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Abstract

Methods: This study employed an interdisciplinary approach to assess the impact of agricultural production
modifications and dietary changes on ammonia emissions, health outcomes and health inequalities. Statistical and
econometric methods were applied to analyse agricultural emission trends and dietary patterns. Spatial data analysis
and numerical modelling techniques were used to simulate the dispersion and transformation of atmospheric
pollutants. Health impact modelling estimated mortality and morbidity outcomes under various policy scenarios,
while cost-effectiveness and cost-benefit analyses supported decision-making. A participatory approach involving
multistakeholder engagement was utilised to enhance policy relevance and implementation feasibility.

A systematic scoping review of academic studies on agricultural-derived air pollution and clinically coded outcomes
revealed very limited research on this topic, which presents an inconsistent picture as to whether agricultural-derived
particulate matter affects health.

Results: Key findings indicate that dietary modifications have greater potential health benefits than direct reductions

in particulate matter exposure from ammonia emissions. Small reductions in meat and dairy consumption, supported by
taxation and subsidies, could help achieve environmental and health targets. A 20% meat and dairy tax, coupled with a
20% subsidy on fruits and vegetables, could reduce meat consumption by 21.5% and increase fruit and vegetable intake
by up to 13.5%. These dietary shifts also significantly lower greenhouse gas emissions and water use.

While ammonia’s environmental effects are well documented, its direct health impacts remain uncertain.
Epidemiological studies suggest a possible association between ammonium-derived particulate matter and increased
mortality and cardiorespiratory diseases, though findings are inconsistent. Toxicological assessments indicate limited
intrinsic toxicity of ammonium nitrate and sulfate. A ‘high-ambition mitigation’ scenario integrating ammonia reduction
measures with dietary shifts could prevent 67,000 premature deaths and 270,000 cases of respiratory diseases

over 30 years. Notably, older adults and lower-income populations would experience the greatest health benefits.
Most farm-based ammonia reduction strategies demonstrated net economic benefits, with only a few measures
having limited abatement potential. Additionally, reduced greenhouse gas emissions further amplified the benefits of
each scenario.

Limitations: Despite robust modelling techniques and multistakeholder engagement, several limitations exist. The
direct health effects of ammonia-derived particulate matter remain an area of uncertainty, necessitating further
epidemiological research. Additionally, while economic and environmental benefits were quantified, behavioural
responses to policy interventions - such as consumer acceptance of dietary changes - require further exploration. The
study primarily focused on UK-specific data, limiting generalisability to other regions with different agricultural practices
and policy landscapes. Finally, unintended consequences of dietary shifts on food security and cultural preferences were
not fully explored, indicating the need for future research to refine policy recommendations.

The Assessing Mitigation Pathways to Realise Public Health Benefits of Air Pollutant Emission Reductions from
Agriculture project provides a comprehensive, interdisciplinary framework for evaluating integrated policy measures. It
underscores the importance of sustainable agricultural and dietary transitions in achieving cobenefits for public health
and environmental sustainability, while emphasising the need for continued research to address remaining uncertainties.

Future work: More detailed spatial and temporal analyses are required to fully understand the potential importance
of significant local sources on human health in specific areas/times of year. There is a need to better align evidence of
studies, such as Assessing Mitigation Pathways to Realise Public Health Benefits of Air Pollutant Emission Reductions
from Agriculture, with toxicological studies which suggest that (pure) ammonium nitrate and sulfate have only very
modest toxicity.

Study registration This study is registered as PROSPERO CRD42020172116.

Funding: This award was funded by the National Institute for Health and Care Research (NIHR) Public Health Research
programme (NIHR award ref: NIHR129440) and is published in full in Public Health Research; Vol. 14, No. 3. See the
NIHR Funding and Awards website for further award information.
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Plain language summary

griculture is a main driver of air pollution in the United Kingdom and other countries. This is because it is

responsible for emissions of ammonia and other nitrogen compounds into the atmosphere from livestock farming,
fertiliser use and other activities. These chemicals contribute to air pollution and are harmful to health, leading to heart
and lung disease, stroke, cancer, type 2 diabetes and early death.

Solutions to reduce agricultural emissions and improve air quality and health can also support people’s efforts to
eat healthier diets and reduce greenhouse gas emissions from food production. Such solutions were the focus of
the Assessing Mitigation Pathways to Realise Public Health Benefits of Air Pollutant Emission Reductions from
Agriculture project.

Assessing Mitigation Pathways to Realise Public Health Benefits of Air Pollutant Emission Reductions from Agriculture
evaluated the impact on health of past and future policy options. This was in order to see how policies could work
together to:

e reduce agriculture-related air pollution
e to support healthy eating and
e act on climate change.

It took account of the interconnections between how people eat, farming and agricultural production, and the social
and economic consequences of policies.

The project developed a list of existing and future policy actions and looked at different ways of improving agricultural
technology, land-use management and other factors. It studied their impact on air pollution, United Kingdom diets and
nutrition, and greenhouse gas emissions. Computer models calculated impacts on health arising from the effects of
lower air pollution and better diets. Lastly, it compared the costs of policy interventions to the benefits they create.

From the start, Assessing Mitigation Pathways to Realise Public Health Benefits of Air Pollutant Emission Reductions
from Agriculture involved the public and other key stakeholders to give guidance to the project. We involved policy-
makers, regulators, farmers, food producers, retailers, health professionals and food/environment advocates to help
Assessing Mitigation Pathways to Realise Public Health Benefits of Air Pollutant Emission Reductions from Agriculture
draw on many perspectives. We used this to craft research questions, analyse data and share results.

The project found that agricultural technologies and changing land-use practices could reduce air pollution and improve
health in the United Kingdom. However, combining these actions with policies that encourage people to eat healthier
diets with less meat and more fruits and vegetables could result in much larger benefits for health. The evidence
gathered by Assessing Mitigation Pathways to Realise Public Health Benefits of Air Pollutant Emission Reductions from
Agriculture aims to shape policy. It will provide critical evidence for how efforts to reduce outdoor air pollution can play
a lead role and support a holistic approach to human health.
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SCIENTIFIC SUMMARY

Scientific summary

Background

Agricultural emissions of ammonia (NH,) significantly contribute to the formation of secondary inorganic aerosols
(SIAs), leading to widespread population exposure to ammonium nitrate and sulfate components of fine particulate
matter (with a diameter of < 2.5 um) (PM, ). Unlike nitrogen dioxide (NO,), SIA exhibits mid- and long-range transport
properties, exposing populations to PM, , far from emission hotspots. Addressing NH, emissions and their interaction
with sulfur dioxide (SO,) and nitrogen oxides (NO,) is complex due to the diverse sources and meteorological
dependencies influencing SIA formation. Consequently, policy interventions must consider both local and long-range
effects, as local measures alone may not effectively reduce ambient concentrations.

Additionally, human dietary choices and their links to food production, public health and environmental sustainability
are subjects of extensive research. This study investigates how modifications in agricultural production and food
consumption patterns can mitigate agricultural emissions, reduce associated health impacts and address health
inequalities. Specifically, it evaluates interventions aimed at minimising the negative health effects of outdoor air
pollution from non-road traffic-related sources.

The UK Clean Air Strategy and the Code of Good Agricultural Practice (COGAP) outline measures to reduce NH,
emissions from agriculture by 2030. Reports such as the EAT-Lancet Commission on sustainable diets emphasise

the necessity of dietary changes to ensure food security, nutrition and planetary health. Implementing technical and
managerial interventions in agriculture and modifying dietary habits will influence NH, emissions and other pollutants.
Comprehensive ex-ante assessments of policy interventions are essential to optimise environmental and human health
benefits while safeguarding UK food security and nutrition. Following Brexit, environmental, agricultural and health
policy reviews provide opportunities for an integrated approach to maximise public health and environmental and
economic benefits. Reducing air pollution exposure, improving diets and enhancing nutrition could yield significant
healthcare cost savings across the UK’s health system.

State of knowledge

The adverse health effects of PM, ; are well documented. The Committee on the Medical Effects of Air Pollutants has
extensively reviewed particulate air pollution and mortality, while the UK Air Quality Expert Group identified reductions
in NH, and primary PM, , emissions as the most effective strategies for reducing overall PM, . concentrations.
Agricultural activities accounted for 82% of the UK’s total NH, emissions in 2016, making agriculture a critical sector
for targeted interventions.

International case studies from the Netherlands, Germany and Denmark provide valuable insights into the effectiveness
of technical and managerial interventions for NH, mitigation. The United Nations Economic Commission for Europe

Air Convention’s Task Force on Reactive Nitrogen has informed COGAP’s recommended interventions, serving as a
foundation for an integrated assessment in the UK.

Dietary patterns have well-established links to health and environmental outcomes. The Global Burden of Disease
study attributed 11% of the total disease burden in England to dietary risks, with costs to the NHS estimated at £5.8B
annually - surpassing costs associated with obesity, smoking and alcohol consumption. Major diet-related diseases
include coronary heart disease, stroke, cancer and type 2 diabetes. Furthermore, agriculture contributes 10% of the
UK’s greenhouse gas (GHG) emissions. Shifting towards healthier diets could reduce GHG emissions by 17% and
decrease premature mortality from non-communicable diseases.

While most research on sustainable diets focuses on climate change mitigation, air quality and nitrogen emissions have
received comparatively little attention. Studies suggest that reducing animal-based food consumption could lower
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nitrogen emissions by up to 40%. The European Nitrogen Assessment has quantified the diverse impacts of livestock
on air, water, soil pollution and climate change, reinforcing the need for a comprehensive, integrated approach to assess
dietary and agricultural interventions.

Objectives
The project aimed to:

1. Convene a multistakeholder group, including policy-makers, industry experts, third-sector organisations and aca-
demics, to assess existing and potential policies for reducing air pollutants (APs) and GHG emissions via agricultural
and dietary changes.

2. Quantify the nutritional impacts of interventions altering food consumption patterns and UK production to en-
hance health and environmental sustainability.

3. Evaluate the effects of these policies on APs (NH,, NO,, PM
policy scenarios.

4. Develop health impact models to assess the morbidity and mortality effects of changes in air quality, agricultural
interventions and dietary shifts.

5. Compare policy scenarios using cost-effectiveness and cost-benefit analyses, incorporating health, economic and
environmental factors up to 2050.

6. Examine policy implications for implementation, patient health and public engagement through iterative stakehold-
er consultations.

,5 0zone) and GHG emissions, now and under future

Methods

e Work package (WP)1: quantified agricultural emission reductions using statistical modelling of production systems.

e WP2: analysed dietary trends and projected future scenarios using autoregressive methods and linear programming.

e WP3: applied spatial data analysis, geographical information systems and atmospheric modelling to simulate
pollution dispersion.

e WP4: conducted health impact assessments using epidemiological data, systematic literature reviews and
statistical modelling.

e WP5: performed economic valuations and cost-benefit analyses to assess intervention feasibility.

o WPé6: integrated findings through participatory research methodologies, engaging diverse stakeholders to refine
policy recommendations.

Results

e Dietary changes have greater human health benefits than reducing NH,-related PM, . exposure alone.

e NH, emissions contribute significantly to nitrogen deposition, degrading habitats. Dietary changes can
simultaneously reduce NH, emissions and enhance human health.

e Moderate dietary modifications (e.g. reducing weekly meat and dairy intake) could help meet environmental targets
while improving public health.

e A 20% meat and dairy tax, coupled with a 20% fruit and vegetable subsidy, could decrease UK meat consumption by
21.5%, while plant-based analogues could reduce it by 30.4%. Fruit and vegetable intake could rise by 3-13.5%.

e ‘High-ambition mitigation’ scenarios, aligned with the UK Climate Change Committee’s Balanced Pathway, could
prevent 13,000 premature deaths and 270,000 cases of respiratory diseases over 30 years. Dietary changes
combined with NH, reductions could avert 67,000 deaths in the same period.

e Older adults and low-income households would experience the greatest health benefits.

e Most farm-level NH, mitigation measures yield net economic benefits.

e Reducing GHG emissions amplifies the benefits of dietary and agricultural interventions.

e Engaging a multistakeholder group fostered broader awareness of air pollution, diet and health interconnections in the UK.
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Conclusions

The Assessing Mitigation Pathways to Realise Public Health Benefits of Air Pollutant Emission Reductions from
Agriculture (AMPHORA) project has provided a comprehensive, interdisciplinary assessment of the interactions between
agriculture, air quality, dietary choices and public health. It has generated extensive data on current and future NH,
emissions and their health implications while highlighting the need for further research into the direct health effects of
agricultural emissions.

By integrating economic, health and environmental analyses, the study underscores the importance of considering
dietary changes alongside technical interventions to maximise benefits. Additionally, engaging community stakeholders
has reinforced the relevance of these issues at the grassroots level, demonstrating the effectiveness of participatory
approaches in environmental health policy-making.

It should be considered that the originally designed project plan was substantially impacted by the COVID pandemic,
and throughout the project, adjustments had to be made to account for restrictions, for example, around community
engagement. Furthermore, the interactions between the members of the project team were affected by the loss of one
of the coinvestigators and the effects of reduced opportunities for direct, effective collaborative working. The project
team is heavily indebted to Professor Paul Wilkinson of the London School of Hygiene and Tropical Medicine for his
contributions, guidance and input, without which AMPHoRA would not have been possible.

Study registration

This study is registered as PROSPERO CRD42020172116.

Funding

This award was funded by the National Institute for Health and Care Research (NIHR) Public Health Research
programme (NIHR award ref: NIHR129440) and is published in full in Public Health Research; Vol. 14, No. 3. See the
NIHR Funding and Awards website for further award information.
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Chapter 1 Introduction

Rationale for research and background

Agricultural emissions of ammonia (NH,), in particular, contribute substantially to the formation of secondary inorganic
aerosols (SIAs), resulting in widespread population exposure to ammonium nitrate/sulfate components of fine
particulate matter (with a diameter of < 2.5 um) (PM, ). Exposure to PM,  affects much wider areas and populations

far away from emission hotspots [compared to, e.g., nitrogen dioxide (NO,) exposure] due to the mid- and long-range
transport of SIA. Emissions of NH,, and the formation of SIA with sulfur dioxide (SO,) and nitrogen oxides (NO )
emissions, are more challenging to address by policy interventions, as emissions stem from a variety of sources and

are notably affected by meteorological conditions. Hence, interventions may have both local and long-range effects,
and local interventions may not necessarily be effective in reducing local ambient concentrations. At the same time,
human diets and the relationships between food production and both human and environmental health are subject to
extensive research. We addressed the key research question of the call ‘Which interventions are effective in minimising the
negative health impacts of outdoor air pollution from non-road-traffic-related sources?’ with a specific focus on how changes
in agricultural production and patterns of food consumption can influence agricultural emissions, their negative health
effects and health inequalities. Key topics we addressed include:

¢ Contribution of agricultural emissions of NH_ and other air pollutants (APs) to the exposure of the UK population to
harmful levels of PM, ..

e Effectiveness of existing and planned policy interventions to mitigate emissions and reduce exposure.

e Public health benefits in terms of cost savings and improving well-being of vulnerable population groups, patients
and the general public.

e Impacts of interventions in terms of socioeconomic and environmental aspects, accounting for cobenefits and
unintended consequences, with a focus on regional and distributional effects.

e Potential cobenefits of emission and dietary changes for greenhouse gas (GHG) emissions, biodiversity and non-
communicable disease prevention.

The UK Clean Air Strategy,! as well as the Code of Good Agricultural Practice (COGAP) for reducing NH, emissions,?
identify a range of policy interventions to reduce NH, emissions from agriculture in the UK by 2030. The EAT-Lancet
Commission on healthy diets from sustainable food systems® and other recent research (e.g. Springman et al.)* have
highlighted the need for substantial changes in human diets to safeguard food security, nutrition, human health and
well-being within planetary boundaries. Both the implementation of technical and management interventions in
agricultural production systems and changes in human diets will affect emissions of NH, and other APs. Such changes
will vary between regions and agricultural subsectors. Full costs and benefits of policy interventions need to be
modelled ex-ante, to ensure that interventions are designed for maximum positive environmental and human health
effects, without negative impacts on UK food security and healthy nutrition. With the UK’s exit from the European
Union, environmental, agricultural and health policy reviews (e.g. Rapid Evidence Assessments)’ present a unique
opportunity for a consistent and integrated approach to maximise benefits for public health, the environment and
the economy. Reducing exposure to harmful levels of air pollution and thus adverse public health effects, as well as
improving diets and nutrition, could achieve whole health system cost reductions, benefiting patients and primary/
secondary healthcare provisions. Our proposed research will realise a step change in how we conduct ex-ante
integrated assessments of policy interventions.¢

Evidence of public health impacts of particulate matter (PM) is well established, summarised by a Committee on the
Medical Effects of Air Pollutants (COMEAP) report” on the effects of particulate air pollution on mortality in the UK.
The Air Quality Expert Group has reviewed options for the ‘Mitigation of United Kingdom PM, , Concentrations’®
and concluded that ‘Reductions in emissions of primary PM, . and NH,, are the most effective in reducing PM, . mass out of
the five alternatives studied’. In the UK, agricultural sources contributed 82% of total NH, emissions in 2016,” making
interventions aiming at the reduction of agricultural emissions a viable pathway to reduce NH, and, consequently,
population exposure to PM, .. Evidence from the Netherlands, Germany and Denmark'?-*? provides insights into the
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effectiveness of technical/management interventions to reduce NH, emissions. Specific interventions for reducing
NH, emissions (e.g. as identified by COGAP? based on international expert elicitation in the United Nations Economic
Commission for Europe Air Convention’s Task Force on Reactive Nitrogen®®) are the starting point for an integrated
assessment for the UK.

A well-established body of evidence links diets to impacts on both health and the environment. The Global Burden
of Disease (GBD) study found that 11% of the total disease burden in England was from dietary risks, including low
consumption of fruits, vegetables and whole grains, and high consumption of meat, sugar and salt.}* Dietary risks
in the UK are estimated to cost the NHS £5.8B a year,*> more than obesity, physical inactivity, smoking and alcohol
consumption. The main diseases responsible for this burden are coronary heart disease, stroke, cancer (particularly
colorectal, stomach and oesophageal) and type 2 diabetes.

Other links between diets and other environmental impacts are evident, with agriculture contributing 10% of GHG
emissions in the UK.*¢ Recent studies show cobenefits for GHG emissions from moving to healthier diets in the UK,'78
with a healthy diet reducing emissions by 17% compared to current average diets and reducing premature deaths from
non-communicable diseases. However, previous studies have focused mainly on GHG emissions at the expense of other
environmental impacts. A recent study found 74% of papers examining sustainable diets had focused on climate change,
while only 4% examined air quality and ozone depletion.?’

The few previous studies that have explored links between diets and air pollution have found that reducing
consumption of animal-based foods would reduce nitrogen emissions, in some cases by up to 40%.% For NH, and, more
generally, reactive nitrogen emissions, the European Nitrogen Assessment?! has quantified the varying contributions of
different livestock categories to air, water and soil pollution and climate change. These studies highlight the need for

a comprehensive, integrated assessment due to the complicated relationships between nitrogen impacts and health
impacts from diets.

Aim and objectives

Assessing Mitigation Pathways to Realise Public Health Benefits of Air Pollutant Emission Reductions from Agriculture
(AMPHORA) addressed the overarching research question:

‘What contribution can emission reductions from agricultural production make to improving public health in the
UK?'

It aimed to evaluate the health impact of food and agriculture strategies in the UK directed at improving outdoor
air pollution, and how to align them with strategies for reducing chronic disease and improving environmental
sustainability, including reductions of GHG emissions, and to understand barriers and opportunities for rapid
implementation of policies at scale.

The following specific objectives were addressed in the project:

1. To convene a multistakeholder group - comprising government departments/agencies, food and agriculture
industry experts, the public, third-sector organisations and academics - to delineate existing and potential future
policies with potential to reduce emissions of APs and GHGs through changes to (1) agricultural technology and
land-use management and (2) factors influencing dietary patterns [work package (WP) 1].

2. To quantify the impact in terms of key nutritional constituents and fulfilment of nutritional needs of interventions
aimed at altering patterns of food consumption and UK production that both help to reduce AP emissions and
improve diets for health and sustainability (WP2).

3. To quantify the impact of such policies on APs, on GHG emissions and on population-weighted ambient concentra-
tions of PM, NO, and ozone, now and in future, under policy scenarios defined in (1) (WP3).
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4. To develop and apply models of health impact capturing the mortality and morbidity benefits/harms of changes
in air quality of food/agriculture interventions (including both existing and potential future policies), and of the
associated dietary changes and environmental impacts where relevant (WP4); a specific part of WP4, the scoping
review (WP4.1), had the objective to conduct a systematic search of the literature to evaluate the impact of NH,
and NH,-derived PM on human health using classified clinical outcomes.

5. To compare policies over time horizons up to 2050 using a multi-criteria assessment framework with assessment
criteria developed with the multistakeholder group (and to include the fulfilment of AP goals, health, health differ-
entials, GHG emissions targets, economic costs) (WP5).

6. To assess the implications of these analyses for policy development and implementation, patients and the wider
public, taking account of real-world constraints and opportunities, including with the aid of an iterative cycle of
stakeholder engagements (WP6).
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Chapter 2 Methods

Reducing ammonia emissions from UK agriculture

Estimating agricultural ammonia emissions

The NH, emission inventory model for UK agriculture, as used to develop national emission estimates for international
reporting, was used as the basis for developing emission scenarios in this project. A base year of 2019 was used, being
the most recent year from the 2021 national inventory submission (1990-2021) available at the outset of the project.
Specific details of the model, parameter values and underlying data as used in that submission are given by Misselbrook
and Gilhespy.?? Briefly, the model combines detailed activity data relating to livestock numbers, crop areas and farming
management practices with activity-specific NH, emission factors, as derived from UK studies, to estimate national
emissions at a devolved administration (DA) level. The UK Scenario Modelling Tool (SMT), developed under Department
for Environment Food and Rural Affairs (DEFRA) project Electronic Contract Management (ECM) 55618, was used to
model the emission estimates for all scenarios, with the 2019 inventory estimate as the base. The SMT enables changes
to be made to the underlying livestock numbers and crop areas, to nitrogen excretion rates by different livestock types,
for example, through changes in livestock diet and/or productivity, and the introduction of specific farming practices
and technical measures designed to reduce NH, emissions.

Ammonia mitigation measures

Approximately 75% of NH, emissions from agriculture arise from the excretion and subsequent management of
livestock manure, and the magnitude and rate of emission is influenced by the strength of the source (amount of
ammoniacal nitrogen present), the exposed surface area, the potential of hydrogen (pH) (emissions being greater for a
higher pH) and the air flow conditions above the exposed surface area. Manipulation of these factors is the basis for
most on-farm mitigation measures through the management stages of livestock housing, manure storage and manure
application to land. Nitrogen fertilisers as applied to crops and grassland are the other major emission source. Fertiliser
type is of particular importance, with urea-based fertilisers being associated with higher emissions than other types.
Mitigation measures can therefore include the inclusion of a urease inhibitor with urea fertiliser, substitution of urea
with other fertiliser types, and/or an overall reduction in the use of nitrogen fertilisers. Further details of the range

of specific mitigation measures available and their effectiveness can be found in Bittman et al.,>® Misselbrook and
Gilhespy (see the appendix)?? and, specifically for those included in the SMT (together with estimated costs), in the
documentation supporting that model (DEFRA ECM 55618).

Agricultural scenarios

The base scenario (scenario 1; refer to Table 1 for the list of the scenarios) was the current (2019) emission estimate
for UK agriculture. A second scenario (scenario 2) was developed, in which all current implementation of mitigation
measures was removed (set to zero in the SMT), to provide an indication of the level of reduction currently achieved by
the agricultural sector through uptake of existing measures. Scenario 3 provided a ‘business as usual’ (BAU) projection
based on the 2019 year estimate, but with livestock numbers and crop areas (and hence nitrogen fertiliser applications)
modified according to the activity data projections provided by the DEFRA UK Agriculture Market Model (UKAMM) in
September 2020. There was also an assumed increase in milk yield per dairy cow, resulting in greater nitrogen excretion
per cow. Implementation of mitigation measures in the model remained exactly as for the 2019 estimate; that is,

there was an assumption of no further uptake of mitigation methods or practices between 2019 and 2030 under the
baseline scenario.

