coniferous production in England — equivalent to 87 million cubic
metres — this rate of loss would lead to a total of 211,400 hectares by 2050. At £29.02/m3, the current
market price for coniferous wood, which we estimate equates to a total, discounted cost of £300
million.

Phytophthora ramorum

Phytophthora ramorum generally favours warmer and wetter conditions over autumn/winter/spring: it
might therefore become more prevalent (Sturrock et al., 2011'), as these conditions are projected by
UKCP18. The primary cost of Phytophthora ramorum is the loss of revenue resulting from the decline
in larch wood production and sales. The cost of managing and slowing the spread of Phytophthora
ramorum in the UK was reported at £23 million between 2009 and 2014 (Defra, 2018"). Based on its
average height, we assume that the average mature larch tree produces the equivalent of 20 cubic
metres of wood. The current price of coniferous wood per cubic metre is £29.02 (2016 constant
prices).! On average, over the last eight years, the annual average volume of infected wood —
estimated from data on the stands being given SPHNs — is estimated to be 77,500 cubic metres.
There is no evidence that these recent infections have been associated with climate change; the
reason for the spread of the disease from California to Europe fifteen years ago and its subsequent
spread around Western Europe is not known. If, however, it was assumed that a change in climatic
conditions had facilitated this spread so that all this recent loss was attributed to climate change, the
current annual cost would be £2,250,000.

This cost, in future years, will be affected by the patterns of pathogen spread and the stock of living
larch trees across the country. Given that England is expected to experience more warm days of 18-
22°C under all climate change scenarios, and that wetter winters are also expected, climate change
could enhance the spread of the pathogen (although this might be somewhat reduced by drier
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summers). In the absence of detailed evidence, a “what if’ scenario assumes that the current annual
average cost continues to be borne until 2050. This may be plausible given that - combined with the
fact that climate change is projected to result in growing conditions more conducive to larch! - the
pathogen is likely to be more challenging to manage under a changing climate. The total cost would
then be £67,500,000. However, this value may be judged to be somewhat of an upper bound estimate
as infected wood can still be sold at the market price, and the trees that are felled can — after a fallow
period of three years - be replaced with alternative tree species that produce commercially valuable
wood. It is also unlikely that current costs can solely be attributed to climate variability.

Thaumetopoea processionea (Oak processionary moth (OPM))

In response to a warming climate, OPM is expanding its range northwards, while outbreaks are
increasing in frequency and intensity, particularly in northern Germany, the Netherlands, and southern
UK, where it was either absent or rare previously (de Boer and Harvey, 2020). OPM caterpillars are
capable of stripping foliage from their food plants (oak and pine trees), generating considerable
economic damage as well as presenting a human health risk -infestations of T. processionea may
lead to dermatitis, conjunctivitis, and pulmonary problems in humans due to the urticating hairs which
in turn will require treatment and thus has associated medical costs. The hairs can also affect
animals, which would have a negative impact on the livestock industry, either in treatment costs or the
loss of livestock. Quantified projections are currently absent from the literature. Whilst it is reported
that each case may cost £500 to manage, the lack of knowledge regarding transmission frequency
means that there are no estimates of number of tree cases under alternative climate scenarios.

Ips typographus (large eight-toothed European spruce bark beetle)

The larger eight-toothed European spruce bark beetle is a destructive pest of spruce trees as well as
some tree species in other conifer genera (Forest Research, (2020)). If left uncontrolled, the beetle
could cause significant damage to the United Kingdom’s spruce-based forestry and timber industries.
This is especially so where pathogenic fungi are present, because the beetles can spread them.
Historically, only very occasional outbreaks are detected and currently it is believed to have been
eradicated in the UK. Although higher temperatures under climate change futures are projected to
increase the likelihood of this pest spreading from mainland Europe, no quantitative estimates have
been made as to the magnitude of this risk.

Dondroctonus micans (great spruce bark beetle)

The great spruce bark beetle (Dendroctonus micans) is not native to the UK and has the potential to
be a significant pest of spruce trees. However, evidence on which to quantify the current and future
risk is absent.

Elatobium abietinum (green spruce aphid)

Williams et al. (2010) estimated the cost of green spruce aphid at £3.6 million for the UK annually
based on an average spruce timber price of £42/m3 and a 3% loss of yield. Dividing this by the area
affected in the baseline risk presented in this report gives an estimated cost of £46.35 per hectare
affected. This assumes a spruce area of 770,000 hectares in Great Britain (Forestry Commission,
2010). This provides the information to allow an order of magnitude scaling of the impacts. Using the
previous literature (Williams et al., 2010), we estimate damages caused by an increase in green
spruce aphid with climate change. Net costs of climate change are provisionally estimated to be
between zero and £17 million annually depending on the scenario. These costs do not consider the
potential for adaptation — e.g. in terms of planting different species or aphid control strategies.

Chalara fraxinea (ash dieback).

Ash trees - in woodlands of 0.5 hectares or more in size - cover 141,600 hectares in Great Britain
(5.4% of the total woodland) and 110,400 hectares in England (9.2% of total woodland). In addition,
there is a further 38,500 hectares of ash in Great Britain’s smaller sized woodland (less than 0.5
hectares) and 32,100 hectares in England. Defra (2013) identified a range of ecosystem services
associated with Ash trees, including: timber, recreation, cultural heritage, aesthetic, climate and air
quality regulation, and habitat provision for other flora/fauna. The annual value of the Ash population
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in the UK was estimated to be £230 million (Defra, 2019i), of which £22 million is commercial value
of wood; the contributions of other ecosystem services are not stated.

Goberville et al. (2016ii) ran simulations of the productivity of both ash trees and chalara fraxinea
and their interactions, at the European scale. They found that by 2050 the productivity of ash — taking
account of chalara fraxinea — may vary by between -15% and +50% under RCP2.6 and 8.5 scenarios,
respectively. This is a consequence of the fact that the higher mean temperatures encourage ash
growth whilst the projected increased dryness of the summers, particularly in Southern Europe, would
constrain fungal growth. The current costs of chalara fraxinea on the ash tree population can be
estimated on the basis that the disease has been detected in 36% of the 10km squares in England
and the UK whilst — as noted above - the total annual value of the Ash population in the UK is £230
million. In the absence of UK-specific modelling, we have used the anticipated spread of the disease
across Europe (a 15% decrease to 50% increase) and applied this to the UK stock through to 2050.
The annual costs are estimated to be in a range from £34.5 million to benefits of £115 million, and are
similar in size to the aggregate estimates made by Hill et al. (2019)°, of £14.8 billion, summed and
discounted over the next 100 years. The estimates of Goberville et al. are disaggregated by country
below. Note that these values are estimated based on the assumption that the size of ash tree
coverage is not diminished in preceding periods as a result of chalara fraxinea, and that the potential
spatial growth of Ash is facilitated in practice by forest managers allowing Ash to establish in areas
hitherto un-economic. However, if the current risk is not managed and growth facilitated the range of
values would be much reduced.

Table 11 Changes in annual value of Ash woodland by 2050s (£m)

RCP2.6 RCP8.5
England (26.4) 88
N Ireland (2.9) 9.7
Scotland (3.6) 121
Wales (1.6) 5.2
UK (34.5) 115

Valuation summary

The case studies above show that economic costs of these outbreaks can be very high, once

established. However, making projections of the changes in specific pathogens, and the subsequent
overall impact, is much harder.

Valuation
Country Present 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
Day to pathway pathway to to pathway 4°C world at [likelihood —

stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#

England Medium Medium Medium Medium High

N. Ireland Not known Not known Not known Not known

Scotland Medium Medium Medium Medium High

Wales Not known Not known Not known Not known

Confidence | Low Low Low Low Low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year.

values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation

Low = £<10 million/year. DA

The economic case for further uptake of existing adaptation measures is sound, as evidenced by the
discussion above: it is much more effective to prevent introduction and establishment rather than
attempt to mitigate spread and resulting impacts. Watkiss et al (2019) explored the possible costs and
benefits of adaptation for a number of forest pests and pathogens (once established). The analysis
indicated that it is possible to manage changing pathogen risks, at least to some extent, using existing
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adaptation options. However, there are large resource costs associated. There are therefore benefits
from further adaptation that avoids these risks. This includes a key role for public co-ordination of
monitoring and surveillance.

Previous analysis by SRUC (2013) has identified that investment in monitoring for pests has a high
benefit-cost ratio of around 10:1. There are also clear benefits from Government investing in
information about pests and pathogens — their spread, likely impacts, and treatment methods — as this
information flow would not otherwise occur. Whilst a large proportion of the costs (for pests and
pathogens) may be borne by private land-owners, public support is likely to be needed where there
are local concentrations of economic activity that are threatened by the rapid spread of one of these
pathogens in an area (to reduce the much larger costs once pests and pathogens become
established), i.e. management plans and emergency response. This economic argument is
strengthened by climate change, because the future nature of the threats will be less understood by
private actors’ past experience.

Cost-benefit analysis of enhanced measures to address INNS are also discussed in Risk N7.

N9 Opportunities for agricultural and forestry productivity from new/alternative species
becoming suitable.

CCRAS findings
Chapter 3 of the CCRA summarised the evidence on this risk. Future climate change, especially

warming, will enhance climate suitability for new crops but, there is limited evidence available to
assess the magnitude of potential opportunities. The risk assessment identifies a number of
agricultural crops and timber sources that may become more viable to grow in the UK for subsequent
sale. Examples of these that are currently being introduced include: chickpeas, quinoa, grapes, soya,
lentils, peaches, tea, watermelons, truffles, eucalyptus and Douglas fir. Future climate scenarios
might allow additional crops such as biofuels as well as timber such as cherry and walnut.

Valuation

While this risk focuses on new crops and varieties, it is highlighted that depending on the study, there
could be significant benefits from climate change on current crops and varieties, especially given
changes in Europe and globally.

The economic welfare change as a result of introducing new crops and timber sources can be
approximated by estimating the change in profitability that would result from the change in crop or
land use. Such an estimation is complicated by the fact that non-climate supply and demand
conditions are also likely to change. Whilst economic modelling is possible and has been undertaken
at the global level (Nelson et al. (2014), to date this has not been undertaken in the UK. However,
given the current size of agricultural production in the UK, which generates £8.5 billion of gross value
added (NFU, (2017))** and given that the fraction of crop and forestry production that is likely to
change is constrained by technological constraints as well as market conditions, we speculate that the
magnitude may be in the Medium or High categories, everything else being equal.

There is a case study on the opportunities for English wine from Watkiss et al (20199%). This found
that climate change could to improve the agro-climatic conditions and productivity of English wine. By
2040, climate change could mean that England has become an ‘intermediate climate’ wine area, with
higher wine suitability than today. After 2040, there are likely to be different future wine climates in
England depending on whether a 2 or 4°C pathway arises. This analysis looked at the potential
additional production that could arise, on top of planned wine expansion targets (Wines of Great
Britain has estimated that in 2040 annual production could reach 40 million bottles (WGB, 2016)).

The analysis assumed that climate change would leads to a 25% increase in production due to
climate change above the 2040 target, which would be an additional 10 million bottles in the year
2040, and translate to additional revenues (considering a range reflecting average and high value
bottles, as well as the range of increase) of between £80 million to £200 million (depending on the %
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increase and the value of the wine produced). A 50% increase, which might arise on a 4°C pathway
could generate double this. These production increase would occur gradually from current levels, with
production increasing year by year on average (noting high annual production variability). The
cumulative financial benefits (up to 2040) from climate change could therefore be very large, as well
as the annual benefit in future years. There is also a further benefit if climate change impacts on wine
growing areas in other countries negatively in Europe (as projected), creating increased export
opportunities for England.

Valuation summary

Valuation

Country Present Day | 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
to pathway pathway to to pathway 4°C world at Jlikelihood —
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#

England +High +High +High +Very high

N. Ireland Not known Not known Not known Not known

Scotland Not known Not known Not known Not known

Wales Not known Not known Not known Not known

Confidence Low Low Low Low Low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation
The analysis of the wine sector (Watkiss et al., 2019) found there were early low regret actions that

could be introduced to increase the opportunity presented by a warming climate, as well as to reduce
the risks associated with possible climate variability (particularly the risks to grape growth from cold
snaps). The study also found a large number of no- or low-regret options from Europe for addressing
climate variability that could be adopted in the UK (e.g. Neethling et al., 2016°¢i). The research also
undertook an initial analysis of the potential costs and benefits of additional early adaptation. This
indicated that under a scenario where wine growers were able to realise the benefits of climate
change due to better information, and at the same time introduce adaptation measures to address
potential variability risks, there would be very large economic benefits. The consideration of similar
opportunities is less well characterised, but similar activities should be included for further
investigation.