Two agricultural emission reduction scenarios were developed (scenarios 4 and 5), based on the 2030 projection
(scenario 3), with either a medium- or high-ambition level of mitigation measure implementation. The medium-ambition
agricultural intervention scenario (scenario 4) was based on the measures proposed in DEFRA’s Clean Air Strategy?
(DEFRA 2019, see Chapter 7 for Agriculture) with DA engagement as part of the Nitrogen Futures project [Joint Nature
Conservation Committee (JNCC) Report No. 665], with measure uptake rates as shown in Table 2. In addition to the
measures shown in Table 2, a 5% reduction in nitrogen fertiliser use on grassland and crops was included to account for
improved manure nutrient use and some uptake of improved practices, such as precision application.
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Scenario
number

Scenario name

Public Health Research 2026 Vol. 14 No. 3

Description

1 Present day (2019) The estimate of NH, emissions from UK agriculture for 2019 as reported in the
UK Air Quality Pollutants Inventory national submission 2021, covering the years
1990-2019
2 2019 with current agricultural Current uptake of NH, mitigation measures is set to zero; comparison with scenario
emission measures removed 1 shows what has been achieved to date through implementation of technical
mitigation measures
3 Current market trend to 2030 A BAU projection for the agriculture sector assuming current (2019) rates of imple-
mentation of mitigation measures but with livestock numbers and crop areas based
on forecasts from the UK Agricultural Market Model (DEFRA, September 2020)
4 Lower emissions from farms - Medium-ambition uptake of mitigation measures on farms based on the DEFRA
medium ambition 2030 Clean Air Strategy proposal
5 Lower emissions from farms - High-ambition uptake of mitigation measures on farms, improvements in agronomic
high ambition 2030 efficiencies and reductions in food waste (pre and post farm gate) based on meas-
ures included in the Climate Change Committee’s Balanced Pathway to Net Zero
6 Human diet trend to 2030 - no Livestock numbers and crop areas for 2030 based on UK human dietary trends and
export limits market projections, with no limits on export of UK agricultural commodities
7 Human diet trend to 2030 - with Livestock numbers and crop areas for 2030 based on UK human dietary trends and
export limits market projections, but with limits to the quantities of UK agricultural commodities
exported
8 Human diet trend to 2050 - no Livestock numbers and crop areas for 2050 based on UK human dietary trends and
export limits market projections, with no limits on export of UK agricultural commodities
9 Human diet trend to 2050 - with Livestock numbers and crop areas for 2050 based on UK human dietary trends and
export limits market projections, but with limits to the quantities of UK agricultural commodities
exported
10 Tax on meat and dairy/promote A 20% tax on all meat and dairy consumed in the UK, plus a 20% subsidy on the
fruits and vegetables - 2030 price of fruits and vegetables
11 Increased meat and dairy Based on the results of discrete choice experiments (DCEs), a 30% switch away
alternatives - 2030 from meat and dairy and towards plant-based alternatives was modelled. The switch
was assumed only to take place among those already consuming meat and/or dairy
12 Tax on meat and dairy/promote A 20% tax on all meat and dairy consumed in the UK, plus a 20% subsidy on the
fruits and vegetables - 2050 price of fruits and vegetables
13 Increased meat and dairy Based on the results of DCEs, a 30% switch away from meat and dairy and towards
alternatives - 2050 plant-based alternatives was modelled. The switch was assumed only to take place
among those already consuming meat and/or dairy
14 Medium-ambition Lower emissions from farms, medium ambition, combined with tax on meat and
combination - 2030 dairy/promote fruits and vegetables
15 High-ambition Lower emissions from farms, high ambition, combined with increased meat and

combination - 2030

dairy alternatives

The higher ambition scenario (scenario 5) broadly mapped to the Net Zero pathway as published by the Committee on

Climate Change in their Sixth Carbon Budget Report,? particularly in terms of agronomic and livestock efficiency gains
and reductions in food waste. In addition, there was implementation of higher efficiency (more costly) livestock housing
measures and greater use of higher reduction efficiency measures for land spreading. Specifically, the scenario included,
in addition to those measures already implemented under scenario 4:

e seventy per cent of slurry/digestate to be applied by shallow (or deep) injection on grass (and arable) and the
remaining 30% applied by trailing shoe/hose
e higher uptake (70%) of low-protein diet in the cattle sector
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e replace ‘grooved floor’ as the mitigation option for dairy (slurry) housing with ‘in-house acidification’, giving emission
reductions at housing, storage and spreading

e include ‘in-house acidification’ for 30% of pig slurry housing (replace ‘Acid scrubbers’ option where necessary)

e implement washing down dairy cow collecting yards at 80% across all DAs

e implement poultry manure heap covers at 95% across all DAs

reduce food waste by 20% by 2030 (2025 target from Waste and Resources Action Programme 2017): giving

estimates of reduction in associated UK production of 12%, 3.5% and 1.5% of horticultural area, milling wheat area
and meat/milk production, respectively

manure nutrients.

reduce nitrogen fertiliser use by 15% through improved agronomy, use of legumes and improved accounting for

TABLE 2 Mitigation measure implementation rates for 2030 in scenario 4 (medium ambition)?*

Measure

Urease inhibitors

Rapid incorporation (within

12 hours) of Farm Yard Manure
(FYM) applied to arable soils
Rapid incorporation (within

12 hours) of poultry manure

applied to arable soils

Low emission slurry spreading
to grassland

Low emission slurry spreading
to arable soils

Spreading of digestate

Slurry store covers - above
ground tanks

Slurry store covers - earth-
banked lagoons

Cover manure field heaps

Digestate store covers

Washing dairy collecting yards

Acid air scrubbers

Grooved flooring for dairy cattle

housing

Low-protein diets - dairy

Uptake rate (% of animals/manure, not % of holdings)

Applicability England Wales Scotland N Ireland
Urea fertiliser only (not urea-ammonium 100 100 100 100
nitrate, ammonium nitrate)
Dairy, beef and pig FYM applied to arable land. 70 Slurry 20; 70 No
Assumes incorporation method is the same as FYM 70 change
the existing mix (plough, disc and tine)
Assumes incorporation method is the same as 80 80 80 No
the existing mix (plough, disc and tine) change
Small amount (about 5%) by shallow injection; 70 70 70 952
remainder by trailing shoe
Small amount (about 10%) by injection; 70 70 70 95b
remainder by trailing hose
Low emission spreading giving 30% reduction 95 95 95 95
Rigid covers applied to tanks 100 100 100 30
Floating covers applied to lagoons 100 100 100 30
Sheeting cover on field heaps of manure - Poultry 95; - -
cattle and
pigs 5
Rigid covers applied to digestate tanks; 95% 100 100 100 50
emission abatement
Dairy cattle associated with outdoor collecting 80 50 80 15
yards
Livestock housing for intensive pig and poultry 20 50 20 10
housing
Applicable to new build 25 25 25 25
Dairy only; assume that pig and poultry 30 30 30 30

already close to ideal

a 5% by shallow injection, 45% by trailing shoe, 45% by trailing hose.
b 10% by injection, 85% by trailing hose.

Note

NB: For slurry to arable, maximum uptake (i.e. 70% or 95%) is total across all methods, including incorporation options (which were

maintained as in scenario 3).
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Modelling the impact of human dietary scenarios on the UK agriculture sector

The human dietary change scenarios, described in Changing diets for health and the environment, were assumed to
have a direct impact on UK production of different agricultural commodities, and, therefore, the size and make-up

of the agricultural sector. Scenarios 6-9 provide BAU forecasts for the agriculture sector based on estimated UK
population growth, dietary trends and market trends projected to 2030 and 2050, with (scenarios 7 and 9) or without
(scenarios 6 and 8) an assumption regarding limits to exports from the UK. Scenarios 6 and 8 provide the 2030

and 2050 baselines, respectively, against which the impact of the human diet intervention measures were assessed
(scenarios 10-13).

Each of these scenarios (10-13) provided estimated changes in UK production from the 2019 base, accounting for
population and consumption changes, in cereals, vegetable oils, fruits and vegetables, pulses, potatoes, sugar, dairy
products, eggs, beef, lamb, pork and poultry meat. These were then translated into changes in livestock numbers and
crop areas (and associated nitrogen fertiliser use). Although provided on a DA basis, changes were applied at the UK
level as we cannot assume all DA consumption is produced in that DA. The exception was for grass area and forage
associated with changes in grazing livestock numbers, where forage provision can predominantly be expected to be
locally grown.

Dairy cow numbers were scaled according to the changes in milk production, accounting for the UKAMM-projected
increase in per-cow milk yield. Dairy followers (young animals being kept to replace dairy cows) were assumed to
change in direct proportion to dairy cows. There is an interaction between the dairy and beef sectors, in that a
proportion of beef finishing animals derive from the surplus calves in the dairy sector. This was considered when scaling
beef animals against beef production estimates, assuming that 50% of dairy calves go to the beef sector. A reduction

in dairy cow numbers would therefore have to be offset by an increase in beef suckler cow numbers (and associated
followers) for a given level of production. Sheep and pig numbers were scaled directly to lamb and pork production.
Laying hen numbers were scaled to estimated changes in egg production and all other poultry to estimated changes in
poultry meat production.

Areas for specific crops (e.g. potatoes, sugar beet, fruits and vegetables) were scaled directly to estimated changes
in production. Grassland and forage crops were scaled according to the estimated changes in grazing livestock
(dairy, beef and sheep). Cereal crops (not differentiating between barley, oats and wheat) were scaled initially to
estimated changes in cereal production for human food requirement and then further adjusted to the changes in the
different livestock categories and the assumed UK cereal area requirement per animal for each of those (based on
Audsley et al.).?6

Combination scenarios

Two final scenarios were developed (scenarios 14 and 15) representing medium- and high-ambition combinations of the
agricultural and human dietary intervention measures. Using scenario 6 as the base, the medium-ambition agricultural
measures (see Table 1) and the effects of the meat tax and fruit/vegetable subsidy interventions (see Dietary scenarios)
were included in scenario 14, and the high-ambition agricultural measures and effects of the encouragement of
increased meat and dairy alternatives (see Dietary scenarios) were included in scenario 15.

Changing diets for health and the environment

Dietary data

Data summarising current UK diets were obtained from the Family Food module of the Living Costs and Food Survey
(DEFRA, 2020),%” an annual survey of ~5000 households in the UK. The Family Food module records self-report
quantities of all food and drink purchases using a 14-day diary, which is then supplemented by till receipts of all
purchases, including those made while eating outside the home.

For this study, we used annual summary time series data of average estimated consumption per person from 2001
to 2002, the first year of the Family Food module, up to 2018-9 (the most recent year available). For each year,
we aggregated 228 individual food items into 19 food and drink groups: cereals, vegetable oils, fruit, vegetables,
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pulses, potatoes, nuts and seeds, foods high in fat sugar and salt, dairy, eggs, beef, lamb, pork, poultry, fish, dairy
and meat alternatives, soft drinks, alcoholic drinks, coffee, tea and cocoa drinks (as described in the publication

on this study).?* Fruits and vegetables in processed foods, such as soups and sauces, and fruit juices were not
included. The dairy and meat alternative category included non-dairy milks, soy and other novel protein foods.
Processed meat and meat in composite dishes were disaggregated and incorporated into the four meat production
categories. Dairy products included milk, yogurt, cheese, cream and butter. All foods were expressed as grams

per person per day, and we used the quantities purchased as a proxy for consumption. Estimated consumption
was calculated in this way for the UK population on average and separately for the lowest quintile of equivalised
household income (EHI), a measure of income that takes into account the size and composition of the household
(DEFRA, 2020).%”

Dietary scenarios

We modelled three of the selected AMPHORA scenarios to the year 2030 (see Table 1) and compared food consumption
in each scenario against the baseline year of 2019 (the most recent year of data available from the Family Food Survey).
These were:

e Scenario 7: Human diet trend to 2030 - with export limits
e Scenario 10: Tax on meat and dairy/promote fruits and vegetables - 2030
e Scenario 11: Increased meat and dairy alternatives - 2030

Based on past trends from 2001 to 2019, we forecast trajectories for consumption of all 19 food and drink groups
from 2020 to 2030 in the absence of any new policy interventions (scenario 7). This was done by fitting a range

of autoregressive integrated moving average?®-%° models as well as linear regression models. The final model was
selected according to the Bayesian information criterion and Akaike information criterion. The best performing model
was a random walk model (0,1,0), and so this was adopted for all food groups. This model incorporates one level of
differentiation, I(1) and no autoregressive AR(0), or moving average MA(O) elements.

The ‘Tax on meat and dairy/promote fruits and vegetables’ scenario (scenario 10) proposed a 20% increase in the price
of all meat and dairy to account for their environmental, climate, biodiversity and health costs®' and an equivalent
decrease in the price of fruits and vegetables. A subsidy of 20% was recommended by World Health Organization®?
based on strong evidence that subsidies for fresh fruits and vegetables that reduce prices by 10-30% are effective in
increasing consumption. There is also evidence that taxes higher than 20% on beverages and foods are more likely to
positively impact health behaviours compared to lower tax rates.>* Food consumption in 2030 according to the human
diet trends scenario was used as the baseline, to which the tax scenario was applied. To calculate the change in meat,
dairy and fruit and vegetable consumption as a consequence of changed prices, we used UK-specific price elasticities
estimated by DEFRA using 2009 Family Food data.®* Further details of the type of price elasticities and the formula
used are given in the supplementary materials to Pastorino et al.?*

The ‘Increased meat and dairy alternatives’ scenario (scenario 11) modelled the substitution of traditionally
produced meat and dairy with more sustainable alternatives: plant-based meat (meat analogues) and dairy and
animal proteins produced in laboratories (cultured meat or precision fermentation). To estimate the amount of
farmed animal meat that would be substituted with either meat analogues or cultured meat, we used estimates of
market share from published discrete choice experiment (DCE) studies.?>% Choice experiments present individuals
with hypothetical choices between foods or meals under varying assumptions, which may be related to price,
sustainability or other factors. The results of such studies can then be used to estimate the potential market share
of plant-based meat analogues and laboratory-produced animal protein if these were comparable in price and taste
to farmed animal meat. We multiplied consumption in 2030 under current trends by the proportional reduction in
meat and dairy according to the market share reported in the DCEs; to aid accuracy, we excluded individuals who
stated in the study that they already did not consume meat and dairy. We assumed that meat and dairy would be
substituted with the ingredients making up meat and dairy alternatives according to current market availability and
future predictions. Further details about the innovation model method are given in the supplementary materials to
Pastorino et al.?*
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All scenario analyses were conducted using the statistical software Stata 17 (StataCorp LP, College Station, TX, USA).
We also conducted Monte Carlo simulation to quantify uncertainties around the central estimates of future food
consumption. Input parameters for the estimates under current trends were obtained from autoregressive integrated
moving average forecast standard errors. As no error measures were available for the price elasticities calculated
from DEFRA to use in scenario 10, we used the average variability for own- and cross-price elasticities from a recent
paper that used home-scan data to calculate elasticities for purchases in Great Britain.3” For scenario 11, we assumed
an average 20% variability around market shares, as no error estimate was available for these parameters. All input
parameters were assumed to be normally distributed. The simulation model was implemented in Microsoft Excel®
(Microsoft Corporation, Redmond, WA, USA), and each scenario was run 10,000 times.

Nutritional targets for dietary scenarios

Based on the NHS Eat well guidance (www.nhs.uk/live-well/eat-well/), we defined targets for healthy consumption of red
and processed meat (upper limit) and fruits and vegetables (lower limit). Fruit and vegetable intake should be at least 400 g
per person per day, equivalent to five portions a day; this includes fresh, canned, dried and frozen fruits and vegetables, up to
one portion of pulses and a maximum of 150 ml of pure fruit juice or smoothies. Red and processed meat should be no more
than 70 g per person per day. Red meat includes beef, lamb and pork; processed meat includes meat that has been preserved
by smoking, curing, salting or adding preservatives, such as sausages, bacon, ham and salami. These recommendations were
chosen because of their relevance to both health and environmental outcomes and because this paper focuses on meat
reduction policies with an emphasis on replacement with fruits and vegetables. We defined targets for healthy consumption
of red and processed meat (upper limit) and fruits and vegetables (lower limit). Fruit and vegetable intake should be at

least 400 g per person per day, equivalent to five portions a day; this includes fresh, canned, dried and frozen fruits and
vegetables, up to one portion of pulses and a maximum of 150 ml of pure fruit juice or smoothies. Red and processed meat
should be no more than 70 g per person per day. Red meat includes beef, lamb and pork; processed meat includes meat

that has been preserved by smoking, curing, salting or adding preservatives, such as sausages, bacon, ham and salami. These
recommendations were chosen because of their relevance to both health and environmental outcomes and because this
paper focuses on meat reduction policies with an emphasis on replacement with fruits and vegetables.

Environmental footprints of dietary scenarios

We calculated GHG emissions and water use for the whole diet per person per day for the baseline in 2019 and all
scenarios using values adapted from Poore and Nemecek’s review of global environmental footprints.® First, we
aggregated the Family Food data on individual foods into 54 food groups so that these could be mapped onto the foods
in the Poore and Nemecek paper, and then we aggregated the footprints further into the 19 groups used for the rest

of the analysis on the basis of weighted average consumption. For meat, we calculated the weighted meat content of
processed meats (which frequently have other ingredients such as cereals added).

Next, we applied factors for GHG emissions and water footprints as stated in the Poore and Nemecek data set, using
country-specific footprints where these were available. Where country-specific footprints were not available, we
used the global average. To calculate the correct impact of each food, we included information on whether the food
was imported or produced in the UK. The following equation was used to allocate GHG and water footprint values
depending on the imported amount:

It = (Consumption) % ((1 — Import) = National I) + (Consumption x Import x Global ) (1)

where: | = impact (GHG emissions in kgCO, _/kg; water use in I/kg); f = food group; Consumption is kilograms per
day per person; Imports are percentage of imported food; Global refers to average environmental footprint across all
countries for which an estimate is provided excluding UK; National refers to UK-specific environmental footprints.

Greenhouse gas emissions were aggregated into global warming potential in carbon dioxide equivalents (CO, ) using
Intergovernmental Panel on Climate Change (2013) characterisation factors with climate-carbon feedbacks. Water
use was calculated as the freshwater withdrawals related to food consumption, which includes irrigation water, animal
drinking water, and water used during food processing. The 54 food groups and their environmental footprints can be
found in the supplementary materials of Pastorino et al.?
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METHODS

Atmospheric modelling

Spatially resolved emission scenario estimates

Agricultural census/survey data for 2019 (baseline year) were acquired at the holding level from the country statistics
authorities in the UK - that is, DEFRA (England), the Scottish Government (Scotland), Welsh Government (Wales) and
Department of Agriculture, Environment and Rural Affairs (Northern Ireland). Aggregated cattle population data were
supplied by Cranfield University from cattle tracing system data. The holding-level data for the different countries
were aggregated to a common set of emission source categories used by the SMT to ensure compatibility between the
UK countries.

For 2030 emission scenarios, holding-level livestock numbers and crop areas were scaled evenly across each of the UK
countries to forecast totals (taken from SMT output).

Agricultural emissions were estimated using the SMT, separately for each of the UK countries and emission source.

As with the UK agricultural emission inventory, detailed emission source strength estimates were derived for the main
livestock emission components (housing, manure storage, yarding, land spreading of manures, grazing) for the individual
emission source categories. Average fertiliser N application rates to different crops and types of grassland were taken
from the British Survey of Fertiliser Practice for 2019 (BSFP 2020).%°

Average emission factors were then applied in the Atmospheric Emissions for National Environmental Impacts
Determination (AENEID) model (e.g. Dragosits et al. 1998),%° using the original holding-level data to derive high-
resolution 1 km x 1 km grid resolution emission surfaces. The area-based non-disclosive distribution methodology
works by identifying and merging civil parishes which contain fewer than five holdings. Within these (merged) parish
areas, emissions were then distributed to suitable land cover types, using an updated version of the original AENEID
methodology by Dragosits et al. (e.g. arable land, improved grass, part-improved grass, rough grazing, etc.), using the UK
Centre for Ecology & Hydrology (UKCEH) Land Cover Map for the year 2015 (i.e. Land Cover Map 2015, Rowland et al.,
2017).4

These 1 km x 1 km grid resolution emission estimates were then formatted for inclusion into the European Monitoring
and Evaluation Programme for the UK (EMEP4UK) model, which was run at a grid resolution of =3 km x =3 km.

European Monitoring and Evaluation Programme for the UK model

The EMEP4UK is a Eulerian atmospheric chemistry and transport model which simulates the emissions, transport,
chemical transformations and deposition of a wide range of pollutants and provides hourly outputs.*?** The EMEP4UK
model was used to model the atmospheric chemistry for a base run and 14 different NH, emission scenarios.
Meteorological input data were created with the Weather Research Forecast model version 4.2.2 for the year 2019.
EMEP4UK was based on EMEP model version rv4.36 and run at a resolution of 3 x 3 km? over the British Isles, nested
within a European domain with a horizontal resolution of 27 x 27 km?. For the EMEP4UK input emission, the 2018
National Atmospheric Emissions Inventory (NAEI, https:/naei.energysecurity.gov.uk/) at 1 x 1 km? resolution were used
for the UK domain and the 2018 EMEP v2020 (Centre on Emission Inventories and Projections, www.ceip.at/) 0.1 x 0.1
degrees emissions for the European Union. The 2019 forest fires are also included in the model. The NAEI is used for

a 10 km buffer around the UK coast, and the remaining shipping emissions are derived from the EMEP emissions. The
base run consists of 2018 emissions, meteorological year 2019 and 2019 forest fires. For the scenarios, only NH, was
perturbated, and all other emissions and parameters remained the same as the base run.

Systematic scoping review of the health literature

A systematic search of the literature was performed to identify studies linking exposure to agricultural-derived air
pollution and defined clinical outcomes [i.e. using International Classification of Diseases (ICD) codes]. This was performed
according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines, where possible, within
the remits of a scoping review. We searched MEDical Literature Analysis and Retrieval System, Excerpta Medica
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dataBASE, and Cochrane Review databases for studies evaluating the association between agricultural air pollution and
adverse health outcomes in adults and children. The list of search terms used is available in Appendix 1. We included all
studies, systematic reviews and meta-analysis from database inception to 24 March 2021 (ongoing research is updating
this search to 2023). Studies were included if they were published in peer-reviewed journals, with no restrictions placed
on study age. Additional studies were identified through manual review of bibliographic reference lists in the studies
selected for inclusion in full-text review. This study was registered with PROSPERO CRD42020172116.

Quantification of impact on health

Building on previous work (e.g. Milner et al., 2015; Milner et al., 2023; Karakas et al., 2023; Eustachio Colombo et al.,
2021),'844-4¢ we developed and applied a novel health impact assessment method combining both mortality and
morbidity to quantify the potential health effects associated with changes in air pollution exposure and diets under
each agricultural and dietary scenario. The model uses a life table approach based on adaptation of the existing
IOMLIFET model (Institute of Occupational Medicine, Edinburgh, UK).” The life table models the pattern of survival in a
population over age and time, based on age-specific mortality rates that are adjusted to reflect changes in mortality risk
under each scenario. Morbidity (disease incidence) calculations were then performed on the output population from the
life table.

We quantified the health impact of five scenarios:

e Current market trend to 2030 (BAU)

e Lower emissions from farms - high ambition 2030

e Tax on meat and dairy/promote fruits and vegetables - 2030

e Increased meat and dairy alternatives - 2030

e High-ambition combination - 2030 (lower emissions from farms, combined with increased meat and dairy alternatives).

Figure 1 summarises the structure of the AMPHORA health model.

( Air pollution exposure (PMs) j ( Dietary consumption j

[nFIJEL:(tposure-responsc J Combined RR; (PM,; + diets)
functions L for multiple causes
( N\
Inputs A Models pattern of death,
- Baseline population Mortality model survival and aging with
- Baseline mortality rates (multi-outcome life table) all outcomes in a single
- Disease-specific time lags simulation
. J
( N\
Population Output population from
(Iife table output) mortality model used for
incidence calculations
\\ J
A - ~N
I-m??:uat:eline incidence rates J Morbidity model E.ach TEET ETEE B [
- Disease-specific time lags L (disease incidence) L disease (or new events) )

FIGURE 1 Assessing Mitigation Pathways to Realise Public Health Benefits of Air Pollutant Emission Reductions from Agriculture
(AMPHORA) health model structure. RRs, relative risks.
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Population exposures

Air pollution

To generate input PM, , exposure data for the health model, the scenario-based annual average concentrations of

PM, . (Figure 2) modelled at 3 x 3 km resolution by WP2 (see Atmospheric modelling) were overlaid with population-
weighted centroid of the smallest areal boundary that population statistics are available (2020 population at Output
Area for England and Wales, 2020 population at Small Area for Northern Ireland and 2020 population at Data Zone for
Scotland) and Index of Multiple Deprivation, Income domain (2019 at Lower level of Super Output Area for England and
Wales, 2020 at Data Zone for Scotland and 2017 at Super Output Area for Northern Ireland). For our health modelling,
population subgroups for air pollution exposure were set according to the available food consumption data, that is, by
sex, age group (0-9, 10-14, 15-19, 20-64, 65 years and over), nation (England, Wales, Scotland and Northern Ireland)
and income deprivation quintile (1-5, where 1 is the most deprived). To represent each population subgroup’s long-term
PM, . exposure level, the population-weighted average of PM, . annual mean concentration was calculated for each of
these subgroups. Figure 3 shows summary statistics of population-weighted PM, . annual mean concentration among
these population subgroups (2 sex groups x age 5 groups x deprivation 5 groups x 10 region/countries) by regions/
countries and income deprivation groups.

Food consumption

Consumption of fruits, vegetables, legumes, nuts, whole grains, milk, red meat, processed meat and sugar-sweetened
beverages (SSBs) under each scenario was estimated using the methods described in Changing diets for health and
the environment.

Average daily consumption data (g/d) from the dietary scenarios were available for EHI quintiles but not for gender

and age strata. To obtain estimates of consumption broken down by EHI, gender and age, we used data from the
National Diet and Nutrition Survey to scale the available average intakes to different gender and age categories. These
intake estimates were then used to estimate impact for different strata: male and female, further subdivided by EHI

(5 quintiles) and age (25-65, 66 + years). Dietary consumption was assumed to be the same for all nations, as intakes by
nation for all different strata were not available in National Diet and Nutrition Survey.

Weighted by sex-age-income-
region specific population 2020

PM.s annual mean Output area (pop-weighted centroid)
Based on Al1_2030 (S4) by 3x3 km + Income deprivation index 2019 (LSOA)

FIGURE 2 PM,, annual mean concentration based on scenarios by 3 x 3 km and population-weighted centroid of the small area (Output
Area in England and Wales, Data Zone in Scotland and Small Area in Northern Ireland). LSOA, lower-layer super output area.
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FIGURE 3 Summary statistics (including median, 25th and 75th percentile) of annual mean PM, ; concentration of population subgroups by
regions/countries (a) and income deprivation (b), where 1 is the most deprived and 5 is the least deprived group.
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Quantification of impact on mortality

We used age-specific population data and age- and cause-specific mortality data for the year 2019 available from the
GBD study (GBD 2019 Disease and Injuries Collaborators, 2020)*8 to set up separate life tables for males and females
and for each of the four nations of the UK (England, Scotland, Wales and Northern Ireland) to reflect their different
underlying mortality rates. Table 3 shows the disease outcomes included in the life table models and their International
Statistical Classification of Diseases and Related Health Problems, Tenth Revision (ICD-10) codes. The disease-specific
mortality data were only available by 5-year age groups and not in single-year-of-age format. Using the weighted
mean age of the UK population in each interval, the mortality rate for each 1-year age interval was interpolated with
monotonic cubic spline functions using the programme SRS splines, available as an add-in to Microsoft Excel [Srs1
Software LLC. SRS1 cubic spline for Microsoft Excel v2.5 for Windows. (Software) Boston, MA, USA: Srs1 Software LLC.
2015].

To approximate differences in mortality rates by socioeconomic status, we further subdivided each of the life

table models into five equally sized populations to represent quintiles of income deprivation (1-5, where 1 is the
lowest income) and adjusted the cause-specific mortality rates in each group using ratios of mortality rates in different
socioeconomic groups using measures of multiple deprivation for the year 2019 [Office for National Statistics

(ONS) 2021a; ONS 2021b; ONS 2021c; National Records of Scotland, 2020]*°-52 (2 genders x 4 nations x 5 income
deprivation quintiles = 40 models per scenario).

To quantify the effect of changes in PM, . exposure and dietary consumption on cause-specific mortality, we calculated
and applied relative risks (RRs) for each scenario using exposure-response functions from the 2019 GBD study (Table 4).
For PM, ., we used the GBD’s meta-regression-Bayesian regularized trimmed (MRBRT) non-linear risk curves for six
health outcomes - lung cancer, ischaemic heart disease (IHD), stroke, lower respiratory infection (LRI) and chronic
obstructive pulmonary disease (COPD). The MRBRT curves are based on analysis of epidemiological evidence from
global studies of long-term exposure to household air pollution and ambient air pollution. We applied the curves to
calculate changes in mortality risk at age 25 and above. For cardiovascular diseases (IHD, stroke), unique MRBRT curves
were used at 5-year age intervals to account for evidence suggesting that the RR decreases with age.

For diets, we modelled the exposure-outcome pathways shown in Table 4 based on changes in consumption of fruits,
vegetables, legumes, nuts, whole grains, milk, red and processed meat and SSBs on breast cancer, colorectal cancer,
oesophageal cancer, prostate cancer (PC), lung cancer, type 2 diabetes mellitus (T2DM), IHD and stroke. All dietary
RR estimates are based on the most recent GBD systematic reviews of evidence and, where possible, are adjusted for

TABLE 3 Modelled disease outcomes and ICD-10 codes

Health outcome ICD-10 underlying cause of death classification

IHD 120 - 125.9

Ischaemic stroke G45-G46.8,165-166.9,167.0-167.3,167.5-167.6,168.1-168.2, 169.0-169.3
Haemorrhagic stroke Cerebrovascular diseases (160-163)

COPD Chronic lower respiratory diseases (J40-J47)

LRIs Influenza and pneumonia (09-J18)

Other acute LRIs (J20-J22)

Tracheal, bronchus and lung cancer C33-C34.9,D02.1-D02.3, D14.2-D14.3, D38.1
Oesophageal cancer C15-C15.9, D00.1, D13.0

Colorectal cancer C18-C21.9,D01.0-D01.3, D12-D12.9, D37.3-D37.5
PC Cé1

Breast cancer C50-C50

Type 2 diabetes mellitus (T2DM) E11-E11.1,E11.3-E11.9
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TABLE 4 Summary of 2019 GBD exposure-outcome pathways for air pollution and dietary exposures

Risk factor Health outcomes RR changes with age
Air pollution
Ambient PM, Lung cancer No
T2DM No
LRIs No
COPD No
IHD Yes
Stroke (all) Yes
Diets
Diet low in fruits Oesophageal cancer No
Tracheal, bronchus and lung cancer Yes
IHD Yes
Ischaemic stroke Yes
Intracerebral haemorrhage Yes
Subarachnoid haemorrhage Yes
T2DM Yes
Diet low in vegetables Oesophageal cancer No
IHD Yes
Ischaemic stroke Yes
Intracerebral haemorrhage Yes
Subarachnoid haemorrhage Yes
Diet low in whole grains Colon and rectum cancer No
IHD Yes
Ischaemic stroke Yes
T2DM Yes
Diet low in nuts and seeds IHD Yes
T2DM Yes
Diet low in milk Colon and rectum cancer No
Diet high in red meat Breast cancer No
Colon and rectum cancer No
IHD Yes
Ischaemic stroke Yes
Intracerebral haemorrhage Yes
Subarachnoid haemorrhage Yes
T2DM Yes
Diet high in processed meat Colon and rectum cancer No
IHD Yes
Diet high in legumes IHD Yes
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known confounders, including body mass index so that risk from diet could be separated from risk from obesity. The
curves were again applied at age 25 and above. Where exposures (PM, . and/or dietary exposures) affected the same
disease outcome, we multiplied the RRs to account for potential double counting of impacts.