N10 Risks to aquifers and agricultural land from sea level rise, saltwater intrusion

CCRAS findings
Chapter 3 of the CCRA summarised the evidence on this risk. It reported that future risk to aquifers -

related to sea saline intrusion - is expected to gradually increase with sea level rise and may be more
pronounced during drought periods. In turn, this creates a risk of water resource contamination and a
negative impact on land productivity, most particularly on agricultural production, although there are
some potential risks for eastern and southern England where some aquifers provide public water
supplies. However, while there are some older vulnerability studies, there is not good, up to date
national information on this risk under climate change, though they are considered important for high
++ sea level rise scenarios. Regarding impacts on water quality, 13 failures to meet good ecological
status under WFD were attributed to saline intrusion in England and Wales, and 12 in Scotland in
2014. However, these make up a very small proportion (<1%) of total failures. Similarly, the effects of
water salinization on agricultural land currently remain localised, although detailed risk mapping at
national scale is not presently available.

Valuation

The economic welfare effects of saltwater intrusion are likely to derive partly from the higher charges
for water users that result from lower fresh-water availability and/or the costs of desalinisation.
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Additionally, saltwater intrusion into soil in coastal areas may adversely impact upon agricultural

output. It is very difficult to monetise these as there is insufficient evidence on the scale of the risk,
though current costs seem to be low. There is also some indication that the risk could be important
under low likelihood, high impact scenarios, i.e. from extreme sea level rise.

Valuation

Country Present Day | 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
to pathway pathway to to pathway 4°C world at Jlikelihood —
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#

UK Low Not known Not known Not known Not known High

Confidence | Very low Very low Very low Very low Very low ery low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation

There are some studies which include the impacts (in economic terms) of climate change on saltwater
intrusion (e.g. see Brown et al., 2011i: Hinkel et al., 2014%V), but these tend to be aggregated
alongside flood damages, and are low in comparison, and these studies do not assess the costs and
benefits of adaptation for salt water intrusion. There are also some case studies, but these tend to
focus on urban areas, where there are very high economic costs (from contamination) and thus very
different benefit to cost ratio. There is therefore a low-regret action to investigate this impact further
(i.e. the value of information relating to saltwater intrusion adaptation options for agricultural land),
and a more iterative approach which includes monitoring is generally considered a low regret option.
There are examples of adaptation options to prevent vulnerable aquifers from saline intrusion,
including saltwater intrusion barriers and freshwater injection (Xianli et al., 2010°%) and cost-benefit
information exists for these measures from countries with greater saline intrusion problems. These
generally show when aquifers are in use, measures have economic benefits when compared to
subsequent water treatment restoration costs (after contamination occurs).

N11 Risks to freshwater species and habitats from changing climatic conditions and extreme
events, including higher water temperatures, flooding, water scarcity and phenological shifts.

CCRAS findings
Chapter 3 of the CCRA summarised the evidence on this risk. It identified risks from reduced water

availability, and higher water temperatures, are projected to increase the degradation of freshwater
habitats and compromise the viability of some freshwater species. Freshwater habitats are particularly
vulnerable to reduced water availability in the face of climate change but are also highly sensitive to
the direct and indirect effects of temperature as well. The direct effects include: changes in river
macrophyte communities; eradication of resident species; expansion of opportunistic species; loss of
water connectivity; nutrient flows resulting in eutrophication and growth of algal blooms; phenological
shifts e.g. of salmon spawning; and potentially loss or reduction in recreational fishing.

Valuation

Freshwaters provide the UK with a wide array of socioeconomically important ecosystem services,
including water supply (for drinking, agriculture, and industry), pollution removal, and recreational
potential (e.g. fishing and tourism). The annual value of these services, to the UK, has been estimated
at approximately £39.5bn (Office for National Statistics, 2017) though, since this estimate does not
exhaustively include all relevant ecosystem services, it will represent an undervaluation.

A recent climate impact national analysis (Jones et al., 2020, assessed four potential risks at UK
scale where the thresholds that these risks are subject to, could be identified and quantified: algal
blooms in lakes, algal blooms in rivers, loss of habitat for sensitive fish species, and changes in the
composition of lake plankton populations. Given currently available evidence, economic valuation of
risk was possible only for algal blooms in lakes. The authors use the values derived originally by
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Pretty et al. (2003)=i who consider ten types of use value for water bodies affected by eutrophication.
These include: (i) reduced value of waterside dwellings; (ii) reduced value of water bodies for
commercial uses; (i) drinking water treatment costs (to remove algal toxins and algal decomposition
products); (iv) drinking water treatment costs (to remove nitrogen); (v) cleanup costs of waterways
(dredging, weed-cutting); (vi) reduced value of nonpolluted atmosphere (via greenhouse and
acidifying gases); (vii) reduced recreational and amenity value of water bodies for water sports,
angling, and general amenity; (viii) net economic losses for formal tourist industry; (ix) net economic
losses for commercial aquaculture; and (x) health costs to humans, livestock, and pets. Non-use
values comprise the damage caused to biota and ecosystem structure by nutrient enrichment.

Using the valuation data from Pretty et al. (2003), Jones et al. (2020) estimate the impact of higher
temperatures on incidence of harmful algal blooms in UK lakes. The costs of this risk alone, based on
a single UKCP18 model variation, were projected to increase from £173m in the baseline (2001-2010)
to £295m under a 2°C scenario and £481m under a 4°C scenario. The same study, using 28 model
variants/projections from across the two families of ensembles available from UKCP18 data (PPE and
CMIP5) on the trajectory towards a 4 °C world under a RCP8.5 concentrations pathway found that the
figures were £264m and £332.3m respectively for the 2050s and £420m and £332m for the 2080s.
The economic impacts in Scotland, Wales and Northern Ireland were much lower and range from
£7m to £25m in the 2080s. Most of these costs occur in England for three reasons: it has more
waterbodies susceptible, the incidence of temperature threshold exceedance is greater, and the
economic costs are concentrated in more built-up regions in England. In addition to the economic cost
reported here, increased frequency and severity of algal blooms could affect the ecological status of
water bodies — rendering the investment that goes into maintaining good status obsolete. Such
indirect costs are not included, but should be considered to avoid the inefficient position of spending
more and more to meet a given objective in the face of increasing climate change risks.

Table 12 Economic impact of algal blooms in lakes due to exceedance of lake water temperature
threshold (£ million), under RCP8.5 pathway, for baseline, 2050s and 2080s.

CMIP5 (£ million) PPE (£ million)

Baseline 2050s 2080s Baseline 2050s 2080s
Region (1990-99) (2040-59) (2070-89) (1990-99) (2040-59) (2070-89)
England total 157.8 235.0 291.9 162.6 291.0 364.4
Northern Ireland total 25 51 7.3 2.1 7.4 104
Wales total 8.2 124 16.0 6.5 15.4 19.7
Scotland total 4.9 11.3 171 2.1 15.3 25.9
UK total 173.3 263.7 332.3 173.3 329.0 420.4

Regarding studies of recreational fishing benefits, critical temperature thresholds have been
determined for salmonid fish species which are important to commercial and sports fisheries. Whilst
there has been no quantification of this potential impact it should be seen in the context of a sector
which has substantial economic welfare value. A 2009 study indicated that the value of freshwater
salmon fishing is equivalent to £350 million annually in England and Wales (Environment Agency,
2009+ Any sizeable impact on these species from climate change would therefore be expected to
be equivalent to a “High” negative valuation rating.
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Valuation summary

Valuation
Country Present 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
Day to pathway pathway to to pathway 4°C world at [likelihood -
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#
England High High High High High to Very  [Not known
high
N. Ireland Low Medium Medium Medium High
Scotland Low Medium Medium Medium High
Wales Low Medium Medium Medium High
Confidence | Low Low Low Low Low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation

There is information in general on the costs and benefits of river basin management plans for
England's water environment, as published in the Impact Assessment (Defra, 2015°x), which include
the options discussed in the section above, i.e. on possible options that might have high relevance for
addressing increasing climate related risks. There is also some information published by the EA
(2019°%) as part of consultation, which highlights the need for an adaptive management approach to
enhance the resilience of RBM plans. Similar information covering other parts of the UK has not been
identified as yet.

N12 Risks to freshwater species and habitats from pests, pathogens and invasive species

CCRAS findings
Chapter 3 of the CCRA summarised the evidence on this risk. Climate change is likely to affect pests,

pathogens and invasive non-native species (INNS) through changed thermal regimes, with impacts
on the distribution and spread of various diseases and INNS, the rate at which invaders competitively
displace native species, or through their increased food consumption rates. Over 130 INNS are
present in freshwater in the UK, with many of them being first reported in the Thames region. Climate
variables, notably temperature, affect the potential distribution of selected INNS. However, other
factors such as trade patterns and distance to ports are also important determinants. These effects
are likely to result in a range of impacts including: competition with native species, introduction of
disease, habitat alteration, among others. The analysis identified a number of potentially important
INNS: these include crayfish but also pests and diseases that affect fish (including important
recreational fish such as salmon).

Valuation

The potential economic welfare effects include the changes to recreational fishing opportunities,
amenity value, water abstraction and use, and even increased flood risk from habitat alteration.
Williams et al., (2010) suggest that the total cost for Great Britain could be £2.1 billion (2020 prices).
In Great Britain, direct management costs for freshwater INNS have been estimated at £26 million per
year (Oreska and Aldridge 2011), of which at least £4.6 million are borne by the water industry
(Williams et al., 2010). As these figures are only direct costs, and do not include indirect damage to
infrastructures and service losses resulting from infestations they are likely to be conservative.
Indeed, UKWIR (2016)>* suggest that the sum of both direct and indirect effects to be borne by water
companies is £7.5 million annually. Those for Northern Ireland have been estimated at over £46
million for all users (Kelly, 2013).

There appears to be no quantitative evidence of the impacts of freshwater pests and pathogens in the

UK as a result of climate change. However, a study by Williams et al. (2010)°~ii estimates costs for
the impacts of signal crayfish, introduced to the UK for commercial purposes, on the population of

46



native, white-clawed crayfish. Williams identifies costs incurred in protecting the native crayfish
population. For example, conservation and management costs for the native crayfish as around
£500,000 per annum in England, £250,000 in Wales, and £190,000 in Scotland. Riverbank
management costs are estimated to be £220,000 for England annually. Costs to anglers are
estimated to be £600,000, £350,000 and £140,000 for England, Scotland and Wales, respectively,
whilst research costs were £120,000, £42,000 and £41,000 for these three countries. Total annual
costs of signal crayfish are therefore: England - £1.4 million; Wales - £0.43 million, and; Scotland -
£0.58 million. The risk assessment notes that the signal crayfish has a higher upper temperature
tolerance than the native species and so is more likely to survive under warmer climate change
futures. However, no attribution of these costs currently and under future climate change scenarios is
made. Williams et al. (2010) also estimates the costs of INNS on inland waterways more generally.
These estimates included costs to angling, recreational boating and waterway management and
totalled annually: England £42.5 million; Scotland £9.5 million; Wales £5 million. As with the estimates
for crayfish, there is no attribution to climate change. However, modelling by Gallardo and Aldridge
(2020)>ii suggests that minimum air temperature might be the most important of a range of
environmental and socio-economic factors. Using what-if analysis to assume that the attribution to
climate change is 10% in 2°C scenarios and 20% in 4°C scenarios we derive magnitude ratings as
presented. We assume that since environmental conditions relevant to INNS in Northern Ireland are
most similar to Scotland, ratings for Northern Ireland will follow those for Scotland.

Valuation
Country Present 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
Day to pathway pathway to to pathway 4°C world at [likelihood —
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#
UK Low Low Low Low Medium Not known
Confidence | Very low Very low Very low Very low Very low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRAS3).