We applied cause-specific time lag functions based on cumulative distribution functions of normally distributed
variables (S-shaped curves) from the first year of each scenario to account for delays between changes in exposure
and changes in mortality risk. These functions, which we have used in previous modelling analyses,'844>3 are based on
evidence on the effect of smoking cessation on mortality over time,** the effects of dietary interventions on various
causes of mortality over time>>->8 and plausible assumptions about disease progression (Figure 4).

All exposure changes under the scenarios were assumed to be instantaneous (i.e. to occur in the first year of the
scenario), and underlying mortality rates were assumed to remain constant for the duration of follow-up. The life tables
were evaluated over a period of 106 years, representing a time long enough for the initial population (maximum age
105 years) to be extinguished. The main outcomes from the life tables were annual population, deaths and life-years
(LYs) lived by age and calendar year under each scenario.

Quantification of impact on morbidity

The age- and year-specific population structures outputted from the life tables for each scenario were used as the
underlying populations for calculations of disease incidence for each outcome shown in Table 4. We applied age-
specific GBD 2019 incidence rates to the output life table population and applied the same GBD exposure-response
functions for PM, , and dietary consumption as described above for mortality. The GBD incidence data represents both
the number of new cases of disease per year and the occurrence of new events in the population. The incidence data
were interpolated to single-year-of-age using the same monotonic cubic spline method as used for mortality rates, and
adjusted to account for differences by income using the same method as described above. The same time lag functions
were also applied to the incidence calculations.

The main outputs from the combined mortality-morbidity model were annual changes in LYs and cause-specific
deaths and disease incidence per year compared to the BAU scenario in which current trends are assumed to continue
until 2030.
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FIGURE 4 Onset (blue) and cessation post-onset (red) time lag functions used in the health modelling analysis.
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Comparing scenarios

Overview of methods for comparative analysis
Three methods have been investigated for the comparison of outcomes of the scenarios involving further action
(agricultural measures and/or fiscal measures) against the baseline scenario:

e Cost-effectiveness analysis (CEA): CEA seeks to identify the measures that are most economically efficient for
attaining the objectives of analysis. For the present study, these objectives could be defined in terms of the quantity
of NH, emission reduced or health outcomes.”

e Cost-benefit analysis (CBA): CBA compares monetised costs of measures with monetised benefits, to the extent that
health and other benefits can be monetised. By making a direct comparison of costs and benefits, CBA provides an
answer to the question of whether something is worth doing or not.¢°

e Multi-criteria decision analysis (MCDA): MCDA is used to establish preferences between options by reference to an
explicit set of objectives. Rather than using money as the ‘common currency’ for this comparison, MCDA develops
scores for each effect, and these scores can be weighted according to their perceived importance. The weighting
process is conventionally done through consultation with stakeholders, though other options are possible.®*

e Evaluation of the uncertainties in results, to consider the extent to which conclusions drawn could be affected by
uncertainty and to define priorities for further research based on the principles of valuation of information.

The analysis carried out at this stage of the work picks up the outputs from previous stages as described above, for
example, changes in emissions of NH,, changes in health outcomes and the estimated cost of measures to reduce
emissions. Further details on the methods and values used are given in Appendix 2 (Tables 13-24).

Cost-effectiveness analysis
Cost-effectiveness analysis has been used here to assess the efficiency of different technical measures for reducing
emissions of NH,. Measures were ranked according to their cost per unit of NH, emission abated.

Key outputs from the CEA concern:

e The ordering of measures in terms of cost per unit emission abated.

e How much emission (if any) can be saved using measures with costs per unit emission estimated to be negative, for
example, as a result of efficiency savings.

e How much emissions can be reduced by overall by the measures identified.

While these outputs are useful, the limitations of CEA need to be recognised. The results of CEA do not indicate
whether action is merited, as they simply differentiate measures against a reduction in pollutant emissions with no
indication of the value of those emission savings. What they provide, instead, is an indication of the most efficient route
to attaining specific policy goals: in this case, a reduction in emissions of NH, without taking account of wider impacts
of measures, such as their effect on GHG emissions. To do that requires impacts to be expressed on a consistent basis,
done here through the use of CBA, where effects are expressed uniformly in economic terms. A second limitation arises
from an assumption that the measures included in a cost curve provide a complete description of potential for emission
control. However, the measures included are limited to those for which data on costs and effectiveness are available.
Behavioural measures, in particular, tend to be omitted from cost curves as it is often difficult to obtain data on their
costs for a given level of effectiveness. In our analysis, CEA did not include the dietary measures as a full accounting of
the costs associated with dietary change, notably the consequences for the agricultural sector, was not possible.

However, as long as these limitations are recognised, the use of CEA enables a logical structuring of many measures and
hence provides insight on efficient policy options.

Cost-benefit analysis

In order to carry out CBA, it is necessary to monetise the impacts (here focused primarily on health) associated with the
reduction in NH, emissions and dietary change. Health valuation considers health and other care costs, lost productivity
and lost utility (freedom from pain and suffering, and the ability to undertake activities as one chooses).

Copyright © 2026 Reis et al. This work was produced by Reis et al. under the terms of a commissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access 17
publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and

for any purpose provided that it is properly attributed. See: https:/creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals

Library, and the DOI of the publication must be cited.



METHODS

The costs of health care and productivity are available from published sources using data available from the NHS.
Costs of impacts on utility are based on information from surveys regarding quality of life for different conditions and
public preference for allocation of resources to protect health. For the analysis carried out here, account also needs to
be taken of effects of NH, on ecosystems and of GHG emissions. Full discussion of the derivation and sources of the
values adopted here, summarised in Table 5, is presented in Appendix 2.

Key outputs from the CBA concern:

o Whether quantifiable benefits of action exceed costs or of action or not.
e The extent to which benefits exceed costs, expressed through the benefit-to-cost ratio. The higher this ratio, the
more efficient measures or strategies are at reaching desired goals.

Like CEA, CBA also has limitations that need to be recognised. A particular issue concerns the completeness of
accounting of costs and benefits. For the health benefits of reduced air pollution, this may be especially important,
recognising the expansion of impacts recognised as being linked to pollution in recent years as at least partially reflected
in the methods used in this report.

Multi-criteria decision analysis
The use of MCDA was considered to enable impacts that are not monetised to be factored into a decision-analytic
framework. The following key issues were identified where the approach could add benefit:

o affordability of interventions on farms for the UK farming industry

e impacts of dietary change on the UK farming industry

e additional health impacts of air pollution and dietary change that are not covered by AMPHoORA
e assessment of ecological impacts (monetised, but with high uncertainty).

TABLE 5 Valuation data for the CBA

Condition Care costs Productivity

Health impacts (£ per new incidence of disease)

Lung cancer 38,000 370,300 39,600 447,900
Bowel cancer 53,700 191,200 18,900 263,800
Breast cancer 54,900 76,800 27,600 159,300
Other cancers 50,800 214,500 21,500 286,800
COPD 17,800 10,200 51,900 79,900
Stroke 222,500 13,200 210,000 445,700
Type 2 diabetes 16,900 14,500 222,000 253,400
IHD 10,300 18,200 250,000 278,500
LRIs 211 Not assessed 370 581
LYs lost - - 52,000 52,000

Non-health impacts (£ per tonne of pollutant)

Ecosystem impacts of NH, 487
GHG emissions (per tonne CO,, ) See Appendix 2, Table 23
Note

For sources and so forth, see Appendix 2. All values in £, price year 2022.
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However, following review of the data gathered in the research, a formal appraisal via MCDA was not considered likely
to generate informative conclusions given the current state of data on these impacts. In the case of effects of dietary
change, for example, a range of outcomes are possible for farms depending on various factors, such as:

e Whether farms continue production at current levels despite reduced UK demand for certain goods, through
increasing exports. This depends on, among other things, the existence or lack of barriers to export.

e How the UK public respond to changes in food prices. This depends on numerous factors, including knowledge of
cooking a reduced meat/milk diet, the willingness of the UK population to change, other pressures on budgets as
highlighted through the current cost of living crisis and so on.

A further factor concerned the inevitable subjectivity of the weighting process used in MCDA.

These issues are each research projects in their own right. It was considered most useful to provide a structured
discussion of issues arising, rather than to formalise analysis via MCDA in a way that may appear to make it more robust
than it really is. This does not rule out the use of MCDA in this area in the future.

Uncertainty analysis

So far as the CEA and CBA carried out in AMPHORA is concerned, the purpose of uncertainty analysis is focused on
whether uncertainties both in what is quantified and what is not could affect the conclusions reached on the relative
benefits of different courses of action (e.g. continuing BAU or applying various controls or interventions). Consideration
has been given in the study to using ranges around key parameters (response functions, valuations, etc.), to the use of
sensitivity analysis around key parameters and discussion of unquantified factors (‘biases’).

Value of information analysis can be used particularly to highlight the areas of future research that are most likely to
improve the quality of analysis or permit assessment to encompass a broader range of factors. The approach as applied
here has been used to consider what additional knowledge would most help to refine the results of the assessment.
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Chapter 3 Results

Mitigation options for emissions from agriculture

Impact of current (2019) implementation of mitigation measures

Ammonia emissions from UK agriculture in 2019, as reported in the 2021 national inventory submission, were 239 kt. Of
this, emissions from cattle accounted for 48% (28% from the dairy sector and 20% from the beef sector), poultry for 15%
and pigs for 8%. Emissions from nitrogen fertiliser applications accounted for 24%. By removing all implemented mitigation
measures (scenario 2), it was estimated that current implementation of mitigation measures by the UK agriculture sector
reduces total NH, emissions by 33 kt (12% of the unmitigated total). This was primarily through the implementation of
measures to reduce emissions from manure application to land, but also some (assumed) uptake of measures for manure
storage and livestock housing by permitted pig and poultry farms under the Industrial Emissions Directive.

Current trends emission projections

There were differences in the projections of livestock numbers and crop areas for 2030 as given by the UKAMM

model (scenario 3) and those based on the trends in human dietary consumption, population growth and agricultural
commodity export trends (scenario 6). The UKAMM model forecast a reduction in beef cattle and poultry numbers,
with a small increase in dairy, whereas the projected dietary trends resulted in a much greater reduction in dairy cattle
numbers, but an increase in beef cattle (due to human population growth and increased export, despite per capita
reduction in consumption - see more detail in Changing diets for health and the environment and Changing diets for health
and the environment) and in laying hen numbers (Figure 5). These changes in the underlying activity data obviously
resulted in changes in the estimated BAU emission projections for 2030. There is a small (3%) increase in emissions
from the 2019 base scenario to the 2030 projection based on the UKAMM forecast (Figure 6). Projections based on the
human dietary trends to 2030 and 2050 (scenarios 6 and 8) give larger increases in emission compared to 2019, of 8%
and 5%, respectively. In the scenarios in which a limit is included on exports (scenarios 7 and 9), increases to 2030 and
2050 are slightly less, at 6% and 2%, respectively. There are also differences in the relative importance of the different
sources between the projections, with beef and poultry being greater under the dietary trends scenarios, while dairy

is greater under the UKAMM scenario. All projection scenarios are subject to great uncertainty, but it is important to
acknowledge the differences in the two approaches taken here and to use the appropriate base for assessment of effect
of further intervention scenarios; that is, scenario 3 is the base for comparison against the agricultural intervention
scenarios 4 and 5, while scenarios 6 and 8 (without export limits) were used as the base for comparison against the
human diet intervention scenarios 10 and 11 for 2030 and 12 and 13 for 2050, respectively. Scenario 6 was also the
basis for comparison against the combination scenarios 14 and 15.

Agricultural interventions

The medium- and high-ambition scenarios for reducing farm emissions (scenarios 4 and 5) gave emission reductions at
the UK scale of 14% and 26%, respectively, compared with the ‘Current market trend to 2030’ scenario (scenario 3),
with respective emission reductions of 33 kt and 63 kt NH, (Figure 7). Largest emission reductions are associated with
the changes to nitrogen fertiliser use, particularly for the higher ambition scenario, where efficiency measures mean

a significant overall reduction in fertiliser requirement. The dairy sector has the next largest proportional reduction in
emissions, again particularly under the higher ambition scenario, where higher efficiency measures targeted at housing
and outdoor yards are introduced. However, the relatively modest emission reductions under both scenarios highlight
the difficulty (and unfeasibility) of implementing technical measures across the large number of often-diffuse emissions
sources that exist within the agricultural sector.

Human dietary interventions and combined scenarios

The impact of the interventions to change human diet on consumption patterns is detailed in Changing diets for health
and the environment. The impact that this subsequently has on the size and make-up of the UK agricultural sector, and
hence NH, emissions, is shown in Figure 8. Compared against the projections for 2030 and 2050 based on human
dietary trends (with no limits to exports of UK Agricultural commodities), the meat tax and vegetable subsidy scenarios
(scenarios 10 and 12) gave emission reductions of 14% and 20%, while the increases in consumption of plant-based
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FIGURE 5 Changes in livestock numbers and land area requirement (as a % compared with 2019) under BAU scenarios for 2030 based on
DEFRA UK Agricultural Market Model projections (UKAMM) and forecast food consumption/production trends (CP).
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FIGURE 6 United Kingdom agriculture NH, emission projections based on current trends in agricultural markets and on human dietary
consumption trends.

foods gave emission reductions of 16% and 19% for 2030 and 2050, respectively. As might be expected, emission
reductions are across all livestock sectors, and from a reduction in the grassland area (and associated nitrogen fertiliser
applications) required for ruminant livestock. However, these reductions are offset to some extent, particularly

in the meat and dairy alternatives scenarios, by an increase in the required crop area and associated nitrogen

fertiliser applications.
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FIGURE 7 Impact of implementing largely technical measures (medium- and high-ambition scenarios) on NH, emissions from UK agriculture
in 2030.
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FIGURE 8 Impact of human diet interventions on NH, emissions from UK agriculture in 2030 and 2050.

Finally, the impacts of combining the implementation of technical measures to reduce emissions from agriculture with
interventions to change UK human consumption patterns on NH, emissions from UK agriculture are shown in Figure 9.
Including the medium-ambition on-farm mitigation measure implementation with the meat tax and vegetable subsidy
scenario gave an emission reduction of 25% against the human diet trend to 2030 (no export limits) base scenario,
while including the higher-ambition on-farm mitigation measure implementation with the increase in plant-based foods
in the diet gave an emission reduction of 38%. The emission reductions were spread across all the agricultural sectors.
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FIGURE 9 Impact of scenarios combining the on-farm and human diet interventions on NH, emissions from UK agriculture in 2030.

Changing diets for health and the environment

The three scenarios used for the dietary modelling were scenario 7 (human diet trend to 2030 with export limits),
scenario 10 (‘Tax on meat and dairy/promote fruits and vegetables’) and scenario 11 (‘Increased meat and dairy
alternatives’). These three scenarios were compared against baseline food consumption in 2019, with a focus on
reductions in consumption of meat and dairy and increases in consumption of fruits and vegetables.

Reductions in meat and dairy consumption

Under current dietary trends, consumption of red meat and dairy would be expected to decline by 11% by 2030 in
comparison to the baseline in 2019. However, consumption of poultry would increase by 7%, meaning that the overall
decline in meat consumption would be more modest (Figure 10). This is due to a general trend towards replacement of
red meat with poultry in recent years which may partly reflect the reduced cost of poultry.

1. Present day (2019)

7.Human diet trend to 2030

B Red meat

Poultry
M Dairy

10. Tax on meat dairy-promote fruits and
vegetables 2030

11. Increased meat and dairy alternatives
2030

FIGURE 10 Changes in consumption of meat and dairy (g/capita/day) under different policy scenarios in 2030 compared to 2019.
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Compared to 2019 levels, under scenario 10, the reductions in red meat and dairy consumption would be greater than
those under current trends (a reduction of 27% for red meat and 15% for dairy). Consumption of poultry would also
reduce by 14%.

Under scenario 11, consumption of red meat, poultry and dairy would be lowest due to switching away from these
foods in favour of plant-based alternatives. Red meat consumption would decline by 35%, poultry consumption by 24%
and dairy consumption by 32%.

Increases in consumption of healthy plant-based foods

Based on current trends (scenario 3), there would only be small increases in consumption of fruits and vegetables (by
4% and 3%, respectively) and a small reduction (3%) in consumption of pulses (Figure 11).

0 50 100 150 200

1. Present day (2019) —

7.Human diet trend to 2030 —
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Vegetables
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10. Tax on meat and dairy-promote fruits
and vegetables 2030

11. Increased meat and dairy alternatives
2030 I

FIGURE 11 Changes in consumption of fruit, vegetables and pulses (g/capita/day) under different policy scenarios in 2030 compared to
2019.

The tax on meat and dairy scenario (scenario 10) would lead to greater increases in consumption of fruits (13%) and
vegetables because these foods would be subsidised in price under this scenario. The increase in consumption of pulses
would be slightly lower (7%), as pulses were not explicitly included in the subsidy (only fresh fruits and vegetables).
However, their consumption would also increase slightly as a consequence of increased price of meat and decreased
price of fresh fruits and vegetables (cross-price elasticity).

Under the ‘Increased meat and dairy alternatives’ scenario (scenario 11), consumption of fruits and vegetables would
remain largely static, with a 4% increase in consumption of fruits and a 3% increase in consumption of vegetables
compared to the 2019 baseline. However, consumption of pulses would increase by 34% under this scenario due to the
high content of pulses in many meat and dairy alternatives, including soy protein, soy milk and lentils.

Meeting targets for nutrition

Despite increases in consumption of fruits, vegetables and pulses, most of the scenarios still did not meet the NHS
recommendations for adults to consume at least 400 g (or five portions) of fruits and vegetables per day (Figure 12). The
‘Tax on meat and dairy/promote fruits and vegetables’ scenario (scenario 10) brought average consumption closest to
the target at 357 g, with the human diet trend to 2030 scenario (scenario 7) being furthest away at 327 g.

The scenarios suggested a greater degree of success in meeting the target for red and processed meat consumption of
a maximum of 70 g/capita/day (Figure 13). Both scenarios 10 and 11 brought average consumption below the target
(to 62 g and 55 g per day, respectively), although the human diet trend to 2030 (scenario 7) would leave average
consumption still above the target.
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FIGURE 12 Mean [and 95% confidence intervals (Cls)] fruit and vegetable consumption (g/capita/day) under different scenarios in 2030.
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FIGURE 13 Mean [and 95% confidence intervals (Cls)] red and processed meat consumption (g/capita/day) under different scenarios in
2030.

Greenhouse gas emissions and water footprints

Environmental footprints of the average diets were reduced compared to baseline in all scenarios. For GHG emissions,
up to a 20% reduction in average emissions was seen in the scenarios, with the ‘Increased meat and dairy alternatives -
2030’ scenario (scenario 11) having the biggest reduction due to its greater reduction in meat consumption. The ‘Tax
on meat and dairy/promote fruits and vegetables - 2030’ scenario (scenario 10) also achieved a substantial reduction
in emissions of 16% compared to the 2019 baseline, while the human diet trend to 2030 scenario (scenario 7) would
achieve an 8% reduction.
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Reductions in water use were slightly lower than for GHG emissions, but the ‘Increased meat and dairy alternatives -
2030’ scenario demonstrated a 16% reduction in water use, with the ‘Tax on meat and dairy/promote fruits and
vegetables - 2030’ scenario showing a 9% reduction and the human diet trend to 2030 scenario a 3% reduction.

Outcomes for low-income adults

Adults in the lowest quintile for household income had less healthy diets at baseline in 2019, including consuming less
fruits and vegetables and more soft drinks. However, they also tended to consume less red meat, and therefore their
diets had lower baseline environmental impacts (around 20% lower for GHG emissions compared to the population
average, and around 10% lower for water footprints).

Reductions in meat and dairy consumption were projected to be greater under all scenarios for the low-income group,
due to larger predicted responses to price changes among this group (Figure 14). Consumption was projected almost

to meet the Climate Change Committee target of a 20% reduction in the lowest income quintile under current trends,
whereas in the whole population the projected reduction was much smaller. Under the ‘Tax on meat and dairy/promote
fruits and vegetables - 2030’ scenario (scenario 10), again adults in the lowest income quintile would meet the 20%
reduction target, but the whole population would not meet this target on average. Finally, under the ‘Increased meat
and dairy alternatives - 2030’ scenario (scenario 11), the population average reduction would be > 20%, but the
reduction among the lowest income quintile would be proportionally greater.

Increases in fruit and vegetable consumption would also be slightly higher for households in the lowest income quintile,
meaning that they would be expected to experience greater health benefits as a result of the meat reduction scenarios.
However, consumption would remain below the population average in this group under all scenarios; even in the most
beneficial scenario (the ‘Tax on meat and dairy/promote fruits and vegetables - 2030’ scenario), fruits and vegetables
consumption would reach 3.7 portions per day compared with 4.1 portions per day in the population on average.

Modelling changes in air quality

Figure 15 presents the changes in agricultural NH, emissions under each scenario relative to the present-day (2019)
baseline. Areas in red indicate an increase in agricultural NH, emissions relative to the 2019 baseline, with blue areas
indicating a decrease. The ‘Increased meat and dairy alternatives - 2030’ scenario, for example, shows a mix of areas
in red, where emissions are higher than present day; and blue, where emissions are lower. Switching to a more plant-
based diet would reduce emissions from livestock (because demand decreases) but may also lead to increased fertiliser
emissions (as we grow more plant crops for direct human consumption).

Figure 16 presents changes in NH, concentrations (primarily driven by changes in NH, emissions) under each scenario
relative to the present-day (2019) baseline. Areas in red indicate an increase in NH, concentrations, relative to

10. Tax on meat and dairy - 11. Increased meat and
7.Human diet trend to 2030 promote fruits and vegetables 2030 dairy alternatives 2030
0 A

o
i
-1 W
2
S -10 4
o
S -15 A
IS B Whole population
o 4
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2 25
[}
3
5 -30 4
X 4
< -35
©
S -40
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FIGURE 14 Mean percentage reductions in meat and dairy consumption compared to 2019 among whole population and lowest income
quintile.
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FIGURE 15 Difference in agricultural NH, emissions under each scenario relative to the present-day (2019) baseline.
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FIGURE 16 Difference in EMEP4UK-modelled NH, concentrations under each scenario relative to the present-day (2019) baseline.
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estimates for 2019 baseline, with blue areas indicating decreases. Areas in the UK dominated by cattle emissions (such
as Northern Ireland and Cumbria) tend to be associated with the largest decreases (under most scenarios) relative to
2019. Areas with increased NH, concentrations (relative to 2019) are typically associated with increased emissions from
fertiliser application (in particular, under the BAU scenarios).

Figure 17 presents changes in PM, . concentrations modelled under each scenario relative to the present-day (2019)
baseline. Differences in PM, , concentrations follow similar patterns to NH, concentrations overall, but they are
influenced by other sources. PM, , is associated with long-range transport, and up to 50% of PM, . may be imported
into the UK (on annual average) from elsewhere.*? NH, from the agricultural sector contributes to the formation of
ammonium sulfate and ammonium nitrate; however, the modelled PM, , also includes sea salt, secondary organic
aerosols, biomass burning, dust and primary emission of PM, .. Each component is associated with a specific spatial
distribution. After NH, is emitted to the atmosphere, it needs to intercept an acid (nitric and sulfuric acid are present in
the model), where it will neutralise to form ammonium (either or both ammonium nitrate and ammonium sulfate). These
acids may be created at different locations to where NH, is emitted. For example, sulfuric acid may be associated with
power plants and urban areas. The effect is to decouple the location of the NH, emissions with the ammonium aerosol.
In addition, the lifetime of ammonium particulate is longer than that of NH, gas. This further smooths the formed
aerosols compared with the NH, gas. The spatial distributions of PM, ,, primary PM, ., NH,, ammonium, ammonium
nitrate, sulfate, fine windblown dust, SO, and NO, for the present-day (2019) baseline are shown in Figure 18.

In order to present and visualise the complex data sets developed by AMPHOoRA, a prototype data explorer tool was
developed and tested with stakeholders in online and in-person workshops. The tool allowed for the interactive
exploration and visualisation of AP emissions, ambient concentrations and population exposure data in a spatially
explicit fashion based on maps. Health and socioeconomic data resulting from the health impact and CBA can be
presented by different pre-set indicators (Figure 19).

Systematic scoping review of the literature on agricultural air pollution and human health

Our search identified 7175 studies. After exclusion of duplicate records, 3297 records were screened at abstract

level and 62 at full-text level, with 6 articles deemed as relevant for the final analysis (Figure 20 and Table 6). Across 6
studies, 11 objective estimates were provided for the effect of agricultural pollution on respiratory diseases. Estimates
for COPD or chronic bronchitis were provided in two studies, asthma in two studies and respiratory infection in two
studies. Two studies provided estimates for medication dispensing for obstructive airways disease as a surrogate
measure of disease prevalence and severity. The pollutant that was investigated varied across the six studies included
in our analysis, with two prospective cohort studies measuring NH,,”*¢’ two cross-sectional studies estimating

PM,, concentrations from agriculture’>”® and two considering PM, ..7%7* Two-thirds (n = 4/6) found no link between
agricultural pollution and adverse health outcomes. One study found an association between agricultural pollution
and death due to IHD, and one an association with an increased likelihood of chronic bronchitis. It was not possible to
calculate pooled estimates because of significant heterogeneity in study methodology, including population definition,
study design, outcome measures and measure of pollution.

Modelling health impacts from changes in diet and air quality

Here, we report the results from our health impact modelling for selected AMPHORA intervention scenarios, namely:
‘Lower emissions from farms - high ambition 2030’ (scenario 5) - note, this is only for NH, emissions from farm; ‘Tax
on meat and dairy/promote fruits and vegetables - 2030’ (scenario 10); ‘Increased meat and dairy alternatives - 2030’
(scenario 11) and ‘High-ambition combination - 2030’ (scenario 15: scenario 5 combined with scenario 11).