Adaptation

As highlighted above, once freshwater INNS become established, damage costs can be high, as can
annual control costs. There is therefore an economic case for further uptake of existing adaptation
measures to prevent introduction and establishment, rather than attempt to mitigate spread and
address impacts. One issue is to know where to focus such efforts: Gallardo and Aldridge (2020%)
undertook an example to prioritise risks (using cost-effectiveness for the prioritisation) identifying
eleven invasive species that are most likely to cause disruption to the abstraction and distribution of
water companies in the UK under climate change. There is also information in general on the costs
and benefits of river basin management plans for England's water environment, as published in the
Impact Assessment (Defra, 2015) and these include potential options for preventing the spread of
invasive non-native species. These include biosecurity measures, monitoring, enforcing legislation
banning or restricting the possession, sale and release, support for further research aimed at
developing effective eradication methods and rapid response for early invasion. These actions are
collectively shown to be economically efficient, i.e. benefits outweigh costs.

N13 Opportunities to freshwater species and habitats from new species colonisations

CCRAS findings
CCRA identifies that opportunities for species and habitats may arise as a result of new species

migrating to the UK from elsewhere, from expansion of the geographical range, and from higher local
populations. This can include enhanced biodiversity, which supports a range of ecosystem services,
particularly cultural ones such as recreation. For example, wetland birds have already migrated to —
and started breeding in — the UK. For a range of climate change scenarios, wintering water birds are
projected to continue to increase in number whilst other species are projected to decline in number. At
the same time, damselflies and dragonflies, as well as a range of crustaceans are projected to move
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their ranges northwards, consistent with the warmer climate under climate change. Additionally, fish
such as pike, perch and bream are projected to have increased population numbers.

Valuation

The potential changes have some potential benefits for ecosystem services. These could include

enhanced recreational value. However, there is a lack of evidence on what these opportunities might
be. For example, it is not known how patterns of freshwater fishing may be affected by potential
changes in fish species and their availability, though if such changes occur, these could be significant.
There is some information on charitable donations given to environmental causes (see N1 above), but
there is no easy way to use this to get an estimate of potential valuation magnitude. Given this lack of
evidence we cannot give an economic magnitude rating with any confidence, however, the main
CCRAB3 analysis indicates a low level, and this is reflected in the valuation analysis.

Valuation

Country Present Day | 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
to pathway pathway to to pathway 4°C world at Jlikelihood —
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#

UK +Low +Low +Low +Low +Low

Confidence | Very low Very low Very low Very low Very low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation
Given the lack of information on the opportunity, there was no analysis of the costs and benefits of

additional adaptation action.

N14. Risks to marine species, habitats and fisheries from changing climatic conditions,
including ocean acidification and higher water temperatures.

CCRAS3 findings

There are a large number of pathways by which climate change could affect the outcome of these
risks. While most of the focus in the literature has been on sea temperatures and species shifts (e.g.
Cheung et al., 2010: Cheung et al., 2013V), extreme temperature events are also important (Smale
et al., 2019°), The potential impacts of climate change on fisheries may be direct (on landed
species) or indirect, through the ecosystem, for example affecting species lower down in the food
chain or changing marine habitats. Ocean acidification also poses a major threat to shellfish species
(Mangi et al., 2018>i)) and climate change could also have impacts on fishing activities (distance
travelled) and safety at sea (marine storms) (Woolf et al, 2013oxii), |t is stressed that these impacts
need to be seen against the background of existing fishing activities that dominate many fish stocks,
i.e. climate change is an additional threat multiplier, and further, that the analysis of these changes is
uncertain.

Valuation

The gross value added (GVA) for fishing has fluctuated in recent years. In 2017, GVA for fishing stood
at £795 million. In 2017, the UK fishing industry had 6,148 fishing vessels, with an estimated 11,692
fishermen in 2017. In 2017, UK vessels landed 724 thousand tonnes of sea fish (including shellfish)
with a value of £980 million. The UK marine fishing industry was worth ca. £1.53 billion in 2017
(POST, 2019). There is also some information on value in the ONS natural capital accounts (ONS
2019°xx), The value of fish capture (commercial and recreational) is calculated using net profit per
tonne (landed) estimates, provided by Seafish, for different marine species. Between 2015 and 2016,
the value of marine fish capture in UK waters increased by over three quarters, from £184.1 million to
£323.8 million in 2016. This was primarily caused by an increase in the value of fish capture in
Scotland.
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Climate change is likely to impact on the marine environment and ecosystems services these provide,
thus affecting the secondary goal of protecting the wider marine environment. These changes are
projected to lead to alterations in fish populations: sizes, juvenile recruitment, and geographical
distribution, affecting maximum sustainable yield and catch potential (Barange et al., 2018°*) in the
UK. There are also likely to be impacts on fishing fleets: distance travelled, catch type, and values of
catch (Frontier, 2013%>%), The overall net impact could be positive or negative and will vary by marine
zone.

Studies on climate change impacts on fisheries in the UK indicate that on average, changes in catch
potential for species could range from -15% to -18% on a 2°C degree pathway by mid- and end- of
century respectively (RCP 2.6); and -18% and -35% by mid- and the end of century under a 4°C
pathway (RCP 8.5) compared to current levels (Barange et al., 2018).

There is some literature that provides some further quantitative data on marine fishery impacts.
Fernandes et al. (2017 i) modelled the potential effects of ocean warming and acidification on
fisheries catches, resulting revenues and employment for the different nations in the United Kingdom
under different climate scenarios (RCP2.6 and 8.5, with a comparison of SRES A1B). The figure
shows that stock biomass are projected to decrease significantly by 2050, the main driver of this
decrease being sea surface temperature rise. Overall, this shows that losses in revenue are
estimated to range between 1% and 21% in the short-term (2020 to 2050) with England and Scotland
being the most negatively impacted in absolute terms. The authors also estimate losses in total
employment (fisheries and associated industries) of up to 20% during 2020 to 2050 with the small
vessel (less than 10 m) fleet and associated industries bearing most of the losses.

The analysis was undertaken at the DA level. As an example, the analysis found that for England, the
high-emission scenario would have the most significant negative impacts by 2090s, for demersal and
pelagic fish (-15%), and most significantly for shellfish (-40%). A lower emission scenario would
involve decreases up to 30% whereas a higher emission scenario could drive decreases of up to
60%. Indeed, the majority of impacts are revenue losses rather than revenue gains. The exceptions
are in Scotland where there are economic benefits under a low emission scenario in the 2090s and
under a high emission scenario in the 2020s, as a result of Northward shifts in the ranges of some
warm water demersal fish species. England bears the majority of the total UK economic losses across
the climate scenarios and time periods. Losses in Northern Ireland are projected to centre on shellfish
production whilst in Wales losses in shellfish production are counter-balanced by revenue increases
in demersal and pelagic species in the deeper fisheries.

Demersa | Shellfish Pelagic Total fisheries
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Figure 8 Percentage change in average catch potential during three ‘future’ decadal periods (2020s:
2011-20, 2050s: 2041-50 and 2090s: 2090-99) relative to the ‘present’ (1991-2000).

Source: Fernandes et al. (2017) The ‘total fisheries’ represents the effect on total catches that would occur with the projected

changes in demersal and shellfish species. These results are presented for lower (RCP 2.6) [grey line] and higher (RCP 8.5)
[black] emission scenarios using OAW reparameterization, and for both >10 [square] m and <10 m [round] fleet.
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Table 13 Economic Costs of Climate Change on UK Fish & Shellfish Catch (£m, annual) Source
Fernandes et al. (2017)

Country CC Scenario 2020s 2050s 2090s
England RCP2.6 59.1 71 57.3
RCP8.5 48.3 59.6 173.1
NI RCP2.6 7.9 8.7 9.4
RCP8.5 7.1 7.7 8.5
Scotland RCP2.6 0.7 14.4 -11.4
RCP8.5 -23 1.5 169.7
Wales RCP2.6 3.1 7 5.5
RCP8.5 30.4 4.6 19.3
UK RCP2.6 70.8 101.1 60.8
RCP8.5 62.8 73.4 370.6

There are a number of other studies. Using cost-benefit analysis, Mangi et al. (2018xii) estimated
the potential economic losses to UK shellfish wild capture and aquaculture under medium and high
CO:2 emission for molluscs and crustaceans. They found that losses (expressed in NPVs using a 3.5%
discount rate up to 2100) could reach up to £300m and £599m for molluscs; and £387m and £775m
for crustaceans under medium and high emission scenarios respectively. Looking at all shellfish, in
England, reduced production could range from 16% to 33% of fishery NPV. This equates to annual
economic costs of between £1 and £2 billion, for medium and high scenarios. In Scotland, losses
under the high scenario are greater — up to £2.5 billion, whilst in Wales and Northern Ireland they are
both approximately £0.5 billion.

Table 14 Time integrated NPV by 2100 of the potential economic losses to UK shellfish wild capture

and aquaculture (£Em, 2013 prices)

Region Scenario Molluscs Crustaceans Wild capture Aquaculture All shellfish
UK NPV with no impact of CO2 1847 4265 6995 1305 8301
Medium Emissions 185-739 426-1279 700-2448 131-457 830-2905
High Emissions 923-1478 1706-2559 2798-4897 522-914 3320-5810
% loss from fishery NPV 10.6-21.1 18.3-36.6 11.8-23.6 2243 14.0-28.0
England NPV with no impact of CO2 749 1291 2572 466 3039
Medium Emissions 75-300 129-387 257-900 47-163 304-1064
High Emissions 374-599 516-775 1029-1801 187-326 1215-2127
% loss from fishery NPV 11.6-23.3 15.1-30.1 13.8-27.7 2.5-5.0 16.3-32.7
Scotland NPV with no impact of CO2 721 2451 3304 243 3637
Medium Emissions 72-288 245-735 339-1188 24-85 364-1273
High Emissions 360-576 980-1470 1358-2376 97-170 1455-2546
% loss from fishery NPV 8.4-17.0 21.7-43.3 10.0-20.0 0.7-1.4 10.1-21.4
Wales NPV with no impact of CO2 135 70 318 430 748
Medium Emissions 14-54 7-21 32-111 43-151 75-262
High Emissions 67-108 28-42 127-223 172-301 299-524
% loss from fishery NPV 17.0-34.1 6.6-13.3 12.6-25.3 17.1-34.2 29.7-59.4
NI NPV with no impact of CO2 76 426 508 166 673
Medium Emissions 8-30 43-128 51-178 17-58 67-236
High Emissions 8-61 170-256 203-355 83-116 269-471
% loss from fishery NPV 6.0-12.0 25.2-50.3 12.1-24.3 4.0-7.9 16.1-32.2

NPV are in millions based on 2013 GB pounds sterling. The low and high end of each range are designed to show how

sensitive the economic figures are to changes in biological impact. Source: Mangi et al. (2018)

For large vessels (>10m) Pinnegar et al. (2012) assessed the costs of travelling further to catch
current species at £1 million to £9 million annually in the 2020s across the range of emissions
scenarios; and potentially £10 million to £99 million in later periods. Small vessels are restricted from
travelling and so are not as likely to be able to benefit from opportunities arising further way from the
UK shoreline. Access to capital and cost of new vessels is a critical issue, especially for smaller
enterprises. The Economics of Climate Resilience study (Frontier Economics, 2013) estimated a new

boat can cost up to £1m, and a second hand one up to £750,000.
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It is important to consider the macro-economic effects and trade to fully understand the potential
economic costs or benefits of climate change on fisheries. The EC COACCH study (2020) projected
combined global biophysical models with a CGE model. This projected that catch potential will
decrease significantly in tropical waters but have less impact on catch and thus productivity in Europe.
All Member States are projected to experience declines in marine productive capacity, with the most
serious impacts occurring in Denmark, Spain, France, and the UK. However, the consideration of
international price effects leads to an interesting effect: while there is a direct impact of climate
change on the fish stocks in Europe (the RCP 8.5 and high impact are negative across all the coastal
regions), there are positive GDP gains due to trade effects with non-EU countries. EU regions
generally experience gains, though they are not found to be significant in terms of GDP changes.

Valuation summary

There is a large range depending on the study chosen, and assumptions, which can even vary in

sign. This makes it very difficult to provide central values. The values also change depending on the
boundary conditions, i.e. whether the potential for trade effects, are considered, as this tends to lead
to more positive outcomes, due to the greater impacts in other world regions.