Net effects of scenarios on health

Overall, these four intervention scenarios would result in considerable net benefits for health across the UK in terms

of reduced mortality and disease incidence and increased LYs lived by the population. Figure 21 presents the health
impacts over 30 years (i.e. difference between the ‘Current market trend to 2030’ scenario and each four intervention
2030 scenarios). Of the three individual scenarios (scenarios 5, 10 and 11), in terms of mortality and additional LYs, ‘Tax
Copyright © 202}’: Reis et al. This work was produced'by Reisetal. underthgterms ofa commissioning contract' issued by'the Secreta.ry qf St?te for Health gnd Social Care.Thi§ isan Oper] Access 29
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FIGURE 17 Difference in agricultural PM, , concentrations under each scenario relative to the present-day (2019) baseline.
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FIGURE 18 Yearly 2019 baseline emissions for surface concentrations of SO, (ug/m?), NH,* fine aerosol (ug/mq), NH, (ug/md), PM, , (ug/m?),
primary PM, . (ug/m?), NO," fine aerosol (ug/m?), fine windblown dust (ug/m?), SO, (ug/m?) and NO, (ug/m?).

on meat and dairy/promote fruits and vegetables’ (scenario 10) and ‘Increased meat and dairy alternatives’ (scenario
11), which affect both exposure to PM, ; and dietary patterns in the UK, result in broadly equivalent health benefits
(=65,000 deaths averted and =550,000-600,000 LYs gained over 30 years), while the benefit under the ‘Lower
emissions from farms - high ambition 2030’ (scenario 5), which only reduces PM, , exposure but has no effect on diets
(i.e. no changes to dietary patterns), is comparatively smaller, approximately a 10th for aged 0-65 and a quarter for
aged 65 +.
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FIGURE 19 Screenshot of the prototype AMPHORA data explorer tool.

Records identified Records identified
through database through other
search sources
n=7142 n=233

p
Duplicates removed

n = 3845
.
Reco;’grsezlﬁgt;le for Records excluded
n=3297 n=3235
4 1\
Records excluded on full-text review n=56
Review article n=29
Full-text records Wrong study design n=13
assessed for eligibility Wrong outcomes n=6
n=62 Wrong setting n=3
Wrong patient population n=1
Awaiting classification n=2
Conference abstract only n=1
. J

Studies included in final
analysis
n=6

FIGURE 20 Flow chart of record screening and study identification for the systematic scooping review of the literature on agricultural APs
and health.
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TABLE 6 Summary of the six studies meeting the criteria for the systematic search for publications investigating the health effects of agricultural air pollution and classified

clinical outcomes

Author

(publication  Study

year) design

Eduard etal. Longitudinal

(2009)¢* prospective
cohort

Huangetal. Prospective

(2019)7° Cross-
sectional

Country of
study

Norway

USA

Population

4735 farmers

All children and
young adults
(0-18 years)
resident in the
US state of
Georgia

Exposure

Various;
including
NH,,
inorganic
dust

PM, , with
12 source
appor-
tionment

categories

Exposure
measurement
method and
duration

Personal NH,
detection devices
worn by farmers
during agricultural
activities.

Annual exposure
was derived

from short-term
measurements
and participant-
reported activity
duration

Daily PM, ; source
impacts were
quantified using a
two-step source
apportionment
approach: hybrid
data fusion of
Environmental
Protection Agency
Community
Multiscale Air
Quality Modelling
System simulations
and results from
stationary mon-
itoring stations,
followed by bias
correction

Study
period

Study
period:
1991-6

2005-7

Outcome
measure(s)

Prevalence of:

Chronic
bronchitis

COPD

FEV, change

Emergency
department visits
with:

Asthma exacerba-
tion (ICD-9493)

Pneumonia
(ICD-9480-6)

Acute upper
respiratory
tract infection
(ICD-9460-5)

Highest NH3
exposure com-
pared to lowest:

OR , 1.8 (95% Cl
1.3 to 2.5)

OR , 1.4 (95% Cl
1.1t0 1.8)

45 ml reduction
(95% Cl 10 to
80 ml)

Per interquartile
range (IQR) in
agricultural PM2.5
concentrations

OR 1.004 (95% ClI
0.989 to 1.019)

OR 1.004 (95% ClI
0.986 to 1.022)

OR 1.003 (95% ClI
0.996 to 1.009)

Comments

Results adjusted for age,
sex and smoking status
(pack-years).

e Compared to crop
farmers, livestock
farmers were more likely
to have chronic bron-
chitis or COPD. Positive
association with NH,
exposure and likelihood
of chronic bronchitis and
COPD diagnosis

e Inorganic dust linked to
chronic bronchitis but
not COPD

Some associations

between agricultural PM,
exposure and emergency
presentations to hospital for
respiratory disease; however,
these were null after
adjustment for other sources

continued
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TABLE 6 Summary of the six studies meeting the criteria for the systematic search for publications investigating the health effects of agricultural air pollution and classified clinical

outcomes (continued)

Author

(publication  Study

year) design

Loftus et al. Longitudinal

(2015)7* prospective
cohort

Post et al. Prospective

(2021)72 Cross-
sectional

Country of
study

USA

The
Netherlands

Population Exposure

Children with NH,
a history of
asthma (n = 51)

Nationwide PM,, and
population prox-
study imity to
(n=7,735,491) livestock
farms

Exposure
measurement
method and
duration

Study
period

Measurement 2011-2
devices placed out-

side of participants’

homes, at various

distances from

livestock farms.

Data collected for

24 hours once per

week for 1 year

PM,, concen- 2015-6
trations were
calculated by
multiplying the
number of animals
per location

with validated
animal-specific and
housing type-
specific emission
factors. Animal
category-specific
particle size distri-
bution calculations
used to determine
nationwide
distributions and
exposures

Outcome
measure(s)

Outcome
measure:

Shortness of
breath

Activity limitation

Increased
bronchodilator
therapy usage

Change in FEV,

Increased medi-
cation dispensing
(surrogate marker
of obstructive
airway diseases)

Comments

Per IQR increase
in weekly NH3
concentration:

NH, associated with a
3-4% reduction in FEV,
but no association between
NH,, asthma severity
(quantified by medication
use) or asthma symptoms

OR 1.1 (95% ClI
0.86 to 1.3)

OR 1.1 (95% ClI
0.79 to 1.4)

OR0.97 (95% ClI
0.82to0 1.2)

FEV,, 3.8%
reduction (95% Cl
0.2t07.3)

Inverse association
between agricultural PM_
and medication dispensing
but positive association
with non-agricultural PM_

Increased concen-
trations of PM_
from all livestock
sources (ORadj 0.97,
95% Cl 0.94 to
1.00)

Increased concen-
trations of PM_
from cattle-farms
(ORadj 0.92,95% ClI
0.87 t0 0.97)
Increased
concentrations of
PM,, from non-
agricultural sources
(ORadj 1.27,95% Cl
1.07 to 1.51)
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TABLE 6 Summary of the six studies meeting the criteria for the systematic search for publications investigating the health effects of agricultural air pollution and classified clinical
outcomes (continued)

Exposure
Author measurement
Country of method and Study Outcome
Population Exposure duration period measure(s)

(publication  Study
year) design study

Comments
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Smit et al. Prospective  The Rural popula- PM,, and PM,, concen- 2009 Visit to primary Per IQR increase in  Inverse association
(2014)7 Cross- Netherlands  tion excluding prox- trations were care during study  concentrations of between agricultural PM
sectional people living imity to calculated by period (ICPC PM10 from farms and asthma, COPD, and
on a farm livestock multiplying the coding) for: within 500 m: allergic rhinitis diagnosis
(n =92,548) farms number of animals The closer to the farm,
per location Asthma (R96) OR_;0.91(95% Cl  the greater the inverse
with validated 0.84t0 0.98) association for sheep, swine
animal-specific and and goat farms, but positive
housing type- COPD (R91, R95) ORadJ 0.81 (95% Cl association for mink farms
specific emission 0.711t00.92) Farm exposures were not
factors Allergic rhinitis ~ OR,,0.91 (95% C|  2ssociated with higher
(R97) 084Jt0 099) endotoxin levels
Rural 6-year average Cause of death: Per 10-pg/ PM, ; not associated with
population satellite-derived m3 increase in non-accidental deaths,
(82% farmers) pollution measure- ambient PM2.5 and consistent inverse
in the states ments augmented association if restricted to
of lowa and by results from sta- Non-accidental HR,;,0.95(95% Cl women only
North Carolina tionary monitoring 0.76 t0 1.20) Association between PM, ,
(n=83,378) stations, and a bias and death due to IHD if

correction factor

Cardiovascular
disease

IHD

Lung cancer

Cerebrovascular
disease

HR,, 1.31 (95% CI
0.84 to 2.04)

HR,, 2.68 (95% CI
1.04 o 6.87)

HR,, 0.75 (95% ClI
0.34'to 1.65)

HR,, 1.78 (95% ClI
0.72 to 4.42)

restricted to men only
Adjustment for occupa-
tional categories did not
change relationships.
Separately, only diesel
tractor use associated with
non-accidental mortality in
men only

FEV,, forced expiratory volume in 1 second; HR
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adj’

adjusted hazard ratio; ICPC, International Classification of Primary Care; OR

adj’

adjusted odds ratio.
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FIGURE 21 Changes in (a) deaths, (b) incidence and (c) LYs over 30 years by age group (0-65, 66 +) for each AMPHoRA intervention scenario
compared to the ‘Current market trend to 2030’ scenario.
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The benefits for mortality (and LYs) are seen predominantly at older age groups due to their greater underlying mortality
rates for all investigated disease groups. For overall disease incidence, the balance of impacts with age varies across

the different scenarios. The ‘Lower emissions from farms’ scenario (scenario 5) leads to somewhat larger benefits at
older ages since the underlying mortality rates for health conditions affected by PM, . air pollution are greater in those
age groups. On the other hand, the dietary changes under the ‘Tax on meat and dairy/promote fruits and vegetables’
(scenario 10) and the ‘Increased meat and dairy alternatives’ (scenario 11) result in greater reductions in the number of
disease cases at younger ages (below age 65) than older ages. In general, all benefits for health are most pronounced
under the ‘High-ambition combination’ scenario (scenario 15), under which action to reduce agricultural emissions of
NH, is combined with dietary changes that focus on switching from meat to alternative protein sources.

Relative contributions of changes in PM,, . exposure and diet

Figure 22 shows the contribution of changes in PM, , exposure and diet to the overall health benefit in terms of
deaths, incidence and LYs over 30 years by main AMPHORA intervention scenarios. Under the ‘Lower emissions from
farms’ scenario (scenario 5), the health impacts are entirely driven by changes in PM, . exposure. For the two dietary
scenarios (scenarios 10 and 11), the health impacts from dietary changes are greater than those from reductions in
PM, ., particularly when expressed in terms of deaths averted and LYs gained where diets make up 90% or more of
the impact. For disease incidence, the contribution of PM, ,-related health impacts is more pronounced. Under the
‘Tax on meat and dairy/promote fruits and vegetables’ scenario (scenario 10), air pollution makes up around 40% of
the reduction in disease incidence; for the ‘Increased meat and dairy alternatives’ scenario (scenario 11), the value is
just over 25%.

Estimated health burdens by broad disease groups

A breakdown of the mortality and incidence results for each scenario by broad disease group (cancers, respiratory
outcomes, heart disease, stroke and type 2 diabetes) suggests a mixed pattern of increases and decreases across the
different disease groups due to the complex changes in population structure in the life table model under each scenario
(see Figure 22).

Generally, all of the four intervention scenarios reduce average individual mortality rates for all disease groups.
However, since all disease groups were included in a single health impact model, changes in mortality for one disease
group will affect the overall population age structure and therefore will also affect deaths (and disease cases) from
other causes at population level. Because the scenarios result in reduced mortality rates for all disease groups, life
expectancy increases and deaths are delayed to older ages, with a larger population particularly at older ages. As a
result, deaths and disease incidence increase for some diseases, especially those which have high underlying rates at
older ages. In particular, the scenarios lead to large benefits in terms of reduced IHD (a disease with a large current
health burden in the UK). This reduction in the health burden of IHD leads to an increased population at older ages and
subsequent increases in numbers of deaths and cases of some cancers, respiratory diseases and stroke at population
level (Figure 23).

Effects due to changes in population age structure

To demonstrate how changes in one outcome can affect another, consider the example of changes in IHD and stroke
under the ‘Tax on meat and dairy/promote fruits and vegetables’ scenario (scenario 10). Figure 24 shows the increase in
the English male population at the mid-income deprivation group (quintile 3) by age after a period of 30 years for each
intervention scenario A-D relative to the ‘Current market trend to 2030’ scenario. At age 65 years, after 30 years, the
population has increased by 69 (from 71,871 to 71,940), and at age 80 years, the population has increased by 103 (from
51,647 to 51,750). The result is an increase in life expectancy at birth from 81.54 years under the ‘Current market trend
to 2030’ scenario to 81.63 years.

Figure 25 illustrates how the increased population due to the reduced burden of IHD subsequently results in more
deaths due to stroke under the ‘Tax on meat and dairy/promote fruits and vegetables’ scenario (scenario 10), particularly
at older ages. (The jagged appearance in some of the plots occurs predominantly because of the age-specific exposure-
response functions.) IHD mortality rates are generally decreased at all ages under the examined scenario, and this
results in large decreases in IHD deaths (Figure 25a). In contrast, for stroke, the reductions in mortality rates are much
smaller than that in IHD, which results in an increase in deaths at the population level, largely at older ages, because the
greater population more than counteracts the effect of reduced mortality rates (Figure 25b).
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(e) type 2 diabetes by nation (England, Northern Ireland, Scotland and Wales).
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and dairy/promote fruits and vegetables’ scenario (scenario 10) compared to the ‘Current market trend to 2030’ scenario.

Impact on health inequalities

As well as effects on health at the population level, these AMPHORA intervention scenarios also have implications for
health inequalities in the UK (Figure 26). In the plots, income deprivation quintile 1 is the lowest average income, and
quintile 5 is the quintile with the highest income. For most scenarios, though not in all cases, the health impacts are
greatest for those in the lowest income quintiles and decrease at higher incomes. However, for some disease groups
(IHD and respiratory outcomes), there are decreases in deaths and incidence, while for the remaining outcomes, there
are increases in deaths and incidence. In both cases, the gradient is beneficial for those on lower incomes, with either
greater health benefits or reduced health burdens in lower-income groups.
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FIGURE 26 Changes in deaths (left) and disease incidence (right) over 30 years for (a) cancers, (b) respiratory diseases, (c) IHD, (d) stroke and
(e) type 2 diabetes by income deprivation quintile (where 1 is the lowest income group).
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RESULTS

Economics: is it worth reducing ammonia pollution from agriculture?

Cost-effectiveness analysis

Cost-effectiveness analysis has been carried out for scenarios 4 and 5, involving medium- and high-ambition reductions
in farm NH, emissions, respectively, based on the use of technical measures. CEA is not possible for the scenarios
involving dietary change as information on the costs of tax/subsidy schemes is unavailable and would be highly
dependent on the precise way that such schemes are designed.

Data on annual NH, emissions and on-farm control costs for the UK are shown in Table 7. Costs associated with
dietary change scenarios, either through tax on meat and dairy/subsidy on fruits and vegetables or through increased
availability of meat and dairy alternatives have not been quantified. Subsequent analysis in this section is focused on
scenarios 3 (the baseline against which others are compared), 4, 5, 10, 11 and 15 (all highlighted bold in Table 7). Data
for England, Northern Ireland, Scotland and Wales are shown in Appendix 3 (Tables 25 and 26).

Further details on the costs of the individual farm measures for scenarios 4 and 5 are provided in Tables 8 and 9. It is
assumed here that the measures of food waste reduction and dairy low-protein diet are cost-neutral.

Cost curves for scenarios 4 and 5 addressing medium and high ambition for reducing NH, emissions on farms using
technical measures are shown in Figures 27 and 28, respectively, for the UK as a whole. Scenario 5 offers roughly double
the NH, reduction as scenario 4, largely because measures are pursued more aggressively but partly also because of

the adoption of some additional measures (reduce food waste and pig in-house slurry acidification). Reducing fertiliser
nitrogen has a substantial benefit per unit reduced NH, emission as it optimises application of fertilisers and avoids
waste through excess application.

Similar charts are provided in Appendix 3 (Figures 37-44) for England, Northern Ireland, Scotland and Wales,
respectively. The form of the marginal abatement cost curves (MACCs) for each part of the UK are broadly similar, all

showing cost savings from reduced use of N fertiliser and all showing a similar set of the least cost-effective measures

TABLE 7 Annual NH, emissions and on-farm abatement costs by scenario, for the UK

Scenario NH, emission, kt Costs, £M/year
1 Present day (2019) 238.7 75.0
2 2019 with current agricultural emission measures removed 271.5 0.0
3 Current market trend to 2030 245.6 80.6
4 Lower emissions from farms - medium ambition 2030 2123 206.3
5 Lower emissions from farms - high ambition 2030 182.1 268.6
6 Human diet trend to 2030 - no export limits 258.8 84.3
7 Human diet trend to 2030 - with export limits 253.5 84.0
8 Human diet trend to 2050 - no export limits 251.6 87.1
9 Human diet trend to 2050 - with export limits 244.2 86.6
10 Tax on meat and dairy/promote fruits and vegetables - 2030 217.4 65.1
11 Increased meat and dairy alternatives - 2030 2104 67.0
12 Tax on meat and dairy/promote fruits and vegetables - 2050 222.3 71.3
13 Increased meat and dairy alternatives - 2050 206.6 65.1
14 Medium-ambition combination - 2030 193.0 178.0
15 High-ambition combination - 2030 161.1 217.2

Scenarios in bold are the principal scenarios carried into the CBA.
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TABLE 8 Costs of measures for scenario 4, ‘Lower emissions from farms - medium ambition 2030’, £M/year per measure

UK England Northern Ireland Scotland Wales

Urease inhibitor 12.0 9.9 0.9 0.9 0.3
Rapid manure incorporation 2.0 1.5 - 0.3 0.2
Low emission slurry spreading 204 9.8 6.0 2.6 2.2
Slurry store covers 37.9 25.7 1.1 5.5 5.6
Farm Yard Manure sheeting 0.1 - - - 0.2
Washing dairy collecting yards 5.8 4.3 0.2 0.7 0.6
Air scrubbers for pig and poultry 29.6 22.2 2.3 2.2 2.9
Dairy housing floor design 14.6 8.9 3.0 0.9 1.9
Dairy low-protein diet - - - - -
Reduction in N fertiliser use (58.9) (42.6) (4.6) (7.6) (4.0)
Total 63.5 39.7 8.9 5.3 9.9

TABLE 9 Costs of measures for scenario 5, ‘Lower emissions from farms - high ambition 2030, £M/year per measure

V], England Northern Ireland Scotland Wales
Food waste reduction - - - - -
Urease inhibitor 11.3 9.5 0.7 0.8 0.3
Rapid manure incorporation 2.1 1.6 - 0.3 0.2
Low emission slurry spreading 74.7 45.1 12.6 9.6 6.6
Slurry store covers 39.1 26.6 1.1 5.6 5.8
Farm Yard Manure sheeting 1.0 0.8 - 0.1 0.2
Washing dairy collecting yards 10.9 7.6 1.3 1.0 1.1
Air scrubbers for pig and poultry 45.8 39.1 2.8 3.1 3.5
Pig in-house slurry acidification 13.3 9.6 3.2 0.6 0.0
Dairy in-house slurry acidification 50.8 35.3 8.1 2.8 5.0
Dairy low-protein diet - - - - -
Reduction in N fertiliser use (176.6) (127.8) (13.8) (22.8) (12.1)
Total 72.6 47.2 16.1 1.0 10.6

on the right-hand side of the figure. There is, however, some change in the order of measures and also some change
in the precise estimates of cost-effectiveness for each measure, though nothing is sufficient to change the overall
conclusions drawn from the charts.

While estimation of costs is based on the best evidence available, it is recognised that the data presented are average
figures for both cost and NH, reduction and that there will be variability from farm to farm. Data to characterise the
level of uncertainty that exists are not available and would require results from farm trials carried out in different parts
of the country on different types of farms. An indicative estimate of = 50% is provided here for variability at the farm
level, though the aggregate results shown in Figures 27 and 28 may be considerably more robust.

Data on GHG emissions or change in GHG emissions have also been calculated for some scenarios (see Table 10).
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Benefits

Results above demonstrated a complex picture for health impacts, with some effects decreasing as emission levels fall,
and others, over time increasing, recognising that we all die of something at some time. Results varied across scenarios.
In all cases, mortality impacts were reduced, while for some, (e.g.) cancers and respiratory diseases increased. The
dynamic approach to the modelling provides a more realistic impression of how scenarios are likely to affect health in
the long term than the traditional static approach to air pollution impact assessment where each condition is treated

in isolation of others. As shown above, economic values have been quantified for each effect individually, making it
possible, in theory, for the improvements in some effects to be outweighed by the worsening of others.
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TABLE 10 Greenhouse gas emissions as tonnes CO,,_ per year for the UK

Scenario CO,_emission, kt Change in CO,_ emission, kt vs. scenario 3 BAU
1  Present day (2019) 131,089
3 Current market trend to 2030 119,975
4 Lower emissions from farms - medium ambition 2030 316
5  Lower emissions from farms - high ambition 2030 1435
10  Tax on meat and dairy/promote fruits and vegetables - 2030 110,124 9851
11  Increased meat and dairy alternatives - 2030 105,073 14,902

Health benefit, £M, 2030
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FIGURE 29 Health benefits by category in 2030.

Results by category of health impact are shown in Figure 29 for 2030. Highest benefits are linked to the ‘High-ambition
combination’ scenario, followed by increasing meat and dairy alternatives, tax/subsidy scheme to promote healthier
eating and the high-ambition scenario for abating emissions of NH, at farms. The most important impact in economic
terms is the reduction in morbidity linked to better diets.

The most important impact in economic terms is the reduction in utility loss to morbidity linked to better diets.

As noted already, the picture for morbidity is complicated given that there are both benefits and disbenefits linked to
the options considered when effects are considered over a full lifetime. The way that benefits/disbenefits for morbidity/
utility are distributed is illustrated in Figure 30 for scenario 15 (high-ambition combination for 2030) in 2030. Effects on
most cancers are slightly negative. Effects on stroke are more strongly negative. Effects on lung cancer, LRI and COPD
are slightly positive. Dominating the benefits are the positive effects on diabetes and IHD. The dominance of diabetes
and IHD arises due to a combination of their high level of incidence, and the duration and level of quality-adjusted
life-year (QALY) loss associated with them.

The benefits of reducing GHG emissions in 2030 under the different scenarios are of a similar order of magnitude to the
health benefits quantified for on-farm NH, controls and the dietary measures (Figure 31).

Copyright © 2026 Reis et al. This work was produced by Reis et al. under the terms of a commissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access 45
publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and

for any purpose provided that it is properly attributed. See: https:/creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals

Library, and the DOI of the publication must be cited.



RESULTS

200
2171 2459

150
100

50

Benefit, EM/year
I
[ ]

(100)
(150)
< < X o X S 2 2 A\
& & & & & & @0 ¥ ¥ L
< < N & & $ RS O
& & & & G 2 2 C
S N 07} & & < &\o ‘530
S N SN
3 € & s
J S
C & \2\06‘

FIGURE 30 Utility benefits and costs for morbidity by health condition in scenario 15: high-ambition combination for 2030.
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FIGURE 31 Benefits by scenario of reducing GHG emissions in 2030 for the UK.

The net present value (NPV) of the health benefits of scenarios has been calculated over periods of 20, 30, 40, 50 and
96 years (Figure 32). Declining discount rates have been used following the scheme described by His Majesty's Treasury
(HMT) (2022). The pattern over time between the scenarios is similar to that for the single-year snapshot of 2030
provided in Figure 29. However, the dietary change scenarios generate far higher benefits than the technical measures

on farms.
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FIGURE 32 Net present value of health benefits of scenarios over different time periods.

NPV, £M
£0 £100,000 £200,000 £300,000 £400,000
Lower emissions from farms -
medium ambition 2030
m NPV 20 years
Lower emissions from farms - = NPV 30 years

high ambition 2030

NPV 40 years
NPV 50 years
m NPV 96 years

Tax on meat and dairy/promote
fruits and vegetables - 2030

Increased meat and
dairy alternatives - 2030

FIGURE 33 Net present value of the benefits of reducing GHG emissions over different time periods.

The benefits of reducing GHG emissions over different time periods are shown in Figure 33. Use of a higher discount
rate for GHG savings starting at 3.5% and declining after 30 and 75 years leads to a marked reduction in NPV
particularly for the longer time periods compared to the results for health benefits shown in Figure 32. However, results
still represent potential for major benefits to society.

Cost-benefit analysis
The CBA described here focuses on scenarios 4 and 5, medium and high ambition for reducing NH, from farms in 2030.

As a first step, costs and benefits are compared at the scale of whole scenarios for periods of between 20 and 96 years
(the latter representing the full timescale for the health impact assessment, while shorter terms are of more interest
from a policy perspective). Analysis is most appropriate at the level of the UK as a whole rather than for the DAs given
the transboundary nature of air pollution.

In all cases, benefits exceed costs. Benefit cost ratios increase over time, from 1.59 to 3.60 as a result of differences in
the discounting of health impacts and the costs of abatement.
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The comparisons made in Table 11 do not account for variability in the costs or benefits attributable to each individual
measure. This can be done by estimating damage per tonne emission (Table 12), focused on 2030 (by which time
health impacts have started to equilibrate against each other). Estimates of benefits per tonne emission reduction are
provided for:

e NH, health impacts using results from this study

e NH, non-health impacts using a figure of £487/tonne NH, taken from Ricardo (2023)

e estimates of cobenefits of reduced GHG emissions resulting from NH, abatement using data presented in Appendix 3
(Tables 27 and 28) on emissions in the two scenarios and costs.

It is notable that the GHG emissions contribute significantly to the totals, particularly for the high-ambition scenario.
Most of the difference is related to inclusion of food waste reduction in the high-ambition scenario. For comparison,
DEFRA’¢ provide an averaged UK estimate of £9667/tonne NH,, a little lower than the NH,-only estimate here of
£10,900/tonne NH,.

TABLE 11 Net present value of benefits and costs of scenario 5: ‘Lower emissions from farms - high ambition 2030’ for the UK, £M

Benefits (£) Costs (£) Benefit cost ratio
NPV 20 years 4396 2765 1.59
NPV 30 years 7488 3579 2.09
NPV 40 years 10,326 4170 2.48
NPV 50 years 12,769 4610 2.77
NPV 96 years 20,067 5575 3.60

TABLE 12 Benefits, £/tonne emission reduction for NH, reduction

£/tonne NH, Scenario 4: mid ambition Scenario 5: high ambition
NH, health 10,413 10,413
NH, non-health 487 487
Total (NH3 effects only) 10,900 10,900
GHGs non-health 2790 6647
Total 13,689 17,546

These results are combined with the MACCs above (see Figures 27 and 28) in Figures 34 and 35. For simplicity, an
average benefit from reducing GHG emissions is used, although this varies between measures (this is accounted for in
the following description of results).

There is a substantial surplus of benefits over costs for both scenarios, for most measures except the four most
expensive (slurry store covers, dairy housing floor design, pig in-house slurry acidification and air scrubbers for pigs
and poultry) compared against this study’s estimate of the benefits of controlling NH, and also DEFRA’s. Of the four
measures, the first three are on the borderline of generating a net benefit in terms of pollution control, while air
scrubbers for pigs and poultry has a cost more than twice that of estimated NH, benefits. Inclusion of benefits linked
to GHG control for these measures does not make them more competitive as they create almost no (or in the case of
slurry store covers, negative) GHG-related benefits.
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Uncertainties

The main uncertainties linked to the economic analysis concern the costs of mitigation measures and variability in
guantification and valuation of health impacts. Uncertainties are of limited concern for assessing the costs of most of
the technical measures on farm for the purposes of AMPHORA given the calculation of a large excess of benefit over
costs extending well to the right-hand side of the MACCs (see Figures 34 and 35). Of more concern is variability in
the cost-effectiveness of measures in different regions of the UK and between different farms. Further research to
understand the extent of this variability would be extremely beneficial.
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RESULTS

It was notable that the estimates of impacts linked to NH, emissions for scenarios 4 and 5 were similar based on the
assumptions used in this study and those underpinning the DEFRA damage costs (Ricardo, 2023). However, the two
sets of results support one another to only a limited degree given the differences in the dispersion modelling, response
functions and valuations used. The strong differences that are present in the range of benefits included in the analysis
highlights potential for significant differences in results. This is reinforced by the dynamic approach taken here to
modelling health impacts compared to the static approach of DEFRA (and almost all other analysts in this area), where
impacts are quantified in isolation of one another.
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Chapter 4 Discussion/interpretation
Key findings on air pollution from agricultural activities and dietary change

o Relatively modest emission reductions are achieved in the scenarios through implementation of technical
measures - difficulties/feasibility/costs of mitigating the large number of often-diffuse emission sources across the
agricultural sector.

e Much greater impacts were achieved through the combination of technical and dietary measures, largely due to the
differences in air pollution produced by different food groups.

e There are numerous uncertainties regarding the direct link between UK food consumption and UK production of
agricultural commodities. These will be influenced greatly by market drivers (international as well as national) and the
policy/legislative framework.

e UK food security must be balanced between feasible levels of home production and the importance of not
‘offshoring’ emissions associated with imported food.

Key findings on health impacts of agricultural air pollution and dietary change

Systematic scoping review of the health literature

We performed a systematic literature search of academic publications investigating associations between agricultural-
derived air pollution (notably NH, or secondary PM derived from NH,) and clinically defined health outcomes (see
Appendix 1). The search identified a scarcity of robust epidemiological studies on the health effects of the agricultural
APs, NH, or NH,-derived PM. The limited studies available (six studies; Table 6) showed heterogeneity in methodology
and inconsistent associations between pollution exposure and health outcomes. No consistent associations were
found for morbidity or mortality. Indeed, four studies included in our analysis found either no association or an inverse
association between pollution exposure and health outcomes. However, an ongoing examination of the more recent
literature has identified new studies finding associations between agricultural PM and health outcomes, albeit still very
heterogeneous in nature with few studies looking at the same pollutant-outcome pair. An updated literature search is
underway to systematically review the new data, which will be developed into a research manuscript for publication in
the environmental academic journal.

Our initial scoping review allows us to make a number of considerations. Firstly, studies directly measuring NH, on
farms must consider the large number of other exposures common in this occupational setting that may also influence
health outcomes, such as exposure to biological dusts, micro-organisms, diesel exhaust from farm machinery, gases
from grain stores and chemicals, such as pesticides. Secondly, the scope of our review was restricted to ICD code-
classified health outcomes, and further systematic searches should address subclinical outcomes, such as lung function,
blood pressure and blood biomarkers. Thirdly, life-course exposure, especially during childhood, merits a purpose-
defined review, to clarify the influence of AP exposures on allergic conditions later in life. Lastly, toxicological studies in
cells and animal models suggest that pure ammonium nitrate and sulfate have relatively little direct toxicity, thus further
research is needed to address changes in the properties of SIAs in different atmospheric conditions, and with different
copollutants, to establish how such changes to the PM may subsequently impact health.

The classification and specificity of exposure of agricultural pollutants, notably secondary PM derived from agricultural
sources, represents a major obstacle in assessing burden to health. Given the high proportion of PM linked to
agricultural emissions, further research is urgently needed to evaluate the impacts with objective health outcome-based
population studies that use standardised reporting and measuring tools, in particular large-scale population studies with
source apportionment that cover both urban and rural populations.
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DISCUSSION/INTERPRETATION

Modelling health impacts

The health modelling analyses compared number of deaths, number of incident case and events, and LYs gained over
30 years, of selected 2030 scenarios (‘Lower emissions from farms - high ambition’, ‘Tax on meat and dairy/promote
fruits and vegetables’, ‘Increased meat and dairy alternatives’, ‘High-ambition combination’) compared to the ‘Current
market trend to 2030’ scenario. For all scenarios, deaths and incidence from all causes combined decreased and LYs
gained increased, with the greatest benefits predicted in the over 66. Most of these benefits were brought about by
predicted changes in dietary factors with a lower contribution from changes in PM, , exposure. These differences were
mainly driven by the impact of improved diets on IHD, which is the major cause of death in the UK. Reductions in PM,
had the greatest impact on respiratory outcomes. For cancers, there were little benefits from the scenarios; this might
have been the results of decreasing dairy, which is associated with lower PC outcomes; or it could reflect the lower
impact of diet on these outcomes compared to IHD.

Scenario benefits for IHD, T2DM and respiratory outcomes were more evident for lower-income groups, with those in
lower quintiles of EHIs having lower incidence or death compared to higher-income groups. The ‘Tax on meat and dairy/
promote fruits and vegetables - 2030’ scenario, in particular, could be particularly beneficial, as it would make fruits and
vegetables more affordable for a group whose low intake put them at increased risks.

Our scenarios entail relatively modest dietary changes, which would be feasible for most groups. The ‘Tax on meat
and dairy/promote fruits and vegetables’ scenario would entail increasing fruits and vegetables by a little more than
one portion per week and meat by one serving a week (such as two small/medium-grilled sausages or one-quarter-
pound burger or two small lamb chops). In the ‘Increased meat and dairy alternatives’, the changes would be a bit
more ambitious: reducing meat by two servings per week and increasing pulses by 2-3 servings per week (such as one
and a quarter can of cooked beans or lentils). This is encouraging, as we show that even relatively modest changes
would result in large health impacts. These reductions are in line with Intergovernmental Panel on Climate Change
recommendation of reducing meat by 20% by 2030 and 35% by 2050.

Limitations of the diet modelling (taken from the published paper):”’

e The Living Costs and Food survey is household purchasing data which likely overestimates intakes as food waste is
not accounted for. Including food waste might also give a more realistic picture of the environmental impact of food
systems. The data are based on self-reported estimates of food purchase and thus subject to recall bias and possible
under-reporting of undesirable food items, such as confectionery and alcohol. However, receipts of purchases were
used in the Family Food survey, making it more reliable than just using questionnaires.

e There is no certainty that future trends will continue in the same direction as past ones. This type of analysis
cannot account for unpredictable events and ignores other potential drivers of intake, such as future trade deals,
environmental shifts and policies that affect availability and price.

e The price elasticities used in the ‘Tax on meat and dairy/promote fruits and vegetables’ were from 2009; it is possible
that consumer preferences change over time, meaning that their price responsiveness can change as well.

e We used DCE studies to predict future consumer behaviour for the ‘Increased meat and dairy alternatives’, but
these are based on hypothetical choices in researcher-controlled settings, meaning the stated preferences may not
translate into real purchases and other influences apart from price and taste might be or might become important.
The studies we used were based in the USA and Canada and might not represent.

e The GHG factors applied in our study are based on current carbon production intensity and do not take into
account potential future improvements in energy efficiency and use of renewables, which would result in lower CO,
estimates of UK consumers. However, our predictions of plant-based meat and dairy substitute intakes are likely to
be conservative given the sharp increase in the most recent years (Alae-Carew et al., 2022).78

Limitations of the health modelling:
e The health model performs separate calculations for males and females for each nation of the UK (England, Northern

Ireland, Scotland, Wales) and each income deprivation quintile. In addition, all disease outcomes were included in a
single model (with multiple exposures), meaning that impacts on one outcome can affect the others. There are also
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complex effects that arise as a result of population ageing (as highlighted in Results). In combination, these features
make the results complicated and hinder interpretation.

e Given the complexity of the newly developed model, at this stage it has not been possible to perform
uncertainty analyses.

e There are a number of simplifications and assumptions in the model. Key among these are: the assumption that the
GBD RRs can be used for both mortality and morbidity, general limitations of the GBD RRs (e.g. possibility of residual
confounding), the assumption that RRs are multiplicative, the use of (gender-, age- and disease-specific) population
average mortality and incidence rates, the relatively crude adjustments made to the underlying mortality and
incidence rates to account for income deprivation, the use of UK average dietary data to represent the four nations
of the UK (i.e. we did not account for differences between the nations).

Key findings on the costs and benefits of reducing air pollution from agriculture

Key issues from the economic analysis

In the comparison of results for scenarios involving dietary interventions with those concerned with NH, abatement
on farm, it may be concluded that action on diet is so dominant in terms of the benefits generated that it should be the
sole focus of further action. However, this would be to overlook both that the agricultural measures generate benefits
in excess of costs and that the dietary change measures considered here reduce but do not eliminate NH, emissions.

The magnitude of NH, emission changes identified here is important. UK emissions of other major APs have fallen
considerably since their peak levels in the 1970s and 1980s, SO, by 98%, NO,_ by 78%, PM,, by 79% and PM, , by
85%.”® In contrast, emissions of NH, have fallen by only 17%. The scenarios investigated here demonstrate that there is
potential for much larger reductions in NH_, by up to 50% of their peak level of 320 kt/year in 1984 under the high-
ambition combined scenario (scenario 15). As agriculture is far and away the dominant source of UK NH, emissions, it is
not feasible to rely on action in other sectors to reduce emissions (Figure 36).

The CEA demonstrates that significant emission reductions can be made at little cost. The results presented above
demonstrated that benefits per unit emission calculated here, and separate estimates from DEFRA (£9667/tonne NH,),
exceed costs for measures covering 83% of the quantified potential for emission reduction for scenarios 4 and 5 (lower
emissions from farms - medium/high ambition 2030 for the UK). DEFRA (2023) also provide lower and upper bound

NH; emissions, kt/year
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FIGURE 36 UK emissions of NH, by source since 1990. Data source: DEFRA.”®
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estimates for damage. The lower bound estimate (£3727/tonne NH,) gives the same outcome by virtue of cost per unit
emission rising steeply between the measures ‘low emission slurry spreading’ and ‘dairy in-house slurry acidification’.
The assumptions underpinning the DEFRA lower bound are very conservative when compared to the current literature
on health impacts of air pollution, and so this outcome, alongside the results generated in this study, strongly supports
the case for significant further controls on agricultural NH, emissions. Moving to the upper bound estimate from
DEFRA (£26,172/tonne NH,) would leave only one measure (air scrubbers for pigs and poultry) generating a net cost,
covering only 3% of the potential emission cut.

The results of analysis show that health benefits of dietary change have potential to be very large. This message is
extremely important, given an aversion in governments in many countries towards policies that might be considered
to impinge on people’s private lives and choices. At issue here is the extent to which people are well informed in the
choices that they make, and also the extent to which current behaviour is influenced by external forces, such as the
marketing techniques used by manufacturers, retailers, those portraying ‘desirable’ lifestyles and so on. The impact
of what might be termed ‘modern diets on health’ represents a case of market failure leading to outcomes that many
or even most people do their best to ignore as they grow older. The magnitude of impacts associated with such diets
demonstrates that it is a space where some level of government intervention has potential for significant benefit for
the population.

The dynamic approach taken to modelling health impacts in AMPHoRA provides a more realistic perspective of the way
that policies affect health over a number of years than more standard approaches that consider each health impact in
isolation. For this reason, the results have shown a reduction in some impacts but an increase in others at a later time.
That this is the case is obvious from the most rudimentary consideration of health and ageing, so it is important that it is
factored into analysis.

However, the dynamic approach to impact quantification creates a challenge for economic valuation, as it requires a
high level of consistency in the valuation process across a wide range of impacts to ensure that outputs capture the
correct balance overall. The approach used here has been to identify recent cost of illness studies carried out for the UK
that provide estimates of healthcare costs and productivity losses and to couple those with QALY-based estimates of
utility values. Inevitably, studies are needed from a range of sources, as each tends to focus on one impact or a narrow
group of impacts. Some disparity was noted in estimates made for single conditions, for example, from the studies of
Laudicella et al.* and Frontier Economics®® for cancers. There are also differences between studies in the precise scope
of valuation work, for example, whether or not costs linked to unpaid productivity are included. While the data gathered
here represent a more comprehensive collection of valuation estimates than those used in earlier studies investigating
air pollution impacts on public health, further work to improve the consistency of estimates will be useful.

The research has highlighted the importance of coupling actions across policy areas, here covering air pollution, dietary
health and climate, giving potential for strong cobenefits. Isolating actions by individual policy headings increases the
risk of inefficiency in policy. This inefficiency could make it more costly to reach targets across a basket of measures,

or (where specific targets do not exist) generate lower benefit per unit of expenditure than is possible. This is a

difficult problem as much policy work is organised in a way that does not encourage working beyond the boundaries
of individual subject areas, and consideration of a wider set of objectives may be considered to weaken potential for
delivery of targets in specific areas. Serious thought needs to be given to how policy development structures can take
a wide range of factors into account in order to optimise the cobenefits that exist and gain the greatest benefit for
money spent. The existence of trade-offs needs to be considered also - here evidenced by the rise in some types of
health impact, such as some cancers, while others are reduced. Efficient policy-making demands that such trade-offs are
identified and their importance evaluated so that they can be mitigated for to the extent possible. Where mitigation is
not possible, policy-makers should at least be aware that a trade-off is present.

While the emphasis of this research is on health impacts, emissions of NH, contribute also to eutrophication of
ecosystems, where excess deposition of nutrient nitrogen promotes the growth of common species at the expense
of those that are adapted to growing in low nutrient conditions, leading to a reduction in biodiversity. Rowe et al.”
reported exceedance of the critical load for nitrogen over 68% of nitrogen-sensitive habitats in the UK (63,470 km,?
which is roughly one-quarter of the total UK land area). Exceedance of critical levels for gaseous NH, was estimated

54

NIHR Journals Library www.journalslibrary.nihr.ac.uk



DOI: 10.3310/GJSR2325 Public Health Research 2026 Vol. 14 No. 3

for 6.3% (15,455 km? of the total UK land area) for higher plants and 69% (169,409 km?) for lichens and mosses. These
figures represent significant threats to UK biodiversity. While some account is taken of risks to ecosystems in the
economic analysis based on the results of Ricardo (2023), the approach taken may be biased to strong underestimation
of public preference for ecosystem protection expressed in economic terms. One reason for this concerns the use of
valuations based on individual willingness to pay (WTP) as the measure of value. Individuals are unlikely to consider
ecological health as a purely private good and expect public funding alongside their own ‘WTP’# Further information to
indicate the extent and form of damage to ecosystems, and the way that it is anticipated to evolve over time, would be
an important input to decision-making.

Assessing costs of tax/subsidy schemes to influence public behaviour

It is possible that a tax on meat and dairy coupled with a subsidy for fruits and vegetables could be neutral for the average
consumer, with money raised from the tax being fully used to provide the subsidy. Alternatively, the costs of running

the tax/subsidy system which are not quantified here could be taken out of the tax raised before subsidies are allocated,
generating a net cost to consumers. A system for taxing meat and dairy could, in theory, be set up at little cost given that
retailers are accustomed to the concept of sales taxes in the form of value-added tax (VAT). There would be some cost
associated with adjusting accounting procedures and familiarisation with the new regulation, but these could be small.

Thought needs to be given to defining the scope of a tax on meat and dairy and how it applies to different products as
the following examples indicate:

e Should all cheese (e.g. cow, sheep, goat or hard and soft cheeses) be taxed at the same rate?

e Would a tax apply only to goods that are entirely meat or dairy (e.g. a pint of milk or a pork chop) or to all goods
containing any meat or dairy produce (e.g. cakes made using milk powder, salami pizzas)? And then, would the tax
apply to the whole article or only its meat and dairy content?

The importance of definition in the context of differential taxation of food products was previously illustrated by the
court case where food manufacturer McVities successfully challenged UK authorities over the definition of Jaffa cakes
as biscuits rather than cakes, thus avoiding VAT.8!

There is also a question of the point at which the tax is levied. The simplest option is almost certainly to levy it at

the point of production or import, which would make it easiest to capture use of meat and dairy in other products.
However, by the time that goods are on sale, the effect of the tax on the price of goods may be diluted or lost
altogether. The tax raised would still have the benefit of providing funding for the subsidisation of fruits and vegetables,
but it could lose much of its power to drive public behaviour away from meat and dairy products.

The mechanism for payment of subsidies to consumers may also not be straightforward to set up and manage, as it is
in large part dependent on the way that retailers price the goods that they sell. The effect on public behaviour may be
reduced by pricing and marketing strategies on other goods, as illustrated by the debate around ‘buy one get one free’
(‘BOGOF’) deals, and strategic placing of goods in stores to promote sales. It is notable in this respect that the Soft
Drinks Industry Levy in the UK (the SDIL or ‘Sugar Tax’) is structured in a way to affect the behaviour of producers at
least as much as consumers.®?

None of this is intended to suggest that a tax/subsidy system to promote fruits and vegetables and reduce demand
for meat and milk is a bad idea. However, the design of an effective system that encourages behaviour change in the
population in the way and to the extent intended is not straightforward and neither is assessment of the costs and
benefits of such schemes. However, the recent example of the Sugar Tax shows that systems can be devised in a way
that influences both producers and consumers.

A further issue concerns the impact of behaviour change on farmers. There would be costs involved in converting farms
away from meat and dairy production, and for some farms, change would not be viable. Farmers may be able to make up
for a change in UK demand by increasing exports, though this would offset mitigation of APs. Government may choose
to subsidise farmers directly through land management reforms aimed at improving biodiversity, though this naturally
has a cost and its own set of benefits.
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Confidence in the results
Uncertainties exist at all stages of the work presented here, for example:

1. Variability in the cost-effectiveness of emission control options on farms across the country, given differences in
farm size and type, soil conditions, weather conditions, etc.

2. Alternative perspectives on which health conditions should be quantified, with clear differences between those

selected here and those considered in the damage cost work of DEFRA (2023).

Selection of response functions from the health impact literature.

4. Differences in the coverage of the various elements of cost for health impacts, covering utility losses, primary, sec-
ondary and ongoing care needs, and productivity losses in both paid and unpaid work.

w

Discussion of uncertainties can give the impression that little is known with confidence. It is thus important to highlight
elements that are known with a high level of uncertainty. Key here is the linkage of air quality and diet to various
health conditions: while there may be debate about precise response functions and valuations, these linkages can be
considered robust given the body of evidence that they are based on. A substantial body of literature also supports the
view that these impacts are sufficiently large as to warrant policy evaluation with a view to understanding potential
policy interventions. Modelling of pollutant chemistry and dispersion certainly contains uncertainties, but results are
supported by extensive measurement of air quality across Europe and various model intercomparison exercises that
have been carried out in recent decades. Emission factors for NH, on farms, and the emission savings linked to various
control measures, have also been extensively researched. So while there are uncertainties in the analysis, they are only
a part of a larger picture where many elements are well known. The research team considers that the main conclusions
reached here are robust.

Research priorities

From a value of information perspective, the major research priority linked to this research concerns the design of tax/
subsidy systems for promoting behaviour change for healthier diets. It is important to get such a system right for several
reasons, including to improve understanding of:

e How schemes would work in practice?
e How schemes can efficiently change public behaviour in the way intended?
e Impacts on the farming sector.

This is identified here as a major research priority given the magnitude of benefits identified for dietary change.

A second priority concerns identification of mechanisms through which changes at farms would be financed. The
extremes range from farmers paying the full cost of measures taken at farms through to government fully subsidising
such changes, for example, using funding through green bonds.2® The measures considered here have benefits for the
three main objectives of green bond finance - climate mitigation, pollution reduction and improvement of biodiversity -
so they could well be considered as qualifying expenditures.

While estimation of costs is based on the best evidence available, it is recognised that the data presented are average
figures for both cost and NH, reduction and that there will be variability from farm to farm. Research is needed to
better understand this variability in order that finance can be directed where it will have the greatest benefit.

Further work is needed to ensure consistency in valuation across a range of health conditions. This work has already
started under the UK’s COMEAP in work expected to report in early 2024. Discussions from that work have helped
inform the valuation work in AMPHORA.
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Chapter 5 Patient and public involvement

Aims

The main aim of AMPHORA's patient and public involvement and engagement (PPIE) work was to interact with patients
and the public as research partners who would bring their different perspectives to help shape and guide the research
at all stages. We invited PPIE participations (hereafter, ‘community stakeholders’) to:

1. inform and strengthen the initial questions that AMPHoORA was asking

relate their lived experience and context to researchers’ ideas as the project went along

3. critically reflect on the practical implications of different scenarios and policy recommendations, including provid-
ing insights on potential concerns and opportunities that emerged as results took shape, and community-derived
data to support triangulation and

4. ensure that the communication of scientific data was clear and accessible for different audiences, able to inform
the development of locally and nationally relevant policy messages.

N

Our definition of ‘stakeholder’ was ‘any individual, group or organisation that has an interest in, is affected by or

can influence AMPHOoRA, positively or negatively. We framed our PPIE as an opportunity for social learning among
patients, the public and all other stakeholder groups, such as agency and not-for-profit partners. We aimed to work
with the following stakeholder groups involved in the links between atmospheric air pollution, public health and
the environment:

patients and the public

policy-makers and regulators

producers and sellers

health professionals

e food and environmental change advocates, including third-sector organisations

o AMPHORA researchers and other collaborators in the research community, including our sister project, AIM-HEALTH
(Effectiveness of agricultural interventions to minimise the health impacts of air pollution).

Methods

The backbone of our original proposed methodology was a series of face-to-face stakeholder engagement activities
that would bring together community stakeholders from the four UK nations at key stages of the AMPHoRA project.
Unfortunately, the COVID pandemic and resulting lockdowns coincided with the 2020 start of AMPHoRA, requiring us
to redesign our PPIE methods from scratch to accommodate the impossibility of in-person gatherings. This continued
to limit PPIE activities until the final few months of the project in 2023, when we were able to hold our first and only
face-to-face meeting of researchers and agency/community stakeholders.

Despite these constraints, our methodology still drew on participatory action research and participatory appraisal
principles. In particular, we sought to:

e keep barriers to access as low as possible as we and our community stakeholders learnt and navigate
new technologies

e ensure regular, clear communication so that community stakeholders and AMPHOoRA scientists could understand
each other and exchange ideas freely and

e maintain a warm, engaging, fun communication style to build rapport with and between participants.
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PATIENT AND PUBLIC INVOLVEMENT

2020-2: remote engagement
Our first step in 2020 was to convene two groups, in addition to AMPHoRA's internal groups:

1. Patients and public from the four nations (we generally referred to these as ‘community stakeholder groups’).
2. A ‘Core Stakeholder Group’ comprising government agencies, food and agriculture industry, the public, third-sector
organisations and academics, AIM-HEALTH (WP1 convened this group).

We initially used our long-term professional contacts in several organisations to identify individuals who might be
willing to form PPIE groups. We called these ‘Facilitating Organisations’:

e Northern Ireland: British Heart Foundation; Pink Ladies Cancer Charity

e Wales: Aber Food Surplus; PIRC UK

e Scotland: Machars and Cree Valley Climate Action Network (MAC-CAN); the 2050 Climate Youth Group; Douglas
Ewart High School

e England: Trent & Dove Housing; The Globe Foundation; Living Under One Sun.

These organisations contacted a number of people, most of whom gave permission for us to contact them. We decided
against using e-mails, opting for the more personal contact that telephone calls and hand-written letters offered. In an
initial phone call to potential volunteers, we explained what AMPHoRA was about and explored their own situation. If
they expressed interest in getting involved, we sent them an information leaflet (see Report Supplementary Material 1,
section 1). In follow-up phone calls, we discussed how they might like to contribute and what they would like to get out
of volunteering.

Over the next few months, we secured the interest of 38 people - 8 Northern Ireland (2 men, 6 women), 11 England
(1 man, 2 women), 9 Wales (2 men, 7 women) and 10 Scotland (4 men, 6 women). To each of these people, we posted
a ‘Welcome and Information Pack’ consisting of hand-written introductory letters on attractive greetings cards, official
welcome letters, consent forms (informed consent, photography, use of quotes), further information about AMPHORA,
a number of first-class stamps, and self-addressed envelopes for returning consents and other communications (see
Report Supplementary Material 1, sections 2 and 3). We followed up with telephone calls and slowly moved to e-mail
contact for those who wished to.

We held a series of online meetings in 2020-2 (see Report Supplementary Material 1, section 4 for an example), with
phone and e-mail exchanges in between. The order of activities was as follows:

1. Scoping meeting: initial meeting with participants from each nation, to introduce each other, explain the AMPHoRA
project in more detail, invite feedback and ideas to improve the research questions, discuss how we could best
communicate with one another and begin identifying what they would like the research to achieve from their point
of view.

Reflection meetings: follow-up meetings with participants from each nation.

3. Research planning meetings: two meetings in which people from two nations came together in one meeting to share
ideas. Members of the AMPHORA research team gave short presentations on planned research activities, joining
community stakeholder colleagues in mixed breakout groups to share ideas and discuss the AMPHoRA context from
different perspectives, and summarise these in plenary for reporting back to the wider AMPHoRA team.

4. Results discussion meeting: all four nations and members of the AMPHoORA team met to present emerging results
and likely scenarios, and to share further reflections on potential concerns, opportunities and communication needs
from community stakeholders.

N

In this way, AMPHORA researchers were either connecting directly online with patients and the public, or receiving
feedback from patient/public groups at all pivotal points in the project.

2023: in-person engagement
Our final 6 months of PPIE were devoted to sharing AMPHORA results and catalysing conversations around next steps
post project. We designed two End of Project (EoP) activities to bring together the outputs from each WP and facilitate
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discussions between agency and policy stakeholders, community stakeholders and the AMPHoORA team. These were a
2-day face-to-face workshop in Edinburgh and a 90-minute online webinar, both taking place in June 2023.

Prior to the EoP activities, we held final meetings with our community groups to give people an opportunity to explore
the different scenarios that were being finalised, reflect on their relevance and clarity and consider their potential
participation in EoP events. Outcomes from these discussions provided final input for the research and modelling
efforts. Three of these were face-to-face [England (2 x 2 hours); Northern Ireland (2 days of meetings with groups of
patients, participatory activities and 1 : 1 discussions); Scotland (several small group and 1 : 1 meetings)].

Thirty-three people attended the Edinburgh workshop (8 community stakeholders), and 22 people took part in the
online webinar (3 community stakeholders; please see Report Supplementary Material 1, section 5). In order to facilitate
interactive, data-rich sessions with a diversity of lay people, including patients and youth groups, we focused the EoP
workshop on three questions:

Q1. Where did AMPHoRA come from, and why was AMPHORA asking those questions?

Q2. Where are we now? What questions have we been able to answer, and what do those answers mean? What are
the implications?

Q3. Where do we go from here? Actions we will now take.

We discussed Q1 in a plenary discussion before facilitating Q2 via a poster exhibition of project research areas and
what we termed a ‘Gallery Walk’. This was an opportunity for attendees to review and discuss each poster in turn as
they walked around with the project team. For Q3, participants were split into four groups, each with a random mix of
community and agency stakeholders, and AMPHoRA team members. Through a ‘carousel’ technique, people had the
opportunity to build on each other’s ideas concerning AMPHORA's research outcomes. This was achieved by spending
15 minutes at one of four ‘stations’ before moving on to the next. Each station had a different theme to structure the
implications of AMPHoORA's research and potential next steps. The themes at the first three stations were based on the
acronym ‘STEEPL (Social, Technical, Environmental, Economic, Political and Legal), with the fourth station focused on
‘Blue Skies Thinking’.