Valuation
Country Present 2050s, on a to 2050s, on a 2080s, on a to | 2080s, for 4°C Low
Day pathway pathway to 4°C | pathway world at the end [ikelihood —
stabilising at 2°C | at end of the stabilising at of the century# high impact
by 2100* century# 2°C by 2100*
England Range from Range from Range from Range from high ~ [Not known
medium positive to | medium positive | medium positive to high
medium impact to medium positive to impact
impact medium
impact
Northern Range from low Range from low Range from Range from
Ireland positive to low positive to low low positive to | medium positive to
impact impact low impact medium impact
Scotland Range from Range from Range from Range from high
medium positive to | medium positive | medium positive to high
medium impact to medium positive to impact
impact medium
impact
Wales Range from low Range from low Range from Range from
positive to low positive to low low positive to | medium positive to
impact impact low impact medium impact
Confidence Low Low Low Low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation
Many of the same options as identified for the risks to marine species and fisheries (previous risk) are

also relevant for this opportunity, for realising the potential economic benefits. This includes the
capacity building in the industry, and the switch to an adaptive management approach for the fisheries
sector, with a scale up in monitoring, scientific information and awareness raising, subsequently
including this information in regular updates of fisheries policy (e.g. to set maximum catch potential for
current species, include new species in policy) alongside awareness raising in the fishing sector. The
CCC outcomes study (Watkiss et al., 2019) assessed that such an adaptive management strategy
would have positive benefit to cost ratios, through the value of information and enhanced decisions
taken. It is highlighted that there is a role for government in awareness raising for the fishing sector
and for consumers, and enhanced monitoring of new species will require action by the public sector.
Previous studies have also highlighted there is a need to target awareness and support in the fishing
sector, to ensure opportunities are realised by small vessel operators, given their adaptive capacity
will be lower (Frontier Economics, 2013%%v),
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N15. Opportunities to marine species, habitats and fisheries from changing climatic conditions

CCRAS findings
Chapter 3 of the CCRA summarised the evidence on this risk. The arrival of warm water species into

UK waters provides new opportunities for biodiversity and fisheries. These benefits will rise over time.
Over the last 20 years, there have been expanding fisheries for warmer water species such as
seabass and red mullet and new opportunities are developing for species such as Atlantic bonito,
jack, and bluefin tuna. The response to warming will be strongly influenced by individual species
physiology and its thermal tolerance range, which may be further modified by phenotype acclimation
(over the lifespan of the individual) and evolutionary adaptation (over multiple generations).

Valuation

The potential opportunities are outlined in the previous risk: there are some potential species for
which positive gains are expected. Jones et al. (2013%%v) used the estimates from three species
distribution models for 14 commercial fish in the Northeast Atlantic to look at the UK EEZ, under an
IPCC A2 scenario. They projected poleward shifts at an average rate of 27 km per decade. This
identified changes in habitat suitability and latitudinal centroid shift. The largest gains were for
European squid, sea bass and sprat, but there were also increases in some high value species.

At the same time, the CGE modelling in COACCH (2020) finds that because impacts of fisheries are
even greater globally, there could be net positive effects from climate change for UK fisheries from
climate change. This indicates quite large economic benefits. There are two issues of relevance for
valuation. First, the increased catch potential of some new species, due to migration. Second, the
potential economic benefits from the comparative advantage of UK coastal waters compared to
production areas globally, and thus price and trade effects. Separate valuation estimates for this risk
are not included here — but are reflected in the score for fisheries above.

N16 Risks to marine species and habitats from pests, pathogens and invasive species

CCRAS findings
Chapter 3 of the CCRA Technical Report summarised the evidence on this risk. The risk assessment

finds that climate change provides increased scope for the establishment and spread of invasive and
pest (problem) species as well as pathogens that may harm biodiversity, commercially important
marine species and human health. The linkages between climate change and such impacts are,
however, difficult to isolate from other non-climatic influences such as ocean pollution and trade
patterns. There is considerable uncertainty around risks to marine species from pests, pathogens
and INNS due in a large part to the scale and complexity of the marine environment.

Valuation

Marine invasive non-native species (INNS) are a threat to biodiversity and have important potential
ecosystem service impact, particularly with regard to commercial fisheries and aquaculture
(provisioning services). There is some information on control (adaptation) costs. The Carpet Sea
Squirt, which is highlighted in the risk assessment as preferring warmer waters - is known as a marine
fouling organism that has recently spread to the UK where there have been a number of recent
outbreaks in ports. Williams et al, 20109 estimate the cost of eradication of the current UK
population from marinas was placed at £2.4 million. If the Carpet Sea Squirt were to spread to all UK
marinas, then the overall cost of eradication could rise to £72 million. Williams et al. also estimated
the total eradication cost for these outbreaks to be just under £1 billion, though this seems extremely
high. There is no information as to the frequency of such outbreaks under climate change scenarios
so that is not possible to calculate AADs, though these are clearly potentially sizeable. It should also
be noted that these are cost-based measures so do not capture people’s willingness to pay to avoid
marine INNS. More broadly, Williams et al estimate total annual costs associated with INNS in relation
to aquaculture. They estimate an annual cost of £4.4 million in England, £0.8 million for Scotland, and
£2.2 million for Wales. In the absence of data for Northern Ireland we speculate that the total will be
similar to Scotland, based on the size of its fishing industry — perhaps £1 million.
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Valuation
Country Present 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
Day to pathway pathway to to pathway 4°C world at [likelihood —
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#
UK Low Medium Medium Medium Medium
Confidence Very low Very low Very low Very low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).

N17. Risks and opportunities to coastal species and habitats due to coastal flooding, erosion
and climate factors

CCRAS findings
The risk assessment considers these risks together as they are seen as inter-related and co-evolving

processes associated primarily with sea-level rise. The magnitude of risk to coastal species and
habitats is projected to increase, though the change is influenced by the rate and magnitude of sea
level rise. The main impact of these risks is loss or degradation of natural habitat, including
salinisation. Areas of accretion also represent habitat creation opportunities though these are
localised in a small number of estuaries. Warm-favouring species, e.g. of shell-fish, are projected to
continue to expand their ranges, whilst for a number of sea-birds their numbers are projected to be in
decline possibly due to a mis-match between their food source availability such as sand-eels and a
change in life-cycle timings of these organisms.

Valuation

The UK National Ecosystem Assessment cited one study (COREPOINT, 2007) that assessed the
total value of coastal ecosystem services as worth at least £48 billion, whilst the ONS (2016)
prototype methodology for ecosystem accounts provided an indicative net present value over 50
years of £22.7 billion, (currently equivalent to circa £1 billion per year), based upon those services
that are more easily quantified.

Sayers et al (2020°ii) estimated coastal flood to designated areas, and this was presented in the
CCRABS research reports. These values have been monetised in this study, to estimate the potential
associated damage costs. For each country we assume that the hectarages labelled as “Most
important habitats exposed to frequent flooding” have — or are equivalent to having — SSSI status.
The flood risk is assumed to be 1 in 100 years. Monetary valuation is taken from the results of a
choice experiment undertaken to derive willingness to pay to maintain habitats at the levels required
by Sites of Special Scientific Interest (SSSIs) (Christie and Rayment, (2012)). A central value of
£10,000 per hectare is derived from this study as the willingness to pay to avoid the loss of intertidal
mudflats and saltmarsh with SSSI status. These data generate the results presented below, i.e. the
costs associated with flood risk in the baseline, current, period, and the additional costs projected
under climate change projections as a result of greater hectarages being vulnerable to flood risk.

Table 15 Annual Coastal Flood Risk Costs for Most important Habitats — Baseline & Climate Change
(£) Source authors, based on habitat change in Sayers et al., 2020

Baseline costs | Additional annual climate change-induced costs (£)
2050s 2C 2080S 2C 2050s 4C 2080s 4C
England 4,843,400 2,760,738 3,099,776 3,148,210 3,341,946
N. Ireland 107,800 19,404 35,574 40,964 59,290
Scotland 6,978,400 139,568 209,352 279,136 348,920
Wales 4,000,600 920,138 1,120,168 1,120,168 1,280,192

There are some other models that estimate coastal wetland loss, notably the DIVA model. This has
produced global (Schuerch et al., 2018>ii) and European estimates of losses from climate change
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(Brown et al., 2011°oxX)_ The latter study suggests that 35% of coastal wetland area in Europe could
be lost by the end of the 215t century, but these estimates are not expressed in terms of monetary

values.

The valuation summary is presented below. The level of evidence is low, especially as this risk
involves all coastal species and habitats.

Valuation

Country Present Day | 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
to pathway pathway to to pathway 4°C world at Jlikelihood —
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#

England Low Medium Medium Medium Medium

N. Ireland Low Medium Medium Medium Medium

Scotland Low Medium Medium Medium Medium

Wales Low Medium Medium Medium Medium

Confidence Very low Very low Very low Very low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation

There are some studies which include the impacts (in economic terms) of climate change on some
coastal habits notably wetlands (e.g. see Brown et al., 2011: Schuerch et al., 2018<), but these
studies do not assess the costs and benefits of adaptation. There are also studies that look at the
role of coastal ecosystems for ecosystem-based adaptation, with analysis of costs, cost-effectiveness
analysis and cost benefit analysis (Narayan et al. 2016°i: ECONADAPT, 2017 ii: McVittie et al.,
2017y However, there is much less information on the costs and benefits of helping coastal
species adapt, and there may also be trade-offs with measures to protect the built environment having
consequences on species (coastal squeeze). Early low-regret options tend to focus on improved
information and monitoring, but there are other measures including possible reinforcement or
enlargement of existing measures, e.g. protected areas, buffer zones, as well as restoration of areas
or managed realignment, and there are some estimates of restoration costs from previous projects.

N18. Risks and opportunities from climate change to landscape character

CCRAS findings
Chapter 3 of the CCRA summarised the evidence on this risk. Future changes to landscape character

will occur from a range of natural responses to a change climate including biodiversity, sails,
hydrological processes and coastal processes

Valuation

Climate change may bring about changes in landscapes to which people attach values, i.e. there are
a range of potential impacts on cultural services (Recreation, Aesthetic, Sense of Place, Cultural
Heritage). However, there is the potential for overlap with previous risks and opportunities.

There are a range of monetary values relating to landscape established in Government project
appraisal — see those proposed for use in transport projects by the Department for Transport WebTag
guidance (WebTag, 2016°v). However, it is not possible to apply these, as the risk assessment finds
that quantification of climate change effects has not yet been undertaken.
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Valuation

Country Present Day | 2050s, on a 2050s, on a 2080s, on a 2080s, for Low
to pathway pathway to to pathway 4°C world at Jlikelihood —
stabilising at | 4°C at end of | stabilising at | the end of high impact
2°C by 2100* | the century# | 2°C by 2100* | the century#

UK Unknown Unknown Unknown Unknown Unknown

Confidence | Very low Very low Very low Very low Very low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRA3).

Adaptation

This is a very large risk / opportunity and it is difficult to cover the costs and benefits of adaptation
without more detailed and disaggregated analysis. In general terms, enhanced monitoring would be a
low-regret option, especially as part of adaptive management. There are an existing set of measures
for conservation, landscape restoration, etc. with cost estimates, but it is more difficult to assess the
marginal actions needed to address climate change risks.

Summary of the Natural Environment Theme Valuation

This chapter has investigated the monetary valuation of the natural environment theme. The findings
are summarised in the table below. A number of key findings emerge from the analysis.

The focus of the valuation for natural environment here is on ecosystem services, i.e. on the
provisioning, regulating, cultural and supporting services they provide. However, the natural
environment, and the quantification and valuation of ecosystem services, presents a considerable
challenge. Indeed, for 5 of the 18 risks, it was not possible to attach any robust valuation scores.

Valuation is easiest (and there is most evidence) for the provisioning services e.g. agriculture, forestry
and fisheries, where market prices exist. The analysis of the risks of climate change to these
provisioning services indicate potentially high or very high economic costs (£billions/year) to the UK,
even by mid-century. However, there are wide differences in the evidence on these risks.

Sometimes this is due to the physical impact studies: for example, studies that assess changes in
extreme events tend to find more significant negative impacts than studies that only include slow-
onset impacts. They also vary according to whether positive aspects are included, notably CO:2
fertilisation.

Interestingly, a further difference is found between studies that focus on physical impacts (and then
value changes in production) versus studies that then input these results into economic models.
Studies that use partial equilibrium or general equilibrium analysis extend beyond physical metrics
(yield) to look at markets, trade and prices, and these generally project much more positive outcomes
for the UK, indicating high or very high positive benefits. This is because of the comparative
advantage that the UK is projected to gain, as climate change impacts are projected to be larger in
many European and international countries. However, while this is positive, these opportunities may
not be realised, or limited, due to competing priorities for land and water from other uses and users.
There are also unknowns regarding the effects of Brexit on international trade. The wide range of
possible outcomes is indicated in the table below, notably for NE6 and NE14/15.