At all stages of the PPIE process, we followed due diligence with respect to data protection, ethical considerations and
participant consent in line with NIHR guidelines.

Study results

Positive outcomes from PPIE efforts informed the development, delivery and use of AMPHORA project science arose in
four thematic areas:

maintaining a focus on action and applied results

prioritising the connections among the AMPHoRA WPs

reframing ‘involving’ the public and patients, to a focus on research ‘partnership’ with them
developing ideas that could inform the design of future projects

APONdR

Maintaining a focus on action and applied results

The main positive result from the PPIE in this study was the way in which community stakeholders and AMPHoRA
researchers were able to build a supportive, powerful approach to collaboration that was relevant for the research
and empowering for the people involved. By the EoP workshop in Edinburgh, when people finally met face to face
for the first time (including many AMPHoRA team members), people reported feeling like everyone was on the
same team. Mutual trust, positive relationships and connectedness enabled considerable progress in refining the
research outputs, relating these to potential policy recommendations, ideas for action in real-world contexts, and
approaches to dissemination and follow-up. See Box 1 for data from the Edinburgh EoP workshop that supports
this theme.
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PATIENT AND PUBLIC INVOLVEMENT

BOX 1 Examples of participant feedback on AMPHoRA's focus on applied results

‘I am impressed with the breadth and depth breath of the work undertaken by the specialists and how it has all been brought
together. And it has been a privilege to have the opportunity for the voices of non-professionals heard'.

‘| felt included throughout the process and positive that the project is making an impact’.

‘The event itself has given me, personally, confidence that ordinary citizens do have agency - we just need to grow the grass roots
movement and more quickly as possible’.

‘As a community organisation representative, it has been tremendously useful to be part of the AMPHoRA project’.

Communications, reports and dissemination ideas from the workshop were all finalised after high-quality
communications between researchers and the public. As a result, all projects were in plain English with many visual
presentations, and explained in a way that PPIE group members could communicate them to their own organisations
and communities.

Prioritising the connections among the AMPHoRA work packages

A second positive result of PPIE was the community stakeholders’ regular emphasis on understanding the
interconnections between atmospheric pollution, on-farm changes, dietary changes, public health impacts and
cost-benefits of decision-making. AMPHORA was designed to address the complexity of the research landscape, a
complexity given a practical focus through PPIE. Community stakeholders helped support the connections between
the WPs, and interrogated AMPHOoRA's social, environmental and policy context with their reflections and questions,
asking big questions and bringing a sense of shared endeavour. See Box 2 and Report Supplementary Material 1, section
6 for examples of big-picture thinking provided by community stakeholders in initial online meetings. Quotes have been
edited slightly for clarity.

Reframing ‘involving’ the public and patients, to a focus on research ‘partnership’ with them

A third positive outcome from AMPHoRA's PPIE was the emphasis that community, policy and scientific streams of
work were all happening concurrently, and could be interwoven through regular engagement. This was most obviously
shown through the EoP activities (see Box 3, quotes lightly edited for clarity) but also commented upon by AMPHoRA
researchers who participated in early online meetings. Researchers spoke of the value of hearing from community
stakeholder about the local projects that were taking place and that could be strengthened by AMPHORA research.
Similarly, community stakeholders appreciated being recognised as active contributors to societal conversations about
the connections between public health, agricultural pollution and climate change.

Developing ideas that could inform the design and communication elements of future projects

Finally, PPIE led to strong interest from community stakeholders in taking forward any recommendations from
AMPHOoRA concerning diet and nutrition that could support healthy lifestyles, with at least three organisations saying
that will implement any of AMPHoRA's findings that would add value to their work. Similarly, AMPHoRA researchers
identified at least two projects related to nitrogen futures and plant-based school lunches that would be informed by
the AMPHORA PPIE discussions.

BOX 2 Examples of community stakeholder insights on connections between AMPHORA research areas

‘Doctors often see the consequences of air pollution and dietary issues rather late - by the time people arrive in hospital or the
GP clinic, the focus is on treatment. Early intervention and prevention are better. For this, we need changes in our diet and food
production systems. Type Il diabetes and strokes are big problems’.

‘Agricultural pollution comes in lots of forms - methane, nitrous oxide, pesticides, insecticides, dust particles, ‘direct drill’ fertiliser
vs. spray fertiliser, water pollution from runoff, ammonia, emissions from transport and refrigeration, smells, and so on’.

‘There are lots of things that food ‘should/could’ be: organic, nutritious, seasonal, sustainable, local, regenerative agriculture,
cruelty-free ...

‘Diets are contributing to the childhood obesity crisis, but it's hard for deprived (time-poor, money-poor) families’.
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BOX 3 Examples of a partnership mindset between AMPHORA scientists and stakeholders at the end of EoP workshop

‘This is a complex issue with many people needed, but opportunity to benefit all society’.

‘Feeling a bit emotional to have met so many people who care about these issues and make a difference in their various ways’.
‘I'm going to follow up on new contracts - take back to home organization'.

‘This is multi-level work; so many places to get involved.

‘Excited to meet so many great people and make new connections’.

‘Now we have the science, we need even more engagement with communities’.

‘Loved this concept - I'd love to see more projects work like this. There was a coherent story/flow to the Work Packages and
heaps of points where the people who the research will impact can get involved and drive the research’.

Our AMPHORA colleagues also felt empowered by the PPIE process itself, especially the online engagement with the
public, and the Edinburgh workshop. Our research colleagues noted that the project was initially designed to inform
policy action and to inform people about the often-less-well-known connections between agricultural food production,
air pollution and health. For some, the PPIE process enabled the project team to develop a set of policy scenarios that
balanced high levels of ambition with practical policy constraints.

In this respect, one colleague noted that

PPIE activities served as an excellent ground-truthing exercise, helping me and the project team at both strategic and
operational levels to relate the planned research to community and stakeholder needs ... the team greatly benefited from
input from civil society representatives, policy and regulatory stakeholders, both in shaping our research and in formulating
the key messages vis-a-vis our outcomes.

Another noted that the PPIE process ‘influenced how | delivered the messages to various stakeholders in the final
report and will also shape how | do so in the future’.

Other colleagues were conscious of the need to develop a clear narrative for their research area that not only enabled
plain English descriptions for patients and the public but also led to increased understanding between the scientific
disciplines and WPs, with less ‘silo’ work in this project than in some others they have worked on. This improvement in
communications was elaborated on by another colleague, who stated that

the engagement helped us to consider and review our communication methods (often we find ourselves just speaking
with other scientists), and also gave a great appreciation of the wide variety of ‘stakeholders’ with an interest in the
topics we were covering and the multidisciplinary of the work and of trying to seek solutions. In particular, the potential
power of local action groups and support groups to bring about change was highlighted and stressed the need for strong
engagement at that level, in addition to our more usual communication pathways through industry or government
policy groups.

The process of patient and public involvement and the positive interactions provided insights for some researchers
more than others, depending on their WP brief. One colleague noted,

The PPl engagement provided a useful perspective to gauge the range of awareness and insight into the health effects
of air pollution, in general, and then how this knowledge fed into the interactions with agricultural. The interactions
highlighted the sizeable gap between public awareness and the specific question of the potential health effects of
agricultural emissions, which in many ways mirrored the lack of clarity in the scientific literature in this area. Overall, this
emphasises the size for better communication of the complexity of the air pollution mixture, who is exposed to what, and
where the health risks may (or may not) lay.
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PATIENT AND PUBLIC INVOLVEMENT

Coming later in the research process, some WPs were struck by how complex messages may be seen as mixed
messages, again feeling that avoiding this was an important element of dissemination, viz.:

PPI activities, especially stakeholder workshops ... revealed that some stakeholders, such as consumers and local citizens
groups, are very keen on changing their behaviours (eating habits) for the environment and health. The impacts of our
science messages for them were tremendous. Uncertainties around the main message proved difficult to communicate
clearly. We, as scientists, need to be cautious not to give mixed messages and the PPI process helped us to clarify how to
do this.

Limitations

Despite these strengths, there were some limitations to the AMPHoRA PPIE efforts. The main downside of the PPIE
effort was the limited diversity in the community stakeholder groups. Despite several attempts, it proved not possible
to bring several groups into the research. In particular, we were in regular contact with a youth group at a Scottish high
school, and a diverse group of residents in north London who wish to be involved. However, due to COVID, people had
no time to do so, because the school had to catch up with the curriculum elements that were lost, and the community
group had to focus on maintenance and fundraising issues for their own organisation.

The dissemination and outreach work we have done and our post-project efforts to come will in some way make up
for this. Still, our community stakeholder groups had only two minority ethnic people, no one under 24 and most had
college education or vocational training. Ironically, the few local people from poorer backgrounds who were involved
had to back out after the first meeting because of child care and other responsibilities or because they themselves had
hospital treatment to catch up on.

Discussion and conclusions

At regular stages throughout the project, community stakeholders contributed their experiences and ideas related to
the core scientific themes of AMPHORA, namely:

e diet, nutrition and health

how our food is produced

agricultural pollution

climate change and

the relationships between these things.

The AMPHOoRA researchers read community comments and had verbal feedback from the early meetings to inform their
scenario modelling. They then shared initial scenarios with community stakeholders for feedback and refinement, and
later shared findings from their scenario modelling for additional community stakeholder input.

During several online meetings, researchers had direct communication with community members, allowing questions
and answers in real time. In our results discussion meeting, we asked community stakeholders to give presentations
about their projects and situations first, so that researchers could respond to them and build on what they said. A real
sense of collaboration and shared purpose quickly developed, as researchers worked to craft language and visuals that
helped to communicate emerging research results.

Reflections/critical perspective

The two primary challenges for AMPHORA PPIE related to process and participation. Both of these challenges were
exacerbated by the COVID pandemic.
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Process: a shift to online engagement

Our planned events were designed to build and maintain positive, effective relationships and high-quality, regular
communications. Achieving these things in the absence of normal human contact was our immediate challenge, one
that required an entirely different approach based on technologies and capacities that had yet to be learnt by us and by
those whose engagement we were seeking.

The consequences were immediate and lasted the life of the project. All meetings had to be held online via a computer
or with ‘smart’ devices. For over 2 years, the only people able to participate in group meetings were those who had
access to these, with the confidence and skills to use Zoom (Zoom Video Communications, San Jose, CA, USA) or
mobile technology. This had to include training and support for community stakeholders who were less confident using
these technologies. We, therefore, lost the fun, creative and powerful methodologies that relied on in-person contact,
movement and the part structured, part organic processes of successful group work. We even lost one of the most
critical components of any successful project - a powerful, energy-building, relationship-building inception workshop.
All these things had rapidly to be moved to virtual events with an almost complete redesign of our process.

It was crucial at the outset of the PPIE to be mindful of the needs of stakeholders who may not be used to digital work,
whose internet speeds may be poor, and for whom this medium might raise special concerns regarding their ‘on-screen’
appearance and issues of confidentiality. We addressed this through supportive 1 : 1 discussions, training and using
engaging methods that brought some fun into activities. In a sense, because everything was so new with digital
consultation and meetings, we had to ‘do it before we could develop it

Participation: under-representation from marginalised groups

The people involved in AMPHoRA's PPIE were aged early 20s to late 70s, with a variety of backgrounds, interests and
health/disability issues. We were unable, however, to recruit a sufficiently diverse group with regard to age or ethnicity.
Only two of our community stakeholders came from minority ethnic backgrounds.

The COVID restrictions with respect to youth engagement and wider recruitment of ethnic minority groups and
low-income groups meant that people from those communities were overwhelmed and unable to take on additional
engagement in a project like AMPHORA. Several schools and youth groups who wished to be involved were still playing
catch-up with their own regular schoolwork even as AMPHoRA ended.

We had hoped that taking a more dispersed approach, conducting socially distanced focus groups in each nation, would
enable us to work through local leaders and facilitators to increase the number of patients and community members

we could involve in AMPHoORA. Unhappily, this was not to be. By this time, there was a degree of Zoom fatigue on

the part of all community stakeholders, added to which their own local initiatives and normal lives had resumed post
pandemic. People felt unable to commit the time as post-COVID work and personal demands increased, adding to the
bias towards people who did not have other responsibilities and were busy ‘doing’. A further challenge was the loss

of half a dozen participants from the focus groups due to changes in their own circumstances. Some could not attend
meetings because of work, child care or other responsibilities but were able to give feedback on the scenarios via e-mail
or telephone after the meetings.

The people were involved, though, actively engaging with the research, adding rich contextual data, outlining the
contexts and conditions in their communities and workplaces and ensuring that the research was grounded in

practical realities facing them. Many were active volunteers in their own communities and shared their own efforts in
public health, environmental, and food and diet goals. These exchanges provided AMPHoORA colleagues with clearer
understandings of how different environmental and social policies are received in rural and urban settings across the
UK, reflection on the modelling and other research outputs, and the build-up to the final Gallery Walk engagement and
dissemination event. Additionally, one member of the WP6 team works often in Africa and has discussed AMPHoRA
with colleagues there who expressed considerable interest in learning from AMPHoRA. We will give a seminar on the
project and its findings to staff and students at Egerton University, Kenya, later in 2023, as part of expanding post-
AMPHORA activities.
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EQUALITY, DIVERSITY AND INCLUSION

Chapter 6 Equality, diversity and inclusion

Participant representation

Please refer to Reflections/critical perspective.

Reflections on the research team and wider involvement
The UKCEH is the lead institute on the AMPHORA project with their own equality, diversity and inclusion policy.®

The project team were composed of researchers and consultants from across six organisations based in the UK of
various sizes and types (university, research organisation, small- and medium-sized consultancies). The project team had
a gender split of approximately 44% female and 56% male. The expertise of individuals in the project team covered a
range of topics and, when combined, enabled project goals to be met: agricultural sciences; nutrition-health modelling;
food and nutrition for global health; environmental epidemiology; cardiovascular effects of air pollution; nutrition

and sustainability; atmospheric modelling of APs; atmospheric chemistry and effects; modelling of environmental
interventions and their impacts on human health; spatial modelling of atmospheric emissions, concentrations,
deposition and effects at national and landscape scales; economic valuation and MCDA,; social science, facilitation,
stakeholder engagement and PPIE.

This multidisciplinary research team engaged in co-design and codevelopment throughout the research project with
both organisational stakeholders, and private citizens, as part of its PPIE approach. The composition of the private
citizen group, also referred to as the ‘community stakeholder group’, had a gender split of about 70% female and

30% male (person numbers for the four nations of the UK are provided in Reflections/critical perspective). Despite

many efforts, it proved not possible to secure a greater diversity of ethnic groups; other than the two minority ethnic
participants, everyone else was of White British/Irish background. Similarly, a majority of citizen stakeholders were over
45 years old. About one-third of the community stakeholders had underlying health issues that were relevant to our
study. The group was composed of people working or volunteering in various sectors across the four nations of the UK,
for example: charity groups covering local issues (food production and waste, environmental protection, climate change,
community hubs) and national issues (health); teachers (secondary school), doctors [general practitioner (GP)], animal
welfare (veterinary surgeon) housing associations and environmental community interest company.
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Chapter 7 Impact and learning

e Many previous studies of dietary change have focused on the maximum benefits that could be achieved in
theory, but which did not focus on specific policies. AMPHoRA modelled the effects of different approaches to
reducing meat consumption and was thus able to determine which of these would meet targets for health and the
environment simultaneously.

e Other work stemming from this integrated approach is looking at individual behaviour change and how people could
be persuaded to make these changes to their diets (e.g. the Accelerating Behaviour Change towards Sustainable and
Healthy Diets in Europe project funded by the AF Jochnick Foundation).®®

e Dietary results from AMPHORA have already been presented to UK stakeholders, including DEFRA, UK Health
Security Agency and the Department for Health and Social Care, in order to help inform future food and
agricultural policy.

e Avrange of technical interventions identified for application at UK farms to reduce NH, emissions show health
benefits greater than their costs. This includes some that can be cost-negative even before accounting for health and
environmental benefits, for example, through reducing demand for nitrogenous fertiliser.

e By the end of the project, community stakeholders felt very close to the research questions and the results that
AMPHOoRA researchers presented, understood the research well and could relate AMPHORA research outcomes
to potential policy and practice. Future research would benefit from engaging relevant community stakeholder
groups and regulatory bodies at the identification/design stages of the project cycle. This could help to build a
multistakeholder research partnership from the outset, framing the research questions collaboratively in ways that
implementers and communities could identify with earlier in the research process.

e The way in which effective cross-disciplinary research and multistakeholder research partnerships can be built
is itself a researchable question. A well-facilitated kick-off/inception meeting is fundamental for building team
spirit, strengthening the ‘how to do’ of cross-disciplinary research, gaining buy-in and building a sense of shared
responsibility and excitement about each other’s efforts. As this kick-off meeting could not be conducted within
AMPHORA in person because of the COVID pandemic, the early-stage collaboration and co-designing of the
research as intended did suffer as a consequence of this.

o However, despite this and the loss of two key project team members, our sense of shared endeavour, responsiveness
and approaches to collaboration grew as time went on, so that by the time of the final workshop the sense of each
WP’s contribution was strong and the strength of the original research design really came through.

e Once research questions have been framed, it is important to retain a degree of flexibility in order to address
changes either in the research context (e.g. policy changes) and any unintended or emerging issues that research
partners want to include (climate change and the biodiversity crisis being perhaps the most relevant for us, and
frequently raised by our community stakeholders).

e Further research on WPé's participatory processes - especially (1) enhancing the development and use of virtual
(e.g. Zoom) platforms for engaging geographically dispersed groups and (2) refining our gallery-style approach to
presenting results and catalysing cross-disciplinary conversations among researchers from different disciplines,
agency and community stakeholders.

e Community-based organisations embedded air pollution, agricultural emissions and their efforts regarding food,
health, nutrition and climate change into their policy, strategy and practice discussions. Examples include one large
housing association stressing these things for their residents’ quality of life; one climate change-focused group
bringing agricultural air pollution into their discussions; one food-based community organisation, one health charity
and a GP focusing on implications of agricultural air pollution for their work.

e The long-term impacts of AMPHoRA could include but are not limited to:

1. mobilising further local efforts on healthy eating, food and nutrition among those groups that were involved,
and their own conversations with broader constituencies

2. greater understanding of different pollution sources and air quality, and the implications for diet, nutrition and
economic input into decision-making

3. the researchers involved in AMPHORA feeling more confident about community engagement and cross-
disciplinary research.
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IMPACT AND LEARNING

e We have established follow-up dissemination discussions with one school, one community-based organisation in
London, colleagues in Ireland, a housing association in Staffordshire, a climate group in Scotland and colleagues in
Kenya - at Egerton University [with a post-graduate student researcher, and with Centre of Excellence in Sustainable
Agriculture and Agribusiness Management (https:/cesaam.egerton.ac.ke), and in local communities]. AMPHoRA
results will be the subject of a seminar which will be facilitated by AMPHoRA PPIE team members at Egerton
University in November 2023. The AMPHoRA team intends to explore the potential for transnational collaboration
in future research with Kenyan colleagues and communities.
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Chapter 8 Implications for decision-makers

he AMPHORA research was codeveloped with policy stakeholders and key decision-makers through the ongoing

engagement throughout the project. Furthermore, through close collaboration with the sister project AIM-HEALTH
(https:/fundingawards.nihr.ac.uk/award/NIHR129449), as well as applied research into future strategies for managing
agricultural nitrogen funded through the JNCC (https:/jncc.gov.uk/our-work/nitrogen-futures/), safeguards were met
that AMPHORA assumptions and scenarios were well aligned with existing policy assessments. The scenarios arising
from AMPHORA were harmonised with existing policy scenarios. The integrated assessment of both technical mitigation
options in the agricultural sectors, as well as the impact of dietary change on both emissions and health, highlights the
importance of such cross-sectoral and interdisciplinary studies to fully investigate the potential and implications of
policy decisions beyond a single-issue focus.

The results of the dietary modelling indicate that a tax on meat and dairy coupled with a subsidy on fruits and
vegetables would enable the UK to meet its target for reduced meat and dairy consumption and would also have a
positive impact on population nutrition.

Supporting consumption of plant-based meat and dairy alternatives would also meet government targets, but would
have a less positive impact on nutrition.

Both scenarios would reduce agricultural air pollution and would therefore confer multiple benefits for the UK
population, including those in the lowest income brackets.

The precise balance of costs and benefits at specific farms will vary for individual measures, reflecting local conditions
such as soil types and the design of existing facilities on farm. Further research to better understand this variability
would be beneficial, for example, to enable better targeting of the farms, where investments would yield the greatest
benefits. This could be embedded in the design of policy measures with a focus on spatial targeting of interventions to
protect sites especially vulnerable to nitrogen deposition impacts, taking into account the socioeconomic dimension as
well as ecological and biodiversity considerations based on sound socioecological approaches.
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RESEARCH RECOMMENDATIONS

Chapter 9 Research recommendations

1. Thereis a need for large-scale epidemiological studies, covering both urban and rural populations, to investigate
associations between agricultural-derived PM and ‘hard clinical outcomes’ (e.g. mortality, ICD-coded health con-
ditions). These studies should measure specific PM constituents (e.g. ammonium compounds) and perform source
apportionment, as well as consider confounding factors such as non-agricultural AP constituents and other relevant
variables (e.g. socioeconomic variables).

2. Afurther area for future research should be focused on understanding the health model behaviour, including the
impacts of major assumptions and to quantify uncertainties using Monte Carlo simulation or similar methods.

3. Regarding dietary scenarios, efforts should be undertaken to improve the understanding of the relationship be-
tween a range of food intakes and each health outcome (nutritional epidemiological research).

4. In order to ensure even treatment in the evaluation of different interventions, further work is needed to ensure
consistency in valuation across a range of health conditions. This work has already started under the UK’s COMEAP
in work expected to report in early 2024. Discussions from that work have helped inform the valuation work in
AMPHORA. Further research could explore impacts of specific local policies for dietary change, for example, chang-
es to public procurement by local authorities or schools.

5. While estimation of costs for on-farm reduction in NH, emissions is based on the best evidence available, it is rec-
ognised that the data presented are average figures for both cost and NH, reduction and that there will be variabil-
ity from farm to farm. Research is needed to better understand this variability in order that finance can be directed
where it will have the greatest benefit.

6. In order for dietary change to happen, tax/subsidy schemes need to be well designed, and innovation in food pro-
duction needs to be carefully targeted. Both areas would benefit from further research. This should include consid-
eration of public behaviour in response to such initiatives, both in terms of willingness to change and what drives it
(e.g. the quality and availability of alternatives, and knowledge of recipes for low meat/dairy options) and potential
for opposition (e.g. accusations of interference in the private lives of citizens).

7. There is a significant knowledge gap in the process of evaluating interventions which concerns the consequenc-
es of dietary change for the agriculture sector. A significant reduction in demand for meat and dairy products, for
instance, could have major consequences for UK agriculture. A wide range of outcomes are possible. Reduction in
domestic demand could simply lead to an increase in export of meat and dairy goods. At the other extreme, it could
cause farmers to switch to alternative crops and take some land out of production, which may affect the viability of
some farms. A detailed evaluation of the probability of different outcomes specific to the changes in consumption
patterns assessed here was not possible given the range of variables that would affect production. Further research
would enable the sector to be better prepared for change, with improved understanding of the range of outcomes
that are possible.

8. Related to this is a need for identification of mechanisms through which changes at farms would be financed
whether for introducing on-farm NH, controls or for responding to changes brought on by dietary change. The ex-
tremes range from farmers paying the full cost of measures taken at farms through to government fully subsidising
such changes, for example, using funding through green bonds. We note that the measures considered here have
benefits for the three main objectives of green bond finance, climate mitigation, pollution reduction and improve-
ment of biodiversity, so they could well be considered as qualifying expenditures.

From a value of information perspective, it is important to ask which of these recommendations will bring the greatest
benefit. This is not an easy question to answer, as priorities for any individual will be likely to reflect their own expertise.
It can be argued that priority should be given to research that establishes the need for action or refines knowledge of
impacts such that actions can be closely and efficiently targeted. It may also be argued that priority should be given to
the design of measures, in order to understand what works and what does work so well, and the potential improvement
that may be achieved from different courses of action. The time taken for research is also important, particularly

at the present time when the climate agenda, in particular, is driving rapid change in some sectors. Taking this into
consideration, the following three key recommendations are made:
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Given the magnitude of benefits from dietary measures compared to on-farm NH, controls, the results of this research
suggest that priority in health research should be given to improving the understanding of the relationship between

a range of food intakes and each health outcome, over measures that improve knowledge of air pollution effects

on health.

Given that health benefits will be a function of policy design, research to see what will most efficiently influence human
dietary behaviour is also of high importance.

Given impacts on the agricultural sector, research on the effects of dietary change on the scale envisaged here (noting
that this did not extend close to full vegetarianism/veganism) on farmers and agricultural production generally in the
UK is also important.
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CONCLUSIONS

Chapter 10 Conclusions

70

The outputs of this study suggest that dietary changes can bring greater human health benefits than reductions in
PM exposure related to agricultural NH, emissions.

The impacts of agricultural NH, emissions on human health should not be overstated but must be fully justified by
the relevant science.

The impacts of NH, emissions on habitat degradation through nitrogen deposition and the importance of agricultural
NH, emissions to this are well documented, and this study demonstrates the benefits that human dietary changes
would have regarding lower emissions (and hence N deposition) in addition to the human health benefits.

Relatively small dietary changes (i.e. not total vegetarianism or veganism but merely reducing meat and dairy eating
occasions by a small number per week) could help meet environmental targets and also improve population health.
The literature review conducted within this study highlighted that health effects of agricultural emissions have not
been fully elucidated by the pre-existing research literature.

Epidemiological studies suggest that exposure to ammonium-derived PM may exert health effects which could
increase the risk of mortality and cardiorespiratory morbidity, albeit the data are limited and inconsistent.

There is a need to better align this evidence with toxicological studies which suggest that (pure) ammonium nitrate
and sulfate have only very modest toxicity.

Innovative methods are needed to assess the relative toxicity of agriculturally derived PM using exposures that more
accurately capture the physicochemical composition of real-world emissions than administration of pure ammonium
compounds to experimental models. Direct comparisons to other, more well-studied, sources of PM (e.g. urban PM
reference materials, diesel exhaust particles) would be valuable.

Our results of health modelling based on the investigated scenarios suggested health benefits in terms of the
number of deaths, incidence and LYs gained, with the greatest benefits predicted for the older age group. Most of
these benefits were brought about by predicted changes in dietary factors with a lower contribution from changes in
PM, . exposure. Health benefits of the investigated scenarios showed inequality among household income groups:
lower-income groups receive higher health benefits of the investigated scenarios.

Following from these results, the greatest economic benefits were associated with dietary change. However, benefits
linked to changes in NH, and GHG emissions were also important.

Economic analysis indicates that the benefits of most on-farm measures for reducing emissions of NH, generate a
net benefit, with these benefits boosted by the cobenefit of reduced emissions of GHGs. The margin of benefit over
cost for these measures suggests that this observation is robust in the face of the uncertainties that exist.

A small number of measures were identified as not generating a net benefit even when the benefits of reduced NH,
and GHGs were combined. However, these account for only a small part (< 20%) of the identified technical potential
for emission reductions.

Given the benefits identified for dietary change, further work is needed to understand its impacts on the agricultural
sector to facilitate a smooth and equitable transition.