For the regulating services, the effect of climate change on natural carbon stores (NE5) — most
notably in soil, trees and seagrass — maybe significant. For example, changes in temperature and
precipitation patterns are likely to reduce the ability of soils to retain carbon and so result in carbon
emissions. It is possible to quantify these emissions and consider the value of carbon sequestration.
Using these approaches, there is the potential for the risk to be Very High. However, there is high
uncertainty with the physical pathways and interactions for this risk. It should also be noted that water
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resources are also a critically important regulatory service but are discussed in relation to
infrastructure and health chapters.

Quite a large number of CCRAS risks are focused on pests and diseases (NE2, NE7, NE8, N12,
NE16). These are generally assessed as having low or medium impacts, but it is highlighted that this
assumes some level of management and control. It was found that these scores could change to
high or very high scores if particularly damaging non-invasive species become endemic.

There is a major gap on the valuation of cultural and supporting services, represented by unknown
scores in the table above. We suspect that many of these categories would give rise to high or very
high valuation scores (i.e. £billions/year), but there is simply not sufficient quantitative risks evidence
to assess these in monetary terms. This is a concern because it underestimates the overall economic
impacts, and may give the impression that impacts for the natural environment are lower than other
themes. We do not believe this is the case.

A number of other insights emerged from the analysis. There is less literature available (than for
other themes) on the influence of future socio-economic change on the natural environment, however,
it is clear that these changes are extremely important. They include potential changes in land-
management, as well as agricultural, forestry and fisheries policy, all of which could have a significant
influence on the nature and size of future impacts. This now also includes the very major changes
that will need to happen to land-use to deliver the UK’s Net Zero commitment (by 2050). For example,
the Net Zero commitment may result in a move away from pastoral grazing lands that support the
rearing of livestock for human consumption, and towards meadowlands and forestry that facilitate
carbon sequestration. This would affect the risks and opportunities from climate change on agriculture
and forestry, but also the potential for risks and opportunities from climate change on carbon storage
(NE5).

There is also less literature on the influence of current and planned adaptation for the natural
environment, and the analysis is complicated by what is assumed about natural acclimatisation, as
well as thresholds. The evidence does indicate that impacts will rise disproportionately for the natural
environment at higher warming, but there is not the evidence to report on exactly when these non-
linearities occur. This is shown by higher scores for the 4°C pathway in the table, though this does
not fully capture the possible step changes in the scale of impacts that might occur. We therefore
caution about reading the results above too positively. There is also a question of the effects of
multiple risks acting together on the natural environment, i.e. this is one area where considering risks
individually does not give the full picture. This fact is, therefore, supportive of the use of the natural
capital approach to understanding the aggregate effect of climate change risks on the natural
environment (Dasgupta, 2021)%xV.

Overall, while there is more evidence on the monetary valuation of natural environment risks and
opportunities than was available in CCRA1, there remains a major evidence gap for the valuation of
the natural environment theme. However, we stress that this is often due to a lack of quantitative
information on risks (or opportunities) rather than the valuation step, i.e. the biggest gap is the
evidence on what level of physical impacts will occur from climate change. It is also noted that it was
often much harder to value the risks and opportunities for this theme in CCRAS3 than it was in CCRA1,
because CCRAS3 groups risks and sub sectors together. Given all of this, we recommend that further
work into the quantification and valuation of these risks should be prioritised. Given the location-
specificity of many of the risks, this might be advanced through case studies (e.g. for different risk
categories and different habitats), which could then be aggregated to provide indicative aggregate
estimates
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Table 16 Summary of Natural Environment Valuation Scores. UK level. Central Estimates.

and agricultural
land from sea level
rise, saltwater
intrusion

Risk/Opportunity | Present 2050s, on 2050s, on 2080s, on 2080s, for | Confidence
Day ato a pathway | ato 4°C world
pathway to 4°C at pathway at the end
stabilising | end of the | stabilising | of the
at 2°C by century# at 2°C by century#
2100* 2100*

N1 Risks to terrestrial Not known Not known Not known Not known Not known Very low
species and
habitats from
changing climatic
conditions and
extreme events

N2 Risks to terrestrial Not known Not known Not known Not known Not known Very low
species and
habitats from
pests, pathogens
and invasive
species

N3 Opportunities from Not known Not known Not known Not known Not known Very low
new species
colonisations in
terrestrial habitats

N4 Risk to soils from High High High High High Very low
changing climatic (England)/ | (England)/ (England) / (England) / (England) /
conditions, Medium Medium Medium Medium Medium
including seasonal (Other DA) (Other DA (Other DA (Other DA (Other DA
aridity and
wetness.

N5 Risks to natural Very high Very high Very high Very high Very high Low -
carbon stores and (England (England (England (England (England medium
sequestration from | and and and and and
changing climatic Scotland) Scotland) Scotland) Scotland) Scotland)
conditions

N6a | Risks to and High Range from Range from Range from Range from Low
opportunities for High positive | High positive | Very High Very High
agricultural to High to High positive to positive to
productivity from negative negative Very High Very High
extreme events negative negative
and changing
climatic conditions

N6b | Risks to and Range from Range from Range from Range from Low
opportunities for low to high low to high low to high low to very
forestry productivity high
from extreme
events and
changing climatic
conditions

N7 Risks to agriculture | Medium Medium Medium High High Low
from pests,
pathogens and
invasive species

N8 Risks to forestry Medium Medium Medium Medium High Low
from pests,
pathogens and
invasive species

N9 Opportunities for Medium +High +High +High +Very high Low
agricultural and
forestry productivity
from new/
alternative species
becoming suitable.

N10 | Risks to aquifers Low Not known Not known Not known Not known Very low
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N11

Risks to freshwater
species and
habitats from
changing climatic
conditions and
extreme events

High

High

High

High

High to Very
high

Low

N12

Risks to freshwater
species and
habitats from
pests, pathogens
and invasive
species

Low

Low

Low

Low

Medium

Very low

N13

Opportunities to
freshwater species
and habitats from
new species
colonisations

Low

+Low

+Low

+Low

+Medium

Very low

N14

Risks to marine
species, habitats
and fisheries from
changing climatic
conditions,
including ocean
acidification and
higher water
temperatures.

Range from
medium
positive to
medium
impact

Range from
medium
positive to
medium
impact

Range from
medium
positive to
medium
impact

Range from
high positive
to high
impact

Low

N15

Opportunities to
marine species,
habitats and
fisheries from
changing climatic
conditions

Included in
above

Included in
above

Included in
above

Included in
above

Low

N16

Risks to marine
species and
habitats from
pests, pathogens
and invasive
species

Low

Medium

Medium

Medium

Medium

Very low

N17

Risks and
opportunities to
coastal species
and habitats due to
coastal flooding,
erosion and climate
factors

Low

Medium

Medium

Medium

Medium

Very low

N18

Risks and
opportunities from
climate change to
landscape
character

Unknown

Unknown

Unknown

Unknown

Unknown

Very low

Very high = £billions/year.

High = £hundreds of millions/year.
Medium = £tens of millions/year.

Low = £<10 million/year.
DA values are presented as absolute values (not relative scoring as in CCRA3).
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Infrastructure

The list of risks and opportunities for the infrastructure chapter (Chapter 4) of the CCRA3 Technical
Report is shown below.

Risk

I1. Risks to infrastructure networks (water, energy, transport, ICT) from cascading failures
I12. Risks to infrastructure services from river, surface water and groundwater flooding
13. Risks to infrastructure services from coastal flooding and erosion

14. Risks to bridges and pipelines from flooding and erosion

15. Risks to transport networks from slope and embankment failure

16. Risks to hydroelectric generation from low or high river flows

I7. Risks to subterranean and surface infrastructure from subsidence

18. Risks to public water supplies from reduced water availability

19. Risks to energy generation from reduced water availability

110. Risks to energy from high and low temperatures, high winds, lightning

111. Risks to offshore infrastructure from storms and high waves

112. Risks to transport from high and low temperatures, high winds, lightning

113. Risks to digital from high and low temperatures, high winds, lightning

Infrastructure is recognised as an increasingly important area for climate risk assessment in general.
This is because of a number of reasons.

First, infrastructure has a long lifetime (decades) and could be exposed to potentially large future
climate change impacts over its lifetime. This may result in impacts on assets (risk of damage or
failure), operating costs and performance, including the benefits or services provided. These risks are
particularly important when considering priorities for the next five years (as CCRA3 aims to do),
because new investment in infrastructure projects involves potential lock-in® or irreversibility and it is
often easier and more cost-effective to build resilience (adaptation) during design than retrospectively
(Fankhauser et al., 1999°xVi: Ranger et al., 2010°M). The scale of this lock-in risk is important: the
average annual investment set out in the National Infrastructure Delivery Plan is £48 billion/year (IPA,
201 6cxlviii).

Second, in addition to the direct risk of damage and disruption of individual assets, there is a risk of
indirect or cascading impacts associated with infrastructure, and especially critical infrastructure.
Activities and services such as heating, lighting, mobility and water are essential for modern society
and they increasingly rely on each other, for example from interdependencies and interconnectivities
with electricity and information and communication technology (ICT). Damage to critical infrastructure
in one sector or geography can therefore lead to important indirect (cascading) economic losses
through interdependent infrastructure linkages (Hallegatte et al., 2019<x),

Finally, climate risks are now recognised as a financial risk as with the Task Force on Climate-related
Financial Disclosures (TCFD, 2017¢), and the Network for Greening the Financial System (NGFS,
2019¢). These aim to improve the integration of climate risks into decisions, and much of this has
been focused on infrastructure risks. Importantly, infrastructure developers and operators are required
to plan and manage assets in a long-term perspective - or at least for the duration of the concession
period of the private-public partnerships (PPPs) (typically 25-30 years). This should mean they have
a relatively greater to incorporate climate change risks into decision making, from design to operation
and maintenance.

6 An action or decision today that ‘locks-in’ the potential for future climate risk and is difficult or costly to reverse or change later.
This includes decisions or investments that involve a long lifetime, the potential for large future climate risks and a degree of
(quasi) irreversibility. Note lock-in may arise from an action or decision taken that is ‘business-as-usual’, from a lack of an action
or decision, or from a mal-adaptative action or decision. Source CCRAS3 definitions, Chapter 2.
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The main approach taken in this chapter is to try and value the flow of services that are derived from
the stock of capital (infrastructure). However, in many cases, there is a lack of information to allow
this, and most literature is focused on the impacts to physical stock. It is also highlighted that impacts
on infrastructure are also an important factor in economic output, and this can be assessed using
macro-economic analysis. This is important because climate change could affect drivers of growth,
e.g. through capital stock destruction, which could affect economic growth rates. Such effects could
lead to large cumulative economic effects from climate change over time®ii, which are much larger
than from annual impacts assessed below.

I1. Risks to infrastructure networks (water, energy, transport, ICT) from cascading failures

Chapter 4 of the Technical Report identifies that infrastructure operates as a system of systems,
which means that vulnerabilities on one network can cause problems on others, and indeed extend
beyond the infrastructure sector or the immediate location. The report finds that given the wide-
ranging nature of the linkages, a full understanding of the impacts of cascading failures is difficult to
ascertain. However, it cites international research, which has indicated that the vulnerability of
interconnected systems may be significantly underestimated. The Technical report does include a list
of cascading impacts, such as flooding causing power infrastructure inundation, or power supply
interruption leading to impacts on travel and freight operations.

Valuation

There are a number of different types of cascading risks, and these reflect different potential
economic impacts. CCRA2 defined these as (Street et al., 2017 dii):

¢ Interaction among risks; and

e Indirect and macroeconomic impacts.

We use this categorisation, though we note that the CCRA3 Technical Report identifies a more
differentiated set of types of linkages, especially for infrastructure. This is reflected in the literature,
for example, network interdependencies are grouped by Pant et al., (2020¢"V) into physical
connections, cyber/information linkages, geographic / proximity and logical linkages.

The indirect impacts of major weather-related events have been found to have high economic costs
(currently), for example from the impacts on the transport network affecting travel time, or supply and
business interruptions leading to lost productivity and affecting revenues.

Maijor events can also potentially affect the economy as a whole, and can cascade through to other
sectors of the economies and other regions beyond those initially affected. The impacts on
infrastructure are a key part of these wider economic effects (Hallegatte et al., 2019¢V). For very large
extreme events (e.g. major floods or storms), these indirect costs and macro-economic costs can be
as large as the direct damage (Hallegatte and Przyluski, 2010°V). For infrastructure specifically, the
ratio of indirect impacts (relative to direct impacts) have been found to be significant, and increase
with the size of the event, but even for relatively short disruptions, losses can be substantial and
spread across all sectors For example, Pant et al., (2014clvii) estimated 3-day aggregated losses for
three hazard events, that trigger direct losses in the economy due to electricity and railway network
failure, and indirect losses that propagate to other sectors that are dependent on these. In their
model, indirect costs represent more than half of total costs. Another example is from a study on
maijor floods in London, which estimated that indirect effects increase in magnitude (in £) and exceed
direct costs for very large extreme events: indirect losses are a significant component of total losses,
with a multiplier of between 1.3 and 2 depending on the scale of initial damage (Crawford-Brown et
al., 2013¢hiii),

The focus of this risk is on the economic costs of the impact of the cascading effect, i.e. on the
connected systems, e.g. the transport costs caused by an electricity outage, or the wider economic
costs of a flood on properties leading to impacts in other sectors. However, there is also an issue on
where to report these impacts, as some are captured elsewhere in this chapter (e.g. indirect effects of
flooding for the transport infrastructure) and some in other chapters including in Chapter 5 (people)
and Chapter 6 (business). It is important to avoid double counting of costs. At the same time, it is
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noted that because CCRAZ3 focuses on individual risks and opportunities, it may miss some wider
economic and especially macro-economic effects.

There is a small body of quantitative literature that looks at the current impacts of cascading risks.
Under future climate change scenarios, more frequent and more intense weather-related events are
likely to increase the risk of infrastructure and network impacts, leading to potentially significant socio-
economic costs. However, estimating the risk of failure of infrastructure (and infrastructure networks)
and the indirect and cascading impacts is a challenging task, and thus, there are limited studies. This
is because different infrastructure assets are exposed to different weather-related risks to various
extents, and the cascading effects vary upon the degree of the inter-connectiveness and inter-
dependency amongst them.

The CCRA2 infrastructure chapter (Dawson et al., 2016) reported a number of cascading impacts.
This included the flooding of substations at Gatwick in December 2013 that resulted in the disruption
of 13,000 airline travellers. The total costs included welfare costs of £3.0 million (range £2.4 million to
£3.6 million) comprised of the estimated cost to passengers resulting from travel delays and
disruption caused by flooding (Chatterton et al., 2016)c/x,

The CCRAS infrastructure chapter identifies a further number of cascading failures, including the
power outages in England and Wales in August 2019 caused by a lightning strike, which had
significant knock-on impacts for the rail sector, with stranded trains, triggered by on-board automatic
safety systems, and in turn, knock-on delays across the rail network. 31 trains were stranded, and
passengers had to be evacuated. There were substantial knock-on delays following recovery of the
vehicles, totalling 14,428 minutes (ORR, 2020¢*). Full service was restored within 24 hours. Following
that event, three energy firms have agreed to pay a total of £10.5m into a redress fund run by the
UK's energy watchdog, Ofgem<™. It also gives the examples of the flooding of an electricity
substation in Lancaster from Storm Desmond in December 2015, that left the city without power for
more than 30 hours and had consequences for transportation, telecommunications (no mobile
network, internet or digital radio), and water supply in some areas. The total cost of Storm Desmond
and Eva (in 2015) have been estimated by PwC at over £1bn, with the insurance industry paying out
the majority of these costsi. In 2018, the EAii estimated the costs resulting from the winter floods
in England following Storms Desmond, Eva and Frank at £1.6 billion. A sizeable proportion of these
costs were indirect.

The National Infrastructure Commission (NIC, 2020°%V) also describes a number of UK cascading
failures in the UK from weather-related events. This included the 2007 floods, which affected
electricity substations and water treatment plans and water supply. It also reported on the Lancaster
winter floods of 2015/16 (due to Storm Desmond), and on the cascading impact on communication
services, transport and businesses, as well as the power outage in 2019 (due to a lightning strike)
which affected train operating companies, hospitals, water treatment plants and an airport. However,
no attempt was made to estimate the socio-economic losses that resulted from the above events.

Most of the evidence on cascading risks which looks at the potential economic costs focuses on two
sectors: transport and electricity, and primarily with respect to floods. There are a number of global
and national studies that look at the transport sector, and consider the indirect effects of transport
disruption (Koks et al., 2019¢x: Oh et al. 2020°®). The immediate indirect effects (impacts on travel
time) are captured in the subsequent risk on transport infrastructure (12 and 13). The impacts on
electricity generation from floods have also been considered, in terms of the lost electricity for
consumers, but also includes some studies on cascading risks. The direct costs of outages are
captured by estimates of the value of lost load, covered in 12 and 110.

A recent study by Pant et al. (2020°xvi’) was commissioned by the National Infrastructure Commission
to pilot an approach to assess the key physical vulnerabilities of the current UK infrastructure system,
draw out vulnerabilities that arise from network architecture and how these could change in the future,
and inform the development of a framework to identify actions to assess, improve and monitor system
resilience. The study developed a system-of-systems modelling approach with national-scale network
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representations of electricity, road and rail transport, public water supply and digital communication
networks, capturing their interdependencies. The authors first considered the case where networks
are connected such that each dependent node of one network is linked to only one node of the other
network (i.e. single degrees of connections, with no back up). From the cumulative user disruptions
estimated for this baseline case, the authors selected the top 50 most severe events, on which they
then tested five resilience enhancing options such as: two connections (i.e. connecting each
dependent node of one network to two nodes of the supplying network), three connections, backup
(assuming that some assets had backup electricity supply), and a combination of two/three
connections and backup supply. The aim of adding more connections was to test the benefits of
adding more redundancy between networks. The study focussed on the failure events initiated by the
electricity and also by the telecoms network (though the study did not specifically look at the role of
weather-related events in causing/triggering infrastructure failures). A failure in the study is modelled
by removing an individual node (single point of connection) from a network and estimating the
cascading effect that would follow.

Failure events initiated in each network were quantified in terms of direct economic losses and
indirect economic losses. The latter used an Input-Output (I0) model (assuming service disruptions
lasted for 24 hours) to look at indirect economic losses to all sectors that use electricity, telecoms and
railways outputs. The direct demand losses relate to the customer disruptions. To demonstrate the
failure model and its results, the authors first show an example of failure event initiated in the
electricity network and with single dependencies between networks. Assuming the disruptions last for
24 hours, the economic losses correspond to losing demand from the equivalent of 24 hours of
customers across sector. The indirect losses for electricity were estimated to be almost as high as
direct losses due to feedbacks from the rest of the economic systems. The sector ‘Other’ (which
dominates indirect costs) corresponds to the total losses added across all 124 non-infrastructure
sectors in the UK economy, estimated at £345,000/day indirect economic losses. Overall, this shows
that the economic impact of a major failure event initiated in the electricity sector could be worth £0.9
million/day total economic losses.

Table 17 Total economic losses resulting from an example failure event initiated in the electricity sector
(single dependencies) and lasting 24h (Pant et al. 2020).

Network/Sector Direct economic Indirect economic Total economic losses

losses (£/day) losses (£/day) (£/day)

Electricity 131.507 98,699 230,206
Telecoms 71.233 4,575 75,808

Rail 260,274 636 260,910

Water 1] 286 286

Road 1] 6,667 6,667

Others 1] 345,069 345,069

Total 463.014 455,932 918,946

The multiplier effects used in the analysis are estimated by the Office of National Statistics and are
useful as they show the ratio between the total economic losses and the demand losses in a
particular sector. For example, for every 1 unit of direct demand losses in the electricity sector there
are total economic losses of 2.36 units. These multiplier effects show that electricity has the highest
multiplier effects.

Table 18 Infrastructure networks specific economic sectors and their multiplier effects (Pant et al., 2020)

Economic sector Multiplier effect
Telecommunications services 1.41
Electricity, transmission and distribution 2.36
Natural water; water treatment and supply services 1.53
Land transport services and transport services via pipelines, excluding rail 1.64
Rail transport services 1.95
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The study looked at the direct and indirect losses for the top 50 24h-failure events - in terms of the
cumulative user disruptions as estimated by their failure model — initiated by the electricity sector. The
figure below shows error bar plots with the mean values and 95% confidence intervals for economic
losses averaged across all top 50 user disruption events for failures initiated by the electricity network
and considering only single degrees of connections. The results show the direct and total economic
losses for the infrastructures specific sectors and the rest of the economy (‘Other’ sectors). In this
case, the direct costs varied between £0.36 million/day — £3.4 million/day and total losses vary
between £0.58 million/day — £6.7 million/day. The authors point out that the economic losses and user
disruptions might not be similarly ranked for failure events, i.e., the largest user disruptions might not
result in the largest economic losses. This is due to the significant impact of railway when failure in
one node typically has a knock-on effect and lead to cancellations of entire train journeys, with
significant economic impacts due to the reduced capacity of the sector to meet journey demands. As
explained by the authors, user disruptions are the highest in the water network. This is because the
water supply network has very high user demands concentrated at individual nodes. The largest
economic losses are, however, recorded in the railways sector, which are as high as £2.7 million/day,
from reduced capacity to meet journey demands.

Similar results are reported for failure events initiated in the telecoms network with single degrees of
connections (not shown): direct losses for the top 50 events vary between £0.22 — £3.6 million/day
and total losses vary between £0.34 — £7.0 million/day, with the event specific total losses being 1.52
—1.99 times the direct losses (not shown). In this case, the model shows that the largest user
disruption event of 7.2 million user disruptions has about £2.1 million/day economic losses.
Importantly, the model also shows that a higher number of disrupted users is not necessarily
indicative of higher economic impacts: disruptions to the railway sector with less than 3 million user
affected produce the highest economic impacts of up to £2.5 million/day.

Top 50 events - Direct and Total Economic losses initiatied by electricity failures - No backup supply

Direct losses
Total losses

Economic losses (£ million/day)

| TL T e . M H

o oF o . 5 e

¥
S

Figure 9. Mean value with 95% CI estimates of direct and total macroeconomic losses across top 50
user disrupted events initiated by electricity failures.

The analysis also explored the benefits of increasing resilience through various resilience enhancing
options (explained earlier). Overall, the systemic analysis of the 50 worst-case electricity-initiated
disruptive events, showed that when resilience measures are used (i.e. increasing network
redundancies with two (2C) and thee (3C) connections) disruptions from electricity networks were
reduced by about 70%, telecoms by 91%-95%, water and road disruptions by at least 90% and at
most 100%, and railways 82%-93%. A backup (B) supply options was also modelled and found to be
most effective for roads where on average disruptions are reduced by about 40%, from the baseline
and for other networks the gains were between 10%-23%. Importantly, this demonstrated that there is
value in addressing disruptions within the first 10-24 hours, when most of the backup supply prevents
further failure cascades. Similar findings were found for resilience options applied to failure events
initiated in the telecoms sector. However, the authors did not report on the costs of such resilience
options.

63



Pant et al. (2020) also did some future modelling (baseline, not with climate). Assuming 1.9% GDP
compounded growth rate until 2050 and two future electricity scenarios (one with high hydrogen and
high electricity for heating), the analysis estimated that the worst-case economic output losses in the
future baseline case would be as high as £14 million/day and mostly economic losses would be 1.9 —
2 times current baseline loss levels. Applying resilience enhancing options to the future networks
showed similar gains in terms of reduced disruptions and knock-on effects across sectors.