Further research is needed on the design of a mixed tax/subsidy approach to encourage dietary change to maximise
the efficiency of any pricing signals that are introduced.

From a PPIE perspective, building and maintaining successful multistakeholder research partnerships should be
considered a key element to build into future research collaborations, especially ideas around community-led efforts,
community and agency collaboration, engaging minority groups, engaging young people, citizen science and so forth.
Achieving this is in itself a research objective that could be embedded into future research.

Building partnerships based on strengths that are already in place (e.g. what community stakeholders are already
doing) is not only courteous and respectful - it works!

The issues that AMPHORA researched were very important for community groups and individuals involved in our
research partnership.

NIHR Journals Library www.journalslibrary.nihr.ac.uk



DOI: 10.3310/GJSR2325 Public Health Research 2026 Vol. 14 No. 3

Additional information

CRediT contribution statement

Stefan Reis (https:/orcid.org/0000-0003-2428-8320): Conceptualisation (equal), Funding acquisition (lead),
Investigation (equal), Methodology (equal), Project administration (lead), Validation (equal), Visualisation (equal),
Writing - original draft (equal).

Rachel Beck (https://orcid.org/0009-0005-9645-8001): Data curation (equal), Formal analysis (equal), Investigation
(equal), Methodology (equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Ed Carnell (https:/orcid.org/0000-0003-0870-1955): Data curation (equal), Formal analysis (equal), Investigation
(equal), Methodology (equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Ulrike Dragosits (https://orcid.org/0000-0002-9283-6467): Formal analysis (equal), Investigation (equal), Methodology
(equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Rosemary Green (https://orcid.org/0000-0001-5850-6715): Data curation (equal), Formal analysis (equal), Investigation
(equal), Methodology (equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Mike Holland (https://orcid.org/0000-0002-9732-9595): Formal analysis (equal), Investigation (equal), Methodology
(equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Megan Jones (https:/orcid.org/0000-0002-4284-3650): Conceptualisation (equal), Formal analysis (equal),
Investigation (equal), Methodology (equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Scott Jones (https:/orcid.org/0000-0003-1732-862X): Conceptualisation (equal), Formal analysis (equal), Investigation
(equal), Methodology (equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Alison McCann (https://orcid.org/0000-0002-2251-2643): Formal analysis (equal), Investigation (equal), Methodology
(equal), Validation (equal), Visualisation (equal), Writing - original draft (equal), Writing - editing and reviewing
(supporting).

Mark Miller (https://orcid.org/0000-0002-7078-597X): Formal analysis (equal), Investigation (equal), Methodology
(equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

James Milner (https://orcid.org/0000-0003-0304-639X): Data curation (equal), Formal analysis (equal), Investigation
(equal), Methodology (equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Ai Milojevic (https:/orcid.org/0000-0002-8680-6843): Data curation (equal), Formal analysis (equal), Investigation
(equal), Methodology (equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Tom Misselbrook (https://orcid.org/0000-0002-4594-3606): Formal analysis (equal), Investigation (equal), Methodology
(equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Angelica Orsi (https:/orcid.org/0009-0008-1219-2683): Project administration (supporting), Writing - original draft
(supporting), Writing - editing and reviewing (lead).

Silvia Pastorino (https://orcid.org/0000-0001-6679-4702): Data curation (equal), Formal analysis (equal), Investigation
(equal), Methodology (equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Copyright © 2026 Reis et al. This work was produced by Reis et al. under the terms of a commissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access 71
publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and

for any purpose provided that it is properly attributed. See: https:/creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals

Library, and the DOI of the publication must be cited.


https://orcid.org/0000-0003-2428-8320
https://orcid.org/0009-0005-9645-8001
https://orcid.org/0000-0003-0870-1955
https://orcid.org/0000-0002-9283-6467
https://orcid.org/0000-0001-5850-6715
https://orcid.org/0000-0002-9732-9595
https://orcid.org/0000-0002-4284-3650
https://orcid.org/0000-0003-1732-862X
https://orcid.org/0000-0002-2251-2643
https://orcid.org/0000-0002-7078-597X
https://orcid.org/0000-0003-0304-639X
https://orcid.org/0000-0002-8680-6843
https://orcid.org/0000-0002-4594-3606
https://orcid.org/0009-0008-1219-2683
https://orcid.org/0000-0001-6679-4702

ADDITIONAL INFORMATION

Jennifer Raftis (https://orcid.org/0000-0001-6553-3084): Formal analysis (equal), Investigation (equal), Methodology
(equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Anoop SV Shah (https://orcid.org/0000-0002-2825-3419): Formal analysis (equal), Investigation (equal), Methodology
(equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Massimo Vieno (https:/orcid.org/0000-0001-7741-9377): Data curation (equal), Formal analysis (equal), Investigation
(equal), Methodology (equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Ryan Wereski (https:/orcid.org/0000-0001-6485-453X): Formal analysis (equal), Investigation (equal), Methodology
(equal), Validation (equal), Visualisation (equal), Writing - original draft (equal).

Other contributions
Paul Wilkinson: Conceptualisation (equal).

Alan Dangour: Conceptualisation (equal), Investigation (equal), Methodology (equal).
Josie Williams: Project administration (supporting).

Amy-Rose Holland: Visualisation (supporting).

Johanne Howes: Writing - editing and reviewing (supporting).

Scott Jones: PPIE (equal).

Megan Jones: PPIE (equal).

Acknowledgements

The AMPHoRA team explicitly would like to acknowledge the contributions and guidance from Paul Wilkinson,
London School of Hygiene and Tropical Medicine, who passed away unexpectedly on 11 September 2022, way before
his time. Paul’s input and creativity have shaped AMPHoRA from the beginning, his wealth of experience and his
kindness inspired and guided the project team and we are forever grateful for the opportunity to work with him on this
research project.

The project team expresses its gratitude to Amy-Rose Holland (www.amyroseholland.com/) who produced artwork and
illustrations for the stakeholder event in Edinburgh (8-9 June 2023) and further contributed to the project providing an
artist’s viewpoint, which proved invaluable in shaping communications with non-scientists.

Data-sharing statement

Requests for data generated from AMPHoRA should be sent to the corresponding author, Stefan Reis (srei@ceh.ac.uk).

Ethics statement

Ethics approval to conduct this research was received from Reading Independent Ethics Committee on 22 October
2020 (project reference: UKCEH AMPHoRA).

72

NIHR Journals Library www.journalslibrary.nihr.ac.uk


https://orcid.org/0000-0001-6553-3084
https://orcid.org/0000-0002-2825-3419
https://orcid.org/0000-0001-7741-9377
https://orcid.org/0000-0001-6485-453X
www.amyroseholland.com/
mailto:srei@ceh.ac.uk

DOI: 10.3310/GJSR2325 Public Health Research 2026 Vol. 14 No. 3

Information governance statement

United Kingdom Centre for Ecology & Hydrology and Mind the Gap Training and Research organisations are committed
to handling all personal information in line with the UK Data Protection Act (2018) and the General Data Protection
Regulation (EU GDPR) 2016/679.

Local community stakeholders data: Under the Data Protection legislation, Mind the Gap Training and Research is
the Data Controller, and you can find out more about how we handle personal data, including how to exercise your
individual rights by contacting: Dr Scott Jones co-director of Mind the Gap Training and Research at scott@mind-the-
gap.net; 07799118454; Barholm Enterprise Centre, St John St, Creetown, DG8 7JE, Scotland.

Policy stakeholders data: Under the Data Protection legislation, UKCEH is the Data Controller, and you can find out
more about how we handle personal data, including how to exercise your individual rights and the contact details for
our Data Protection Officer in the UKCEH Data Protection Policy here: www.ceh.ac.uk/sites/default/files/UKCEH-
Data-Protection-Policy-29112019.pdf.8¢ Information on UKCEH'’s policies on data security®” and working with sensitive
data® can also be obtained from the UKCEH Data Protection Officer.

Disclosure of interests

Full disclosure of interests: Completed ICMJE forms for all authors, including all related interests, are available in the
toolkit on the NIHR Journals Library report publication page at https:/doi.org/10.3310/GJSR2325.

Primary conflicts of interest: Mike Holland declares consulting fees from DEFRA and the European Commission; and vice
chair position of the European Monitoring and Evaluation Programme under the UN/ECE Air Convention.

Mark Miller declares roles on the committees of the Medical Effects of Air Pollution and the World Heart Federation
Air Pollution Expert Group; and consultancy fees for Friends of the Earth Northern Ireland. James Milner declares
consulting fees received from the C40 Climate Leadership Group.

Copyright and credit statement

Every effort has been made to obtain the necessary permissions for reproduction, to credit original sources
appropriately and to respect copyright requirements. However, despite our diligence, we acknowledge the possibility of
unintentional omissions or errors and we welcome notifications of any concerns regarding copyright or permissions.

Publications

Pastorino S, Cornelsen L, Cuevas Garcia-Dorado S, Dangour AD, Milner J, Milojevic A, et al. The future of meat and dairy
consumption in the UK: exploring different policy scenarios to meet net zero targets and improve population health.
Glob Sustain 2023;6:1-24. https://doi.org/10.1017/sus.2023.9

Conferences
Jones S. Agricultural Air Pollution & Human Health. The Pink Ladies Cancer Support Group, Buncrana, 3 February 2023.

Green R. Diets and Planetary Health: Mitigation and Adaptation in the UK. Keynote Speech at Climate and Health
Conference, Portsmouth UK, May 2023.

Milner J, Pastorino S, Green R, Wilkinson P, Vieno M, Carnell E, et al. Effect of Combined Agricultural and Sustainable Diet
Policies on Air Pollution, Dietary Patterns and Health in the UK. 35th International Society for Environmental Epidemiology
(ISEE) Conference, Kaohsiung, Taiwan, 17-21 September 2023.

Copyright © 2026 Reis et al. This work was produced by Reis et al. under the terms of a commissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access 73
publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and

for any purpose provided that it is properly attributed. See: https:/creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals

Library, and the DOI of the publication must be cited.


https://www.ceh.ac.uk/sites/default/files/UKCEH-Data-Protection-Policy-29112019.pdf
https://www.ceh.ac.uk/sites/default/files/UKCEH-Data-Protection-Policy-29112019.pdf
https://www.journalslibrary.nihr.ac.uk/phr/GJSR2325#bn1
https://doi.org/10.1017/sus.2023.9

REFERENCES

References

10.

11.

12.

13.

14.

15.

74

Department for Environment Food and Rural Affairs. Clean Air Strategy 2019, PB14554. 2019. URL: https:/
assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/770715/clean-
air-strategy-2019.pdf (accessed 24 July 2023).

Department for Environment Food and Rural Affairs. Code of Good Agricultural Practice (COGAP) for Reducing
Ammonia Emissions, PB14506. 2018. URL: https:/assets.publishing.service.gov.uk/media/5b599c57e5274a3f-
e478c38c/code-good-agricultural-practice-ammonia.pdf (accessed 24 July 2023).

EAT-Lancet Commision. EAT-Lancet Commission Summary Report. 2019. URL: https://eatforum.org/eat-lan-
cet-commission/eat-lancet-commission-summary-report/ (accessed 24 July 2023).

Springmann M, Godfray HC, Rayner M, Scarborough P. Analysis and valuation of the health and climate
change cobenefits of dietary change. Proc Natl Acad Sci USA 2016;113:4146-51. https://doi.org/10.1038/
s41586-018-0594-0

Public Health England. Review of Interventions to Improve Outdoor Air Quality and Public Health: Principal
Interventions for Local Authorities. GW-1335. 2019. URL: https://assets.publishing.service.gov.uk/government/
uploads/system/uploads/attachment_data/file/937341/Principal_interventions_for_local_authorities-air_qual-
ity_public_health.pdf (accessed 24 July 2023).

UK Centre for Ecology & Hydrology. About the AMPHORA Project. URL: www.ceh.ac.uk/our-science/projects/
amphora-about (accessed 24 July 2023).

Committee on the Medical Effects of Air Pollutants. The Mortality Effects of Long-Term Exposure to Particulate
Air Pollution in the United Kingdom. 2010. URL: https://assets.publishing.service.gov.uk/media/5a7e2f-
4640f0b62302689b57/COMEAP_mortality_effects_of_long_term_exposure.pdf (accessed 24 July 2023).

AIR QUALITY EXPERT GROUP. Mitigation of United Kingdom PM2.5 Concentrations. PB14161. 2013. URL:
https://uk-air.defra.gov.uk/assets/documents/reports/cat11/1508060903_DEF-PB14161_Mitigation_of _UK_
PM25.pdf (accessed 24 July 2023).

National Atmospheric Emission Inventory for the UK. Pollutant Information: Ammonia. URL: https:/naei.beis.
gov.uk/overview/pollutants?pollutant_id=21 (accessed 24 July 2023).

Anker HT, Backes CW, Baaner L, Keessen AM, Mockel S. Natura 2000 and the regulation of agricultural ammo-
nia emissions. J Eur Environ Plan Law. 2019;16:340-71. https:/doi.org/10.1163/18760104-01604003.

Schmidt AM, Smidt RA. Scientific Analysis of the Status of Designated Natura 2000 Areas and the Protection
of Nitrogen-Sensitive Species and Habitats Dutch Contribution (Report 2880). Wageningen: Wageningen
Environmental Research; 2018. https:/doi.org/10.18174/447946

Anker HT, Baaner L, Backes C, Keessen A, Moéckel S. Comparison of Ammonia Regulation in Germany, the
Netherlands and Denmark: Legal Framework. IFRO Report No. 276. Frederiksberg: Department of Food and
Resource Economics, University of Copenhagen; 2018. URL: https://core.ac.uk/download/pdf/269304602.pdf
(accessed 2 October 2023).

CLRTAP. Task Force on Reactive Nitrogen (TFRN) under the Working Group on Strategies and Review of the UNECE
Air Convention. URL: www.clrtap-tfrn.org/ (accessed 24 July 2023).

Newton JN, Briggs ADM, Murray CJL, Dicker D, Foreman KJ, Wang H, et al. Changes in health in England, with
analysis by English regions and areas of deprivation, 1990-2013: a systematic analysis for the Global Burden of
Disease Study 2013. Lancet 2015;386:2257-74. https://doi.org/10.1016/5S0140-6736(15)00195-6

Scarborough P, Bhatnagar P, Wickramasinghe KK, Allender S, Foster C, Rayner M. The economic burden of ill
health due to diet, physical inactivity, smoking, alcohol and obesity in the UK: an update to 2006-7 NHS costs.
J Public Health (Oxf) 2011;33:527-35. https://doi.org/10.1093/pubmed/fdr033

NIHR Journals Library www.journalslibrary.nihr.ac.uk


https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/770715/clean-air-strategy-2019.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/770715/clean-air-strategy-2019.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/770715/clean-air-strategy-2019.pdf
https://assets.publishing.service.gov.uk/media/5b599c57e5274a3fe478c38c/code-good-agricultural-practice-ammonia.pdf
https://assets.publishing.service.gov.uk/media/5b599c57e5274a3fe478c38c/code-good-agricultural-practice-ammonia.pdf
https://eatforum.org/eat-lancet-commission/eat-lancet-commission-summary-report/
https://eatforum.org/eat-lancet-commission/eat-lancet-commission-summary-report/
https://doi.org/10.1038/s41586-018-0594-0
https://doi.org/10.1038/s41586-018-0594-0
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/937341/Principal_interventions_for_local_authorities-air_quality_public_health.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/937341/Principal_interventions_for_local_authorities-air_quality_public_health.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/937341/Principal_interventions_for_local_authorities-air_quality_public_health.pdf
www.ceh.ac.uk/our-science/projects/amphora-about
www.ceh.ac.uk/our-science/projects/amphora-about
https://assets.publishing.service.gov.uk/media/5a7e2f4640f0b62302689b57/COMEAP_mortality_effects_of_long_term_exposure.pdf
https://assets.publishing.service.gov.uk/media/5a7e2f4640f0b62302689b57/COMEAP_mortality_effects_of_long_term_exposure.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat11/1508060903_DEF-PB14161_Mitigation_of_UK_PM25.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat11/1508060903_DEF-PB14161_Mitigation_of_UK_PM25.pdf
https://naei.beis.gov.uk/overview/pollutants?pollutant_id=21
https://naei.beis.gov.uk/overview/pollutants?pollutant_id=21
https://doi.org/10.1163/18760104-01604003
https://doi.org/10.18174/447946
https://core.ac.uk/download/pdf/269304602.pdf
www.clrtap-tfrn.org/
https://doi.org/10.1016/S0140-6736(15)00195-6
https://doi.org/10.1093/pubmed/fdr033

DOI: 10.3310/GJSR2325 Public Health Research 2026 Vol. 14 No. 3

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Department for Business, Energy and Industrial Strategy, UK Government. 2017 Greenhouse Gas Emissions:
Final Figures - Statistical Release. 2019. URL: www.gov.uk/government/statistics/final-uk-greenhouse-gas-emis-
sions-national-statistics-1990-2017 (accessed 24 July 2023).

Green R, Milner J, Dangour AD, Haines A, Chalabi Z, Markandya A, et al. The potential to reduce greenhouse
gas emissions in the UK through healthy and realistic dietary change. Clim Change 2015;129:253-65. https://
doi.org/10.1007/s10584-015-1329-y

Milner J, Green R, Dangour AD, Haines A, Chalabi Z, Spadaro J, et al. Health effects of adopting low greenhouse
gas emission diets in the UK. BMJ Open 2015;5:e007364. https://doi.org/10.1136/bmjopen-2014-007364

Ridoutt BG, Hendrie GA, Noakes M. Dietary strategies to reduce environmental impact: a critical review of the
evidence base. Adv Nutr 2017;8:933-46. https://doi.org/10.3945/an.117.016691

Westhoek H, Lesschen JP, Rood T, Road T, Wagner S, De Marco A, et al. Food choices, health and environment:
effects of cutting Europe’s meat and dairy intake. Global Environ Change 2014;26:196-205. https://doi.
org/10.1016/j.gloenvcha.2014.02.004

Vieno M, Heal MR, Williams ML, Carnell EJ, Nemitz E, Stedman JR, Reis S. The sensitivities of emissions
reductions for the mitigation of UK PM, .. Atmos Chem Phys 2016;16:265-76. https://doi.org/10.5194/
acp-16-265-2016

Misselbrook TH, Gilhespy SL. Inventory of Ammonia Emissions from UK Agriculture 2019. Rothamsted Research;
2021. URL: https://uk-air.defra.gov.uk/assets/documents/reports/cat07/2103191000_UK_Agriculture_
Ammonia_Emission_Report_1990-2019.pdf (accessed 24 July 2023).

Bittman S, Dedina M, Howard CM, Oenema O, Sutton MA, editors. Options for Ammonia Mitigation: Guidance
from the UNECE Task Force on Reactive Nitrogen. Edinburgh, UK: Centre for Ecology and Hydrology; 2014. URL:
www.clrtap-tfrn.org/sites/default/files/2024-11/clrtap_AGD_final_file.pdf (accessed 24 July 2023).

Pastorino S, Cornelsen L, Cuevas Garcia-Dorado S, Dangour AD, Milner J, Milojevic A, et al. The future of meat
and dairy consumption in the UK: exploring different policy scenarios to meet net zero targets and improve
population health. Global Sustain 2023;6:1-24. https://doi.org/10.1017/sus.2023.9

Climate Change Committee. Sixth Carbon Budget. 2020. URL: www.theccc.org.uk/publication/sixth-car-
bon-budget/#sector-summaries (accessed 24 July 2023).

Audsley E, Angus A, Chatterton J, Graves A, Morris J, Murphy-Bokern D, et al. Food, Land and Greenhouse
Gases. The Effect of Changes in UK Good Consumption on Land Requirements and Greenhouse Gas Emissions. The
Committee on Climate Change; 2010. URL: http:/dspace.lib.cranfield.ac.uk/handle/1826/6496 (accessed 2
October 2023).

Department for Environment Food and Rural Affairs. Family Food 2018/19: About Family Food. 2020. URL:
www.gov.uk/government/statistics/family-food-201819/family-food-201819-about-family-food#about-fami-
ly-food (accessed 2 October 2023).

Newbold P. ARIMA model building and the time series analysis approach to forecasting. J Forecast 1983;2:23-
35. https://doi.org/10.1002/for.3980020104

Praveen B, Sharma P. Climate variability and its impacts on agriculture production and future prediction
using autoregressive integrated moving average method (ARIMA). J Public Affair 2019;20:e2016. https:/doi.
org/10.1002/pa.2016

Sahai AK, Rath N, Sood V, Singh MP. ARIMA modelling and forecasting of COVID-19 in top five affected
countries. Diabetes Metab Syndr 2020;14:1419-27. https://doi.org/10.1016%2Fj.dsx.2020.07.042

Ce Delft. De echte prijs van; The TAPP Coalition (True Animal Protein Prices) Has Provided an English Translation
of the Report. 2018. Dutch. URL: https:/cedelft.eu/publications/the-true-price-of-meat/#:~:text=These%20
figures%20were%20calculated%20by; https:/drive.google.com/file/d/1TuFb2z75vacNpLR97Nx-Gb15Pnx-
EvQKH/view (accessed 2 October 2023).

Copyright © 2026 Reis et al. This work was produced by Reis et al. under the terms of a commissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access 75
publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and

for any purpose provided that it is properly attributed. See: https:/creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals

Library, and the DOI of the publication must be cited.


www.gov.uk/government/statistics/final-uk-greenhouse-gas-emissions-national-statistics-1990-2017
www.gov.uk/government/statistics/final-uk-greenhouse-gas-emissions-national-statistics-1990-2017
https://doi.org/10.1007/s10584-015-1329-y
https://doi.org/10.1007/s10584-015-1329-y
https://doi.org/10.1136/bmjopen-2014-007364
https://doi.org/10.3945/an.117.016691
https://doi.org/10.1016/j.gloenvcha.2014.02.004
https://doi.org/10.1016/j.gloenvcha.2014.02.004
https://doi.org/10.5194/acp-16-265-2016
https://doi.org/10.5194/acp-16-265-2016
https://uk-air.defra.gov.uk/assets/documents/reports/cat07/2103191000_UK_Agriculture_Ammonia_Emission_Report_1990-2019.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat07/2103191000_UK_Agriculture_Ammonia_Emission_Report_1990-2019.pdf
https://www.clrtap-tfrn.org/sites/default/files/2024-11/clrtap_AGD_final_file.pdf
https://doi.org/10.1017/sus.2023.9
www.theccc.org.uk/publication/sixth-carbon-budget/#sector-summaries
www.theccc.org.uk/publication/sixth-carbon-budget/#sector-summaries
http://dspace.lib.cranfield.ac.uk/handle/1826/6496
www.gov.uk/government/statistics/family-food-201819/family-food-201819-about-family-food#about-family-food
www.gov.uk/government/statistics/family-food-201819/family-food-201819-about-family-food#about-family-food
https://doi.org/10.1002/for.3980020104
https://doi.org/10.1002/pa.2016
https://doi.org/10.1002/pa.2016
https://doi.org/10.1016%2Fj.dsx.2020.07.042
https://cedelft.eu/publications/the-true-price-of-meat/#:~:text=These%20figures%20were%20calculated%20by
https://cedelft.eu/publications/the-true-price-of-meat/#:~:text=These%20figures%20were%20calculated%20by
https://drive.google.com/file/d/1TuFb2z75vacNpLR97Nx-Gb15PnxEvQKH/view
https://drive.google.com/file/d/1TuFb2z75vacNpLR97Nx-Gb15PnxEvQKH/view

REFERENCES

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

76

World Health Organization. Increasing Fruit and Vegetable Consumption to Reduce the Risk of Noncommunicable
Diseases. 2014. URL: www.who.int/tools/elena/bbc/fruit-vegetables-ncds (accessed 2 October 2023).

Wright A, Smith KE, Hellowell M. Policy lessons from health taxes: a systematic review of empirical studies.
BMC Public Health 2017;17:583. https:/doi.org/10.1186/s12889-017-4497-z

Department for Environment Food and Rural Affairs. Estimating Food and Drink Elasticities. 2011. URL: www.
gov.uk/government/publications/food-and-drink-elasticities (accessed 2 October 2023).

Slade P. If you build it, will they eat it? Consumer preferences for plant-based and cultured meat burgers.
Appetite 2018;125:428-37. https://doi.org/10.1016/j.appet.2018.02.030

Van Loo EJ, Caputo V, Lusk JL. Consumer preferences for farm-raised meat, lab-grown meat, and plant-based
meat alternatives: does information or brand matter? Food Pol 2020;95:101931. https:/doi.org/10.1016/j.
foodpol.2020.101931

Cornelsen L, Mazzocchi M, Smith RD. Fat tax or thin subsidy? How price increases and decreases affect the
energy and nutrient content of food and beverage purchases in Great Britain. Soc Sci Med 2019;230:318-27.
https:/doi.org/10.1016/j.socscimed.2019.04.003

Poore J, Nemecek T. Reducing food’s environmental impacts through producers and consumers. Science
2018;360:987-92. https://doi.org/10.1126/science.aaq0216

Department for Environment, Food and Rural Affairs. The British Survey of Fertiliser Practice: Fertiliser Use
on Farm Crops for Crop Year 2019. 2020. URL: https://assets.publishing.service.gov.uk/media/5efOdc5b-
86650c113e7a4c7e/fertiliseruse-report2019-23jun20.pdf (accessed 28 July 2023).