Thacker et al. (2018°*ii) present a national-scale analysis for investment in flood protection measures
of major electricity substations in England and Wales (107 assets at risk of flooding in total). The
study looked into the direct and indirect economic losses that could occur due to the failure of major
electricity assets within England and Wales. Based on the authors’ calculations, the two sectors that
are most affected directly (direct losses) are the telecommunication (£100 million median estimate, up
to £600 million, 2009 prices) and electricity sectors (£50 million median estimate, up to over £300
million, 2009 prices); the smallest direct losses occur due to disruptions of airline passengers (£5
million). The largest indirect sector impacts correspond to the business services and real estate
sectors (~£30 million median estimate, up to £225 million) as well as the mining sector (~£20 million,
median estimate and up to £125 million) (not shown in figure). This emerges due to the large role that
these sectors play in the national economy and their strong reliance on infrastructure, for example,
the service sectors’ dependency on the telecommunications sector and electricity sector. The analysis
also includes consideration of the net present value of different adaptation measures. In particular,
the authors calculated the NPV for the three different adaptation measures at 2060 (45 years asset
life from implementation in 2015). The results show that for all 107 assets at risk of flood, the
installation of a floodwall to protect against failure-related losses results in a positive NPV, making the
option favourable for investment; only four substation assets show a positive NPV for the substation
raise option, and no assets show a positive NPV for the substation relocation option. The authors
concluded that investment in high-cost adaptation options such as raising the substations and
relocating the substation are cost-beneficial in only a limited number of cases, and investment in such
options may become more attractive when an asset is approaching the end of its life (Thacker et al.
2018).
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Figure 10. Direct economic losses that can occur due to the failure of major electricity assets within
England and Wales (Thacker et al. 2018).

Koks et al. (2019¢°xx) used geospatial information on the location of electricity infrastructure assets
and local industrial areas and employed a multiregional supply-use model of the UK economy to trace
the impacts of floods of different return intervals across 37 subnational regions of the UK. The authors
used the loss in labour productivity (temporary reduced employment) as the proxy for business
disruption. The authors calculate system-wide impacts that arise due to the failure of individual
assets. For this study, they identified assets exposed to risk of flooding with different annual return
periods (1/20, 1/75, 1/100, 1/200, 1/1000). Although the macroeconomic impacts are estimated for the
whole of the UK, the actual direct flood impacts and infrastructure failure (and, consequently, the
estimation of the business disruption) are focused on five substations in the southeast of England.
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When looking at the macroeconomic impact for the UK, it found commercial and public services are
most affected, in case of flooding only and for systemic disruption. There is a sharp increase in the
total amount of commercial services affected between a 1/75 and a 1/100 flood, i.e. disruption
increases significantly with a larger flood event. The results show up to a 300% increase in total
economic losses when power outages are included in the risk assessment, compared to analysis that
just includes the economic impacts of business interruption due to flooded business premises (Koks
et al.,2019). The figure shows the ranked daily total output losses for all failure combinations from the
smallest (most left bar) to the largest (most right bar) losses. The left panel (1/1000 flood only) and
the right panel (systemic disruption) show a similar ranking, but with up to a factor 3 difference in the
size of the daily total output losses. The authors estimated that the total economic loss resulting from
failure of five substations (worst case scenario) to be around £27 million per day.
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Figure 11 Total daily output losses for the United Kingdom for 31 failure combinations.

The left panel shows the impacts due to a flood with a return period of 1/1000. The right panel shows the impacts due to a flood
with a return period of 1/1000 and a failure of the electricity substation at the same time (Source: Koks et al. 2019).

Koks et al. (2019) report that the high multiplier effects in their study, which are higher than many
other studies, are because most of the existing estimates do not account for the macroeconomic
impacts and are generally underestimating indirect impacts.

The CCRAZ interacting risks project (WSP, 2020°%) considered the consequences of impacts due to
climate changes on individual parts of the infrastructure network, for present day, 2050s and 2080s
for 2°C and 4°C temperature increases (global, relative to pre-industrial) scaled with macroeconomic
growth (GDP and population growth projections). This scored current cascading risks as high
(Ehundreds of million/year). Using a Bayesian Belief Network system, network (or systems) maps
representing interactions within and between sectors were developed. The projections for both the
2050s and the 2080s anticipate a small change in the overall distribution of magnitude scores, with 7
interactions with a high impact magnitude score (unchanged), 16 scored as medium (up from 13) and
3 as low impact (down from 6), as compared to current. They ranked the magnitude for 2 and 4°C
scenarios in the 2050s and 2080s as very high (£billions/year).

The project did identify those effects with greatest number of upstream connections (and so the
greatest potential for cascading failures throughout the infrastructure system and wider economy). In
terms of infrastructure, power supply interruption had the highest number of connections (15, with 11
being in the infrastructure sector and 4 in the built environment), followed by IT and communications
disruption (10, with 7 in the infrastructure sector and 3 in the built environment) and transport
infrastructure/hub flooding (7, with 4 in the infrastructure sector and 3 in the built environment).
Looking at impacts with large numbers of downstream connections (i.e. can be affected from a
number of different sources), those that are affected most by the infrastructure sector are travel and
freight delays (13 connections with the infrastructure sector), water supply interruptions (9
connections), transport accidents, power supply interruptions, transport infrastructure damage and
sewage flooding (all with 5 connections).

In terms of the pathways with the highest risk level, of relevance to infrastructure, it identified the

impact of a heatwave on building occupants (leading to productivity loss); power and water demand
increase; and transport overheating, especially railways, leading to transport delays. It also identified

65



the indirect impact of cascades from power and IT and communications disruptions affecting water
and transport infrastructure (e.g. signalling). The study estimated the level of risk in terms of the total
expected utility, calculated by the sum down an impact chain of each of the impact nodes multiplied
by the event probability, multiplied by a weighting factor to take account of the relative value of each
impact unit”. The increase in overall risk for a 2050 4°C scenario compared to the baseline was a
multiple of 5.7 with no scaling for macro-economic impact and a multiple of 6.6 if the macroeconomic
impact projections were included.

Table 19 Change in overall level of risk (expected utility) for each emissions scenario and time period.
Source WSP, 2020. Note this includes all interacting risks, not just infrastructure related.

Scenario
Baseline
2050 2°C
2050 4°C
2080 2°C

2080 4°C

Combined models

Overall level of risk

Unscaled

345

1967

1967

3707

4278

Scaled

345

2274

2274

5527

6449

Combined models

Change factor from baseline

Unscaled

5.7

5.7
10.7

12.4

18.7

Note: This table shows the expected value utility of all the Impact nodes in Model 1 and Model 2 combined, summed using the
weighting factors for different types of impact, and scaled for population growth or GDP growth by 2050 and 2080.

The impact of cascading risks also feed through to businesses (see Chapter 6). ITIC (2017 ¢xx)
undertook a global study on 800 organisations (Reliability and Hourly Cost of Downtime Trends

Survey) and report that nearly all organisations reported a single hour of downtime cost over

$100,000 and one third over $1 million.

Valuation summary

There are clearly high economic costs that are associated with individual large-scale events, in terms
of the major cascading risks (indirect and macro-economic). These individual events are reported at
ftens of millions. The question is over how regularly these occur, and the degree to which very large-
scale events might occur in the future under climate change. This is more difficult to assess, as there
is not a systematic analysis of the economic costs, expressed in annualised damages, nor analysis of
future increases in extremes and knock-on effects on cascading risks. The CCRAS3 research project
(WSP, 2020) investigated and ranked the current risk as high, and future risks as very high (although
this includes all cascading risks not just infrastructure). These estimates are used here but it is
highlighted there is some potential double counting with other risks and chapters.

Table 20 Valuation of I1. Risks to infrastructure networks from cascading failures.

Valuation
Country Present 2050s, on a to 2050s, on a 2080s, on a to 2080s, for 4°C Low
Day pathway pathway to 4°C | pathway world at the end of likelihood —
stabilising at 2°C | at end of the stabilising at 2°C | the century# high impact
by 2100* century# by 2100*
UK High Very high Very high Very high Very high
Confidence | Low Low Low Low Low

Very high = £billions/year. High = £hundreds of millions/year. Medium = £tens of millions/year. Low = £<10 million/year. DA
values are presented as absolute values (not relative scoring as in CCRAS.

7 The dependency model calculates the overall level of risk (expected utility) along each pathway so in order to do this the
model needs to assign a weighting factor to take account of the relative value of each impact unit. This weighting factor is used
to create equivalents between differently dimensioned parameters on the impact magnitude framework (e.g. pounds or people
or hectares affected). For example, in the model, £10m cost is equivalent in utility value to a 1% change in natural capital
assets so the weighting factor for % change in natural capital assets is 10 and the weighting factor for cost is 1 (WSP, 2020).
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Adaptation
There is some evidence on the potential costs and benefits of adaptation for infrastructure investment

(OECD, 2015°xi) and in general positive benefit-to-cost ratios are reported for making infrastructure
resilient (GCA, 2019¢xxii) However, there is little evidence on the economic benefits for addressing
cascading risks or moving to a systems-based approach. The studies that do exist tend to assess the
additional benefits in considering indirect costs from adaptation (rather than just the avoided costs of
damage to the infrastructure asset and operation itself), e.g. Thacker et al. (2018) for electricity
substations, and Pant et al. (2020) for multiple networks (above). The consideration of indirect risks
increases benefit streams and thus leads to higher economic benefits (and NPVs/BCR ratios).
Evidence from other countries highlights that a systems-approach can also highlight the key
vulnerability pinch points in networks, and thus help to direct adaptation, e.g. over-designing some
key nodes or elements of the network.

12. Risks to infrastructure services from river, surface water and groundwater flooding

The CCRAS Technical Report (Chapter 4) identifies flooding as a perennial risk to UK infrastructure.
The latest research indicates that all infrastructure continues to face an increased risk from surface
water flooding. In particular, the report identifies that railways look increasingly exposed to fluvial
flooding, though due to adaptation, the risk of fluvial flooding appears to be reducing for energy.

Valuation

The Environment Agency’s Long-term Investment Scenarios show that over 40% of transport and
utilities infrastructure are in areas at current risk of flooding, either directly or due to dependence on
other sectors (Environment Agency, 2019¢xv). The costs of the 2007 floods were estimated by the
EA (2010°) to have costed about £3.2 billion in total (2007 prices), within a possible range of
between £2.5 billion and £3.8 billion. Communications, roads (including costs incurred by Local
Government Authorities), rail, and telecom accounted for £227 million (best estimate) or 7% of the
total costs. The EAVi estimated the costs resulting from the winter floods in England following
Storms Desmond, Eva and Frank at £1.6 billion, of which rail suffered economic costs of £121million
(best estimate) (2015 prices).

There are also a series of studies that report on the direct (and sometimes indirect) impacts of
flooding on infrastructure, mostly notably to transport and electricity. For example, the National
Infrastructure Commission (NIC, 2020¢xil) identified a number of weather-related events, including
cases where flooding had affected electricity substations leading to power outages and road / rail
closures.

In the UK, Sayers et al (2020¢°*ii) for CCRA3 estimated a significant increase in exposure of
infrastructure of both Category A (including water treatment, energy and communication infrastructure
sites) and Category B (including railway stations, landfill sites, hospitals and blue light service
stations, care homes, GP surgeries, and schools) across the UK under future climate scenarios for a
2° and 4°C pathway. However, this was largely based on the current stock of infrastructure, and does
not include new infrastructure development, and thus is an underestimate. It reports infrastructure
assets currently exposed to a 1:75 or greater risk, with clean water (487 sites river and 147 sites
surface water), wastewater (747/601) active landfill sites (5/1), railway stations (596/82), lengths of rail
network (3,544km/1,145km), power stations (178/67) and substations (575/234). The figures
demonstrate the potential exposure across the infrastructure sector, but excludes ports, airports and
digital infrastructure assets such as data centres and telephone exchanges. However, the report does
not quantify the expected annual damage. The analysis of future risks in Sayers et al. (2020) finds
that infrastructure assets across the four countries will face increased exposure to surface water risk.
In some scenarios, a potential doubling of risk in a 4°C world is projected, namely for power stations,
electricity substations in England and railways in England, Wales and Northern Ireland.

Forzieri et al. (2018¢xix) assessed critical infrastructure in Europe and investigated how single and
multi-hazard events could damage energy, transport, industrial, and social critical infrastructures, and
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how this would change with climate change in the 2050s and 2080s. They estimated the expected
annual damage (EAD) for seven hazards (heat and cold waves, river and coastal floods, droughts,
wildfires, and windstorms) for three future time periods under the A1B emission scenarios (a medium
warming scenario, similar to RCP4.5), expressed as a proportion of the gross fixed capital formation
at risk (GFCF, a measure of the annual investments in fixed assets). They report that these damages
rise progressively from 0.12% at present to 1.37% by the end of this century for the whole of Europe,
although there were lower damages in the UK. For the UK, damage was estimated to raise from
0.14% (EAD in 2020) to 0.37% (EAD in 2080) of GFCF. The authors also estimated capital and
operation and maintenance (O&M) costs of adaptation (including for the UK). Note that the analysis
assumes independent hazards and static vulnerability; and interdependencies, cascading effects, and
the risk of failures were not explicitly modelled. The authors derived indicative costs of adaptation (the
additional investments needed to climate-proof infrastructures in different regions) by using a
literature-based average benefit-to-cost ratio (BCR) value of 2.5, and combining it with the projected
benefits. These were then expressed as a proportion of GDP. Furthermore, it assumed that capital
costs reflect 30% of the total adaptation cost over its lifetime and that they are incurred now, whereas
O&M costs (the remaining 70% of costs) are spread equally in time. Estimates of adaptation costs
indicate that for the UK, costs to be incurred now would equal €575 million (capital costs) plus €44.7
annual O&M costs. This, however, would make infrastructures resilient to climate only up to 2040.
The investments for adaptation required to face changes in climate in the medium term (up to 2070)
are estimated by the authors to amount to an upfront capital cost of €1.6 billion (0.5% of GFCF), and
annual O&M costs of €61 million. To make infrastructures climate resilient up to the end of the
century, capital costs in the UK could be ~€4bn (1.4% GFCG) and O&M annual O&M costs could
reach €103 million. These findings are shown below along with the EU+ figures (i.e. EU28 plus
Switzerland, Norway, and Iceland).

Table 21. Expected annual damage (EAD) and cost of adaptation (in 2010 constant euro prices or
percentage of 2010 GFCF) for multi-hazard multi-sector analysis. (Forzieri et al. 2018)

Country EAD (€ million) EAD (% of GFCF) Capital cost (€ million) Capital cost (% of GFCF) Annual O&M cost (€ million)

2000s 2020s  2050s  2080s 2000s 2020s 2050s 2080s 20205 20505  2080s 2020s 2050s 2080s 2020s 2050s 2080s

UK 403 563 679 1,076 0.14 019 023 037 575 1,566 3,988 0.20 0.54 1.37 44.7 61 103
EU+ 3,410 10,304 20,621 37,632 012 038 075 1.37 24820 86,778 209,977 0.90 316 7.65 1,930 3,375 5,444

Transport
The risks of climate change for the transport sector primarily arise from extreme events, such as

flooding, heat waves, droughts and storms. As well as direct damage costs to infrastructure, these
extremes have economic costs from passenger and freight transport disruption (affecting travel time)
and can also affect the likelihood and severity of accidents. There are also wider indirect effects from
transport disruption, affecting the supply of goods and services, which can be significant for major
events. There is well documented information on the costs of previous flood events. The estimated
total costs relating to delays and disruption to road users during the 2007 floods was approximately
£100 million (Environment Agency, 2010*) and also led to an estimated £25.6 million in rail user
delays and a further £10.5 million for rail infrastructure costs. More recently, estimates of flood related
costs have been compiled for previous major flood years (Environment Agency, 2018x), This
indicates transport related costs of several hundred million.

Table 22 Comparison of economic costs by flood event by impact category (2015 prices). Source EA,
2018.

2007 (summer
floods) (£ million)

2013 to 2014 (winter
floods) (£ million)

2015 to 2016 (winter
floods) (£ million)

Utilities (energy and water) £398 £30 £104
Transport (roads, rail, air, ports) £310 £295 £341
Total (all) £3.9 billion £1.3 billion £1.6 billion

There are also data collected on service costs delays by the Rail sector (as part of the schedule 8
costs), which break down costs by weather events, including the costs of service disruption (Network
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Rail, 2017¢<xi) This reported that between 2006 and 2016 flooding caused an annual average of
approximately £15 million in Schedule 8 compensation payments (this includes river, surface,
groundwater and coastal flooding).

There are a number of projects which have tried to quantify the current costs of floods and weather-
related events on transport, and estimate future damages under climate change. Ideally this analysis
would use the traditional transport appraisal guidance (DFT, 2019) to look at the costs of physical
damage (repair and restoration) and also the costs of time delays (using the value of time). However,
the latter requires detailed modelling analysis.

The analysis in CCRA1 (Thornes et al., 2011) estimated these risks as being low currently, when
expressed in annual terms, and only medium in the future time periods (£10 — 99 million/year).

The WEATHER project estimated that the total costs from extreme weather events are currently €2.5
billion/year in Europe (1998-2010). These are dominated by road transport (€1.8 billion/year 72%),
followed by air (€0.4 bn/year 14%) and rail (€0.3 bn/year 12%) (Enei et al., 2011ii: Doll et al.,
2014} For road transport, the costs from heat stress and flooding are large, but are offset by a
large reduction in winter maintenance costs, thus the net average road transport costs will only raise
by 7%. For the rail sector, heat stress and heavy rainfall were estimated to increase costs by 72%.
The impacts on air transport were considered to be very uncertain because they result from extreme
wind and fog, but are estimated to increase by 38%. For the British Isles (UK and Ireland), Przyluski,
et al. (20129xv) for the WEATHER project estimated the average infrastructure damage cost (2000-
2010) for road transport (including infrastructure assets and operation costs, fleet assets and
operation costs and users time (delays) and safety related costs) at 0.17 € / 1000 pkm (passenger-
kilometre) — below the average of 0.29 across Europe, and one of the lowest of the EU regions.
Average cost for rail transport was estimated to be higher, or 0.52 € / 1000 pkm — close to the EU
average of 0.57; and for air transport was estimated to be €0.51/1000 pkm (below the EUR29
average of 0.66). Across all transport infrastructures damage costs (total damage and weather-
inflicted system operating and user costs) due to climate change were estimated to be approximately
£0.55 billion, £0.65 billion and £1 billion/year for the 2020s, 2050s and 2080s respectively.

Projections of changes in 2010-2050 are reported below. For the EUR 29, with a projected increase in
transport activities this implies a rise of average damage costs by 5% (road), 39% (rail), and 20%
(aviation) due to weather extremes across Europe. Most hit are rail services in France and the UK.
For the UK and Ireland (Bl in the table), the rail sector is projected to be hit the hardest, with train
operators and passengers bearing the highest cost increases (75% and 76% respectively). The table
shows that thanks to climate change there will also be winners. For the British Isles, these are road
users (-13% costs), and aviation infrastructure assets owners (-21% costs).

Table 23. Summary of forecast results for total transport sector costs due to weather extremes 2010
to 2050 (Przyluski, et al., 2012).

Sector AL Bl EA FR P MD ME SC EUR29
Road -5% 3% 5% 54% -17% -13% -21% 12% 5%
Infrastructure -14% 9% -1%  71%  -19%  -8% 7% 13%| 11%
Services 22% 30% 17% 7% -16% -20% -31% 8% -3%
Users 7% -13% 13% -6% 4%  -24% -28% 12% -7%
Infrastructure 21%  24% 6% 106% -28% -1% 18% 16% 15%
Services 50% 75% 40% 132% -15% 28% 43% 52% 50%
Users 49% 76% 39% 83% -14% 28% 38% 55% 52%
Infrastructure -19%  -21% -15% 0% 0% -34% -21% -19%| -20%
Services 13% 27% 8% 31%  30% 35% 10% 9% 22%
Users 14% 27% 7% 33% 20% 37% 11% 10% 21%
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The EWENT project also estimated current and future weather-related costs for transport. It
estimated current costs for all modes and all cost items at more than €15 billion/year for Europe
(2010). This is higher than the WEATHER project due to a broader classification of weather events,
inclusion of operation and logistical costs, and higher accident levels and thus costs. Climate change
is estimated to have different impacts across transport modalities (Nokkala et al., 2012%xvi)_ The
study found that there is an apparent trend in declining accident costs, also because the winters are
getting shorter and warmer in the Northern hemisphere. Icy and slippery roads raise the accident risk
up to 2-3 times higher than on dry roads. The winter maintenance operations costs were also
expected to decrease throughout Northern Europe (Nokkala et al. 2012).

The PESETA Il study (Ciscar et al., 2014 i) considered impacts on the road and rail network in
Europe, estimating the total damages to transport infrastructure due to extreme precipitation at €930
million/year by the end of century under an A1B scenario (around a 50% increase from the control
period (1961-1990) estimate of €629 million/year) and €770 million/year under a 2°C scenario (23%
increase relative to the control period estimate. The table shows estimates for a medium-high
emission scenario without mitigation (A1B scenario, similar to RCP4.5) and a scenario consistent with
the EU 2°C climate goal. More specific estimates also exist for road transport. The future costs are
driven by future socio-economic assumptions, i.e. transport patterns and demand. The values for the
UK (and Ireland) are shown as part of the results below.

Table 24 Additional flood-induced damages to road infrastructure for the period 2070-2100 million
Eurolyear.

EU Northern UK & Ireland |Central Europe |Central Southern
Europe North Europe South |[Europe
Control 629 130 59 209 109 122
Medium scenario (A1B) 932 210 89 356 156 121
change (%) 48 61 52 70 44 -1
2°C 773 210 90 218 152 102
change (%) 23 62 53 4 40 -16

Bubeck et al. (2019¢xxvii) gssessed damage to railway infrastructure only, which already contributes
to 10.8%-13.8% of overall flood losses. This study reports that for the UK, the expected annual
damage is between €34 and €38 million. However, expected damage is projected to increase under
future climate scenarios. They find that costs to the UK under 2°C and 3°C (based on the time periods
when the climate model exceeded each threshold, i.e. global warming levels) are projected to be
about on average £0.06 billion and £0.1 billion per annum (expected annual damage), respectively.

The COACCH study (Lincke et al., 2020°xix) assessed damage to road infrastructures due to river
flooding with climate change. Road damage only contributes a small percentage (2.3 %) to the total
river flood damage observed in the European Union (€0.205 billion of €8.8 billion annually). Looking at
climate alone, irrespective of socio-economic development (SSPs), it found a very strong increase in
flood risk by the 2080s, especially for more extreme scenarios (RCP8.5). However, the values are
very sensitive to the combination of global climate models and regional circulation models. Without
adaptation, the EAD increases for Europe by 165% to €537 million per year by the 2080s under
RCP4.5, and the increase is 365% to €825 million per year by under RCP8.5. However, when socio-
economic changes are included (SSP2), for RCP4.5, the median flood risk will increase from €158
million/year in the COACCH baseline (1996), to €494 million (2031), €954 million (2056) and €1,469
million (2086). In RCP8.5, this increase is larger, from a baseline of €162 million (1996) to €563
million (2031), €1,147 million (2056) and €2,286 million (2086). For RCP8.5, this is a change by a
factor of 7.1 (2056) and 14.1 (2086) respectively. The analysis looked at the relative increase in
damage under climate change, for RCP 4.5, SSP2, without adaptation. The EAD across Europe,
including for the UK, are shown below. For LISFLOOD-OSdaMage, the factor change in damage is
2.5;4.5 and 7.9 for 2031, 2056 and 2086 respectively. For GLOFRIS, the factor change is 1.7, 3.4
and 7.9 for 2030, 2050 and 2080 respectively. The analysis finds that the most important impact of
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floods on road disruptions is not in the direct damage to the physical assets, but rather in the travel
delay costs and indirect damage to trade flows.

There is also an emerging focus on concentrating adaptation investments on the vulnerability hot-
spots of networks, i.e. to identify the points of the system where greater resilience would be most
cost-effective (as part of network level analysis rather than for individual assets). To date, this has
mostly focused on flooding (Oh et al., 2020).

Baseling EAD (1996 Future EAD (20£6], RCPB.5, no adaptation
COACCH reference period 1981-2010 per-regio median of 11 FURO-CORDEX models
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Figure 12 EAD to road infrastructure in 1996 and 2080s, aggregated on NUTS-2 level. Source
COACCH (Lincke et al., 2020).

Electricity
There are a number of studies that look at the impacts of flooding on electricity and outages, and in

some cases the subsequent economic impacts on households and businesses.

These outages can be valued using estimates of the Value of Lost Load (VoLL), or the

value attributed by consumers for unsupplied energy. This can be estimated by different methods
including econometric models and case studies of interruptions, but customer surveys are the most
prominent, e.g. willingness-to-pay or to avoid a supply disruption. London Economics (2013°) used
contingent valuation and willingness to accept (WTA) to estimate the weighted average value of lost
load (VoLL) for the UK at £16,940/MWh for residential and SMEs (the study looked at a one-hour
outage every 12 years). For industrial and commercial (1&C) customers, a variety of GVA/MWh value-
at-risk approaches suggested an average VoLL of about £1,400/MWh on average, though different
sectors showed a wide ran