Dragosits U, Sutton MA, Place CJ, Bayley AA. Modelling the spatial distribution of agricultural ammonia
emissions in the UK. Environ Pollut 1998;102:195-203. https://doi.org/10.1016/50269-7491(98)80033-X

Rowland CS, Morton RD, Carrasco L, McShane G, O’'Neil AW, Wood CM. Land Cover Map 2015
(1km Percentage Target Class, GB). NERC Environmental Information Data Centre. Dataset. https://doi.
org/10.5285/505d1e0c-ab60-4a60-b448-68c5bbae403e

Vieno M, Heal R, Hallsworth S, Famulari D, Doherty MR, Dore JA, et al. The role of long-range transport and
domestic emissions in determining atmospheric secondary inorganic particle concentrations across the UK.
Atmos Chem Phys 2014;14:8435-47. https://doi.org/10.5194/acp-14-8435-2014

Simpson D, Benedictow A, Berge H, Bergstrom R, Emberson DL, Fagerli H, et al. The EMEP MSC-W chemical
transport model: technical description. Atmos Chem Phys 2012;12:7825-65. https://doi.org/10.5194/
acp-12-7825-2012

Milner J, Turner G, Ibbetson A, Eustachio Colombo P, Green R, Dangour DA, et al. Impact on mortality of
pathways to net zero greenhouse gas emissions in England and Wales: a multisectoral modelling study. Lancet
Planet Health 2023;7:E128-36. https://doi.org/10.1016/52542-5196(22)00310-2

Karakas F, Grassie D, Schwartz Y, Dong J, Chalabi Z, Mumovic D, et al. School building energy efficiency
and NO2 related risk of childhood asthma in England and Wales: modelling study. Sci Total Environ
2023;901:166109. https://doi.org/10.1016/j.scitotenv.2023.166109

Eustachio Colombo P, Milner J, Scheelbeek DFP, Taylor A, Parlesak A, Kastner T, et al. Pathways to ‘5-a-day’:
modeling the health impacts and environmental footprints of meeting the target for fruit and vegetable intake
in the United Kingdom. Am J Clin Nutr 2021;114:530-9. https://doi.org/10.1093/ajcn/ngab076

Miller BG, Hurley JF. Life table methods for quantitative impact assessments in chronic mortality. J Epidemiol
Community Health 2003;57:200-6. https://doi.org/10.1136/jech.57.3.200

GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 diseases and injuries in 204 countries
and territories, 1990-2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet
2020;396:1204-22. https://doi.org/10.1016/50140-6736(20)30925-9

NIHR Journals Library www.journalslibrary.nihr.ac.uk


https://www.who.int/tools/elena/bbc/fruit-vegetables-ncds
https://doi.org/10.1186/s12889-017-4497-z
www.gov.uk/government/publications/food-and-drink-elasticities
www.gov.uk/government/publications/food-and-drink-elasticities
https://doi.org/10.1016/j.appet.2018.02.030
https://doi.org/10.1016/j.foodpol.2020.101931
https://doi.org/10.1016/j.foodpol.2020.101931
https://doi.org/10.1016/j.socscimed.2019.04.003
https://doi.org/10.1126/science.aaq0216
https://assets.publishing.service.gov.uk/media/5ef0dc5b86650c113e7a4c7e/fertiliseruse-report2019-23jun20.pdf
https://assets.publishing.service.gov.uk/media/5ef0dc5b86650c113e7a4c7e/fertiliseruse-report2019-23jun20.pdf
https://doi.org/10.1016/S0269-7491(98)80033-X
https://doi.org/10.5285/505d1e0c-ab60-4a60-b448-68c5bbae403e
https://doi.org/10.5285/505d1e0c-ab60-4a60-b448-68c5bbae403e
https://doi.org/10.5194/acp-14-8435-2014
https://doi.org/10.5194/acp-12-7825-2012
https://doi.org/10.5194/acp-12-7825-2012
https://doi.org/10.1016/S2542-5196(22)00310-2
https://doi.org/10.1016/j.scitotenv.2023.166109
https://doi.org/10.1093/ajcn/nqab076
https://doi.org/10.1136/jech.57.3.200
https://doi.org/10.1016/S0140-6736(20)30925-9

DOI: 10.3310/GJSR2325 Public Health Research 2026 Vol. 14 No. 3

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Office for National Statistics. Socioeconomic Inequalities in Avoidable Mortality in England: 2019. 2021. URL:
www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/socioeco-
nomicinequalitiesinavoidablemortalityinengland/2019 (accessed 3 August 2023).

Office for National Statistics. Socioeconomic Inequalities in Avoidable Mortality in Wales: 2019. 2021. URL: www.
ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/socioeconomicine-
qualitiesinavoidablemortalityinwales/2019 (accessed 3 August 2023).

Office for National Statistics. Socioeconomic Inequalities in Avoidable Mortality in the UK: 2019. 2021. URL: www.
ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/causesofdeath/bulletins/avoidablemortalityi-
nenglandandwales/2019 (accessed 3 August 2023).

National Records of Scotland. Avoidable Mortality 2019. 2020. URL: https:/webarchive.nrscotland.gov.
uk/20201209062504/https://www.nrscotland.gov.uk/files//statistics/avoidable-mortality/2019/avoida-
ble-mortality-19-report.pdf (accessed 3 August 2023).

Hamilton [, Milner J, Chalabi Z, Das P, Jones B, Shrubsole C, et al. Health effects of home energy effi-
ciency interventions in England: a modelling study. BMJ Open 2015;5:e007298. https://doi.org/10.1136/
bmjopen-2014-007298

Lin HH, Murray M, Cohen T, Coljin C, Ezzati M. Effects of smoking and solid-fuel use on COPD, lung cancer,
and tuberculosis in China: a time-based, multiple risk factor, modelling study. Lancet 2008;372:1473-83.
https:/doi.org/10.1016/s0140-6736(08)61345-8

Capewell S, O’Flaherty M. Can dietary changes rapidly decrease cardiovascular mortality rates? Eur Heart J
2011;32:1187-9. https://doi.org/10.1093/eurheartj/ehr049

Franco M, Ordunez P, Caballero B, Tapia Granados AJ, Lazo M, Luis Bernal J, et al. Impact of energy intake,
physical activity, and population-wide weight loss on cardiovascular disease and diabetes mortality in Cuba,
1980-2005. Am J Epidemiol 2007;166:1374-80. https://doi.org/10.1093/aje/kwm226

Harashima E, Nakagawa Y, Urata G, Tsuji K, Shirataka M, Matsumura Y. Time-lag estimate between dietary
intake and breast cancer mortality in Japan. Asia Pac J Clin Nutr 2007;16:193-8. URL: https:/pubmed.ncbi.nim.
nih.gov/17215198/ (accessed 2 October 2023).

Tsuji K, Harashima E, Nakagawa Y, Shirataka M. Time-lag effects of dietary fiber and fat intake ratio on
Japanese colon cancer mortality. Biomed Environ Sci 1996;9:223-8. URL: https:/pubmed.ncbi.nim.nih.
gov/8886335/ (accessed 2 October 2023).

Gorlach B, Interview E, Newcombe J, Johns H. Cost-Effectiveness of Environmental Policies. 2005. URL: www.
ecologic.eu/sites/default/files/project/2013/1731_Cost-effectiveness_conclusions_0.pdf (accessed 31 August
2023).

The Organisation for Economic Co-operation and Development. Cost-Benefit Analysis and the Environment:
Further Developments and Policy Use. Organisation for Economic Cooperation and Development; 2018. URL:
www.oecd.org/env/cost-benefit-analysis-and-the-environment-9789264085169-en.htm (accessed 31 August
2023).

Department for Communities and Local Government: London. Multi-Criteria Analysis: A Manual. 2009. URL:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/191506/
Mult-crisis_analysis_a_manual.pdf (accessed 31 August 2023).

Ricardo. Air Quality Damage Cost Update 2023: FINAL Report: Report for Defra, ECM_61369). 2023. URL: https://
uk-air.defra.gov.uk/assets/documents/reports/cat09/2301090900_Damage_cost_update_2023_Final.pdf
(accessed 31 August 2023).

Nuffield Trust. Cancer Survival Rates. 2023. URL: www.nuffieldtrust.org.uk/resource/cancer-survival-rates?g-
clid=CjOKCQjw7JOpBhCfARIsAL3bobcBCOGtB8RrOQPN650kuYvPdsN2kxYawQwqoGl_rimngd1fAZz_8nQa-
AtDVEALw_wcB (accessed 30 September 2023).

Copyright © 2026 Reis et al. This work was produced by Reis et al. under the terms of a commissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access 77
publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and

for any purpose provided that it is properly attributed. See: https:/creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals

Library, and the DOI of the publication must be cited.


www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/socioeconomicinequalitiesinavoidablemortalityinengland/2019
www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/socioeconomicinequalitiesinavoidablemortalityinengland/2019
www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/socioeconomicinequalitiesinavoidablemortalityinwales/2019
www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/socioeconomicinequalitiesinavoidablemortalityinwales/2019
www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/socioeconomicinequalitiesinavoidablemortalityinwales/2019
www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/causesofdeath/bulletins/avoidablemortalityinenglandandwales/2019
www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/causesofdeath/bulletins/avoidablemortalityinenglandandwales/2019
www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/causesofdeath/bulletins/avoidablemortalityinenglandandwales/2019
https://webarchive.nrscotland.gov.uk/20201209062504/https://www.nrscotland.gov.uk/files//statistics/avoidable-mortality/2019/avoidable-mortality-19-report.pdf
https://webarchive.nrscotland.gov.uk/20201209062504/https://www.nrscotland.gov.uk/files//statistics/avoidable-mortality/2019/avoidable-mortality-19-report.pdf
https://webarchive.nrscotland.gov.uk/20201209062504/https://www.nrscotland.gov.uk/files//statistics/avoidable-mortality/2019/avoidable-mortality-19-report.pdf
https://doi.org/10.1136/bmjopen-2014-007298
https://doi.org/10.1136/bmjopen-2014-007298
https://doi.org/10.1016/s0140-6736(08)61345-8
https://doi.org/10.1093/eurheartj/ehr049
https://doi.org/10.1093/aje/kwm226
https://pubmed.ncbi.nlm.nih.gov/17215198/
https://pubmed.ncbi.nlm.nih.gov/17215198/
https://pubmed.ncbi.nlm.nih.gov/8886335/
https://pubmed.ncbi.nlm.nih.gov/8886335/
www.ecologic.eu/sites/default/files/project/2013/1731_Cost-effectiveness_conclusions_0.pdf
www.ecologic.eu/sites/default/files/project/2013/1731_Cost-effectiveness_conclusions_0.pdf
www.oecd.org/env/cost-benefit-analysis-and-the-environment-9789264085169-en.htm
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/191506/Mult-crisis_analysis_a_manual.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/191506/Mult-crisis_analysis_a_manual.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/2301090900_Damage_cost_update_2023_Final.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/2301090900_Damage_cost_update_2023_Final.pdf
www.nuffieldtrust.org.uk/resource/cancer-survival-rates?gclid=Cj0KCQjw7JOpBhCfARIsAL3bobcBCOGtB8RrOQPN65OkuYvPdsN2kxYawQwqoGl_rimnqd1fAZz_8nQaAtDvEALw_wcB
www.nuffieldtrust.org.uk/resource/cancer-survival-rates?gclid=Cj0KCQjw7JOpBhCfARIsAL3bobcBCOGtB8RrOQPN65OkuYvPdsN2kxYawQwqoGl_rimnqd1fAZz_8nQaAtDvEALw_wcB
www.nuffieldtrust.org.uk/resource/cancer-survival-rates?gclid=Cj0KCQjw7JOpBhCfARIsAL3bobcBCOGtB8RrOQPN65OkuYvPdsN2kxYawQwqoGl_rimnqd1fAZz_8nQaAtDvEALw_wcB

REFERENCES

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

78

Laudicella M, Walsh B, Burns E, Smith PC. Cost of care for cancer patients in England: evidence from popula-
tion based patient level data. BrJ Cancer 2016;114:1286-92. https://doi.org/10.1038/bjc.2016.77

Frontier Economics. The Societal and Economic Costs of Preventable Cancers in the UK. 2023. URL: www.
frontier-economics.com/media/edwnhnlc/frontier-economics-the-societal-and-economic-costs-of-preventa-
ble-cancers-in-the-uk.pdf (accessed 31 October 2023).

Patel A, Berdunov V, Quayyam Z, King D, Knapp M, Wittenberg R. Estimated societal costs of stroke in the UK
based on a discrete event simulation. Age Ageing 2020;49:270-6. https://doi.org/10.1093/ageing/afz162

Hex N, Bartlett C, Wright D, Taylor M, Varley D. Estimating the current and future costs of Type 1 and Type
2 diabetes in the UK, including direct health costs and indirect societal and productivity costs. Diabet Med
2012;29:855-62. https://doi.org/10.1111/j.1464-5491.2012.03698.x

European Heart Network. European Cardiovascular Disease Statistics 2017 Edition. European Heart Network;
2017. URL: https:/ehnheart.org/about-cvd/the-burden-of-cvd/ (accessed 30 September 2023).

Eduard W, Pearce N, Douwes J. Chronic bronchitis, COPD, and lung function in farmers: the role of biological
agents. Chest 2009;136:716-25. https:/doi.org/10.1378/chest.08-2192

Huang M, Ivey C, Hu Y, Holmes HA, Strickland MJ. Source apportionment of primary and secondary PM, ..
associations with pediatric respiratory disease emergency department visits in the U.S. State of Georgia.
Environ Int 2019;133:105167. https://doi.org/10.1016/j.envint.2019.105167

Loftus C, Yost M, Sampson P, Torres E, Arias G, Vasquez VB, et al. Ambient ammonia exposures in an agricul-
tural community and pediatric asthma morbidity. Epidemiology 2015;26:794-801. https://doi.org/10.1097/
ede.0000000000000368

Post PM, Houthuijs D, Sterk HAM, Marra M, van de Kasteele J, van Pul A, et al. Proximity to livestock farms and
exposure to livestock-related particulate matter are associated with lower probability of medication dispens-
ing for obstructive airway diseases. Int J Hyg Environ Health 2021;231:113651. https:/doi.org/10.1016/j.
ijhenh.2020.113651

Smit LAM, Hooiveld M, Van Der Sman-de Beer F, Opstal-van Winden AWJ, Beekhuizen J, Wouters IM, et al. Air
pollution from livestock farms, and asthma, allergic rhinitis and COPD among neighbouring residents. Occup
Environ Med 2014;71:134-40. https://doi.org/10.1136/0emed-2013-101485

Weichenthal S, Villeneuve PJ, Burnett RT, van Donkelaar A, Martin RV, Jones RR, et al. Long-Term exposure to
fine particulate matter: association with nonaccidental and cardiovascular mortality in the agricultural health
study cohort. Environ Health Perspect 2014;122:609-15. https://doi.org/10.1289/ehp.1307277

DEFRA. Emissions of Air Pollutants. 2023. URL: www.gov.uk/government/statistics/emissions-of-air-pollutants
(accessed 30 September 2023).

DEFRA. Air Quality Appraisal: Damage Cost Guidance. 2023. URL: www.gov.uk/government/publications/assess-
the-impact-of-air-quality/air-quality-appraisal-damage-cost-guidance (accessed 31 August 2023).

Pastorino S, Milojevic A, Green R, Beck R, Carnell E, Colombo PE, et al. Health impact of policies to reduce
agriculture-related air pollutants in the UK: the relative contribution of change in PM, , exposure and diets to
morbidity and mortality. Environ Res 2024;262:119923. https://doi.org/10.1016/j.envres.2024.119923

Alae-Carew C, Green R, Stewart C, Cook B, Dangour AD, Scheelbeek PFD. The role of plant-based alterna-
tive foods in sustainable and healthy food systems: Consumption trends in the UK. Sci Total Environ 2021,
807:151041. https://doi.org/10.1016/j.scitotenv.2021.151041

Rowe EC, Hina NS, Carnell E, Vieno M, Levy P, Raine B, et al. Trends Report 2022: Trends in Critical Load and
Critical Level Exceedances in the UK. Report to Defra under Contract AQ0849, UKCEH Project 07617. 2022. URL:
https:/uk-air.defra.gov.uk/assets/documents/reports/cat09/2208301034_Trends_Report_2022.pdf (accessed
31 October 2023).

NIHR Journals Library www.journalslibrary.nihr.ac.uk


https://doi.org/10.1038/bjc.2016.77
www.frontier-economics.com/media/edwnhnlc/frontier-economics-the-societal-and-economic-costs-of-preventable-cancers-in-the-uk.pdf
www.frontier-economics.com/media/edwnhnlc/frontier-economics-the-societal-and-economic-costs-of-preventable-cancers-in-the-uk.pdf
www.frontier-economics.com/media/edwnhnlc/frontier-economics-the-societal-and-economic-costs-of-preventable-cancers-in-the-uk.pdf
https://doi.org/10.1093/ageing/afz162
https://doi.org/10.1111/j.1464-5491.2012.03698.x
https://ehnheart.org/about-cvd/the-burden-of-cvd/
https://doi.org/10.1378/chest.08-2192
https://doi.org/10.1016/j.envint.2019.105167
https://doi.org/10.1097/ede.0000000000000368
https://doi.org/10.1097/ede.0000000000000368
https://doi.org/10.1016/j.ijheh.2020.113651
https://doi.org/10.1016/j.ijheh.2020.113651
https://doi.org/10.1136/oemed-2013-101485
https://doi.org/10.1289/ehp.1307277
www.gov.uk/government/statistics/emissions-of-air-pollutants
www.gov.uk/government/publications/assess-the-impact-of-air-quality/air-quality-appraisal-damage-cost-guidance
www.gov.uk/government/publications/assess-the-impact-of-air-quality/air-quality-appraisal-damage-cost-guidance
https://doi.org/10.1016/j.envres.2024.119923
https://doi.org/10.1016/j.scitotenv.2021.151041
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/2208301034_Trends_Report_2022.pdf

DOI: 10.3310/GJSR2325 Public Health Research 2026 Vol. 14 No. 3

80.

81.

82.

83.

84.

85.

86.

87.
88.
89.

90.

91.

92.

93.

94.

95.

96.

Perrings C, Baumgartner S, Brock A, Chopra K, Conte M, Costello C, et al. The Economics of Biodiversity and
Ecosystem Services. In Naeem S, editor. Biodiversity, Ecosystem Functioning, and Human Wellbeing: An Ecological
and Economic Perspective. Oxford: Oxford University Press; 2009. pp. 230-47. URL: https:/academic.oup.com/
book/12722/chapter/162809792#:~:text=Biodiversity%20conservation%20is%20frequently%20a,reduce%20
the%20benefits%20to%200thers (accessed 2 October 2023).

Kerseys Solicitors. Why Jaffa Cakes Are Cakes, Not Biscuits? Undated. URL: www.kerseys.co.uk/jaf-
fa-cakes-cakes-biscuits/#:~:text=During%20the%20court%20battle%20between,recognised%20as%20
chocolate%20covered%20cakes (accessed 31 October 2023).

Institute for Government. Sugar Tax. 2022. URL: www.instituteforgovernment.org.uk/article/explainer/sug-
ar-tax#:~:text=The%20levy%20is%20paid%20to0,8g%200f%20sugar%20per%20100ml (accessed 31 October
2023).

HM Treasury. UK Government Green Financing. 2023. URL: www.gov.uk/government/publications/uk-govern-
ment-green-financing (accessed 31 October 2023).

UKCEH. UKCEH Equality, Diversity and Inclusion Policy. 2019. URL: www.ceh.ac.uk/sites/default/files/UKCEH-
Policy-Equality-Diversity-Inclusivity-v2.pdf (accessed 2 October 2023).

ISHTM. Accelerating Behaviour Change towards Sustainable and Healthy Diets in Europe (ABC-SHEADE), LSHTM
Website. URL: www.Ishtm.ac.uk/research/centres-projects-groups/nutrition-group#projects (accessed 3 March
2025).

UKCEH. UKCEH Data Protection Policy. 2019. URL: www.ceh.ac.uk/sites/default/files/UKCEH-Data-Protection-
Policy-29112019.pdf (accessed 2 October 2023).

UKCEH. UKCEH Data Security Policy. Crowmarsh Gifford: UKCEH; 2019.
UKCEH. UKCEH Working with Sensitive Data Procedure. Crowmarsh Gifford: UKCEH; 2019.

Sullivan P, Slejko FJ, Sculpher MJ, Ghushchyan V. Catalogue of EQ-5D scores for the United Kingdom. Med
Decis Making 2011;31:800-4. https://doi.org/10.1177/0272989X11401031

Salomon JA, Vos T, Hogan DR, Gagnon M, Naghavi M, Mokdad A, et al. Common values in assessing health
outcomes from disease and injury: disability weights measurement study for the Global Burden of Disease
Study 2010. Lancet 2013;380:2129-43. https://doi.org/10.1016/50140-6736(12)61680-8

World Health Organization. Health Statistics and Information Systems, Software Tools, DISMOD II. 2018. URL:
www.epigear.com/index_files/dismod_ii.html (accessed 31 August 2023).

DEFRA. Valuation of the Health Benefits Associated with Reductions in Air Pollution. 2004. URL: https:/webar-
chive.nationalarchives.gov.uk/ukgwa/20130403215617mp_/http://archive.defra.gov.uk/environment/quality/
air/airquality/publications/healthbenefits/airpollution_reduction.pdf (accessed 31 October 2023).

Department for Transport. Transport Analysis Guidance: Data Book. 2023. URL: www.gov.uk/guidance/trans-
port-analysis-guidance-tag (accessed 31 October 2023).

HM Treasury. GDP Deflators at Market Prices, and Money GDP March 2022 (Quarterly National Accounts). 2022.
URL: www.gov.uk/government/statistics/gdp-deflators-at-market-prices-and-money-gdp-march-2022-quar-
terly-national-accounts (accessed 31 October 2023).

Department of Health. Policy Appraisal and Health: A Guide from the Department of Health. 2004. URL: https:/
assets.publishing.service.gov.uk/media/5a7486dde5274a7f9c586b1e/policy_appraisal_and_health.pdf
(accessed 31 October 2023).

National Institute for Clinical and Care Excellence. Methodology for Estimating ‘Wider Societal Benefits’ as the

Net Productive Impacts of Treatments. Undated. URL: www.nice.org.uk/Media/Default/About/what-we-do/
NICE-guidance/NICE-technology-appraisals/DH-Documentation-for-Wider-Societal-Benefits.pdf (accessed 31
October 2023).

Copyright © 2026 Reis et al. This work was produced by Reis et al. under the terms of a commissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access 79
publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and

for any purpose provided that it is properly attributed. See: https:/creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals

Library, and the DOI of the publication must be cited.


https://academic.oup.com/book/12722/chapter/162809792#:~:text=Biodiversity%20conservation%20is%20frequently%20a,reduce%20the%20benefits%20to%20others
https://academic.oup.com/book/12722/chapter/162809792#:~:text=Biodiversity%20conservation%20is%20frequently%20a,reduce%20the%20benefits%20to%20others
https://academic.oup.com/book/12722/chapter/162809792#:~:text=Biodiversity%20conservation%20is%20frequently%20a,reduce%20the%20benefits%20to%20others
www.kerseys.co.uk/jaffa-cakes-cakes-biscuits/#:~:text=During%20the%20court%20battle%20between,recognised%20as%20chocolate%20covered%20cakes
www.kerseys.co.uk/jaffa-cakes-cakes-biscuits/#:~:text=During%20the%20court%20battle%20between,recognised%20as%20chocolate%20covered%20cakes
www.kerseys.co.uk/jaffa-cakes-cakes-biscuits/#:~:text=During%20the%20court%20battle%20between,recognised%20as%20chocolate%20covered%20cakes
www.instituteforgovernment.org.uk/article/explainer/sugar-tax#:~:text=The%20levy%20is%20paid%20to,8g%20of%20sugar%20per%20100ml
www.instituteforgovernment.org.uk/article/explainer/sugar-tax#:~:text=The%20levy%20is%20paid%20to,8g%20of%20sugar%20per%20100ml
www.gov.uk/government/publications/uk-government-green-financing
www.gov.uk/government/publications/uk-government-green-financing
www.ceh.ac.uk/sites/default/files/UKCEH-Policy-Equality-Diversity-Inclusivity-v2.pdf
www.ceh.ac.uk/sites/default/files/UKCEH-Policy-Equality-Diversity-Inclusivity-v2.pdf
www.lshtm.ac.uk/research/centres-projects-groups/nutrition-group#projects
www.ceh.ac.uk/sites/default/files/UKCEH-Data-Protection-Policy-29112019.pdf
www.ceh.ac.uk/sites/default/files/UKCEH-Data-Protection-Policy-29112019.pdf
https://doi.org/10.1177/0272989X11401031
https://doi.org/10.1016/S0140-6736(12)61680-8
www.epigear.com/index_files/dismod_ii.html
https://webarchive.nationalarchives.gov.uk/ukgwa/20130403215617mp_/http://archive.defra.gov.uk/environment/quality/air/airquality/publications/healthbenefits/airpollution_reduction.pdf
https://webarchive.nationalarchives.gov.uk/ukgwa/20130403215617mp_/http://archive.defra.gov.uk/environment/quality/air/airquality/publications/healthbenefits/airpollution_reduction.pdf
https://webarchive.nationalarchives.gov.uk/ukgwa/20130403215617mp_/http://archive.defra.gov.uk/environment/quality/air/airquality/publications/healthbenefits/airpollution_reduction.pdf
www.gov.uk/guidance/transport-analysis-guidance-tag
www.gov.uk/guidance/transport-analysis-guidance-tag
http://www.gov.uk/government/statistics/gdp-deflators-at-market-prices-and-money-gdp-march-2022-quarterly-national-accounts
http://www.gov.uk/government/statistics/gdp-deflators-at-market-prices-and-money-gdp-march-2022-quarterly-national-accounts
https://assets.publishing.service.gov.uk/media/5a7486dde5274a7f9c586b1e/policy_appraisal_and_health.pdf
https://assets.publishing.service.gov.uk/media/5a7486dde5274a7f9c586b1e/policy_appraisal_and_health.pdf
www.nice.org.uk/Media/Default/About/what-we-do/NICE-guidance/NICE-technology-appraisals/DH-Documentation-for-Wider-Societal-Benefits.pdf
www.nice.org.uk/Media/Default/About/what-we-do/NICE-guidance/NICE-technology-appraisals/DH-Documentation-for-Wider-Societal-Benefits.pdf

REFERENCES

97.

98.

99.

100.

101.

102.

103.

104.

105.

80

European Chemicals Agency. Valuing Selected Health Impacts of Chemicals. European Chemicals Agency; 2016.
URL: https:/echa.europa.eu/documents/10162/17241/echa_review_wtp_en.pdf/6769353e-03f4-2917-
3ebc-4260d6cédeb0 (accessed 31 August 2023).

Asthma+Lung UK. Investing in Breath: Measuring the Economic Cost of Asthma and COPD in the UK and
Identifying Ways to Reduce It through Better Diagnosis and Care. Technical Report. 2023. URL: www.
asthmaandlung.org.uk/investing-breath-measuring-economic-cost-asthma-copd-uk-identifying-ways-re-
duce-it-through-better#:~:text=The%20total%20economic%20cost%200f,£9%20billion%20in%202023
(accessed 31 October 2023).

British Lung Foundation. Chronic Obstructive Pulmonary Disease (COPD) Statistics. 2017. URL: https://statistics.
blf.org.uk/copd (accessed 30 September 2023).

Meier GC, Watkins J, McEwan P, Pockett RD. Resource use and direct medical costs of acute respiratory
illness in the UK based on linked primary and secondary care records from 2001 to 2009. PLOS ONE
2020;15:e0236472. https://doi.org/10.1371/journal.pone.0236472

Hunt A, Ferguson J, Hurley J F, Searl A. Social Costs of Morbidity Impacts of Air Pollution. OECD Environment
Working Papers. 2016; No. 99. https://doi.org/10.1787/5jm55j7cqOlv-en

Dickie M, Messman VL. Parental altruism and the value of avoiding acute illness: are kids worth more than
parents? J Environ Econ Manage 2004;48:1146-74. https://doi.org/10.1016/j.jeem.2003.12.005

Department for Business, Energy and Industrial Strategy. Valuation of Energy Use and Greenhouse Gas (GHG)
Emissions. Supplementary Guidance to the HM Treasury Green Book on Appraisal and Evaluation in Central
Government. 2023. URL: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attach-
ment_data/file/1129242/valuation-of-energy-use-greenhouse-gas-emissions-for-appraisal.pdf (accessed 31
October 2023).

Department for Transport. Transport Analysis Guidance: Data Book. 2023. URL: www.gov.uk/guidance/trans-
port-analysis-guidance-tag (accessed 31 October 2023).

HM Treasury. The Green Book (2022). 2022. URL: www.gov.uk/government/publications/the-green-book-ap-
praisal-and-evaluation-in-central-governent/the-green-book-2020#introduction (accessed 31 August 2023).

NIHR Journals Library www.journalslibrary.nihr.ac.uk


https://echa.europa.eu/documents/10162/17241/echa_review_wtp_en.pdf/6769353e-03f4-2917-3ebc-4260d6c6de60
https://echa.europa.eu/documents/10162/17241/echa_review_wtp_en.pdf/6769353e-03f4-2917-3ebc-4260d6c6de60
www.asthmaandlung.org.uk/investing-breath-measuring-economic-cost-asthma-copd-uk-identifying-ways-reduce-it-through-better#:~:text=The%20total%20economic%20cost%20of,£9%20billion%20in%202023
www.asthmaandlung.org.uk/investing-breath-measuring-economic-cost-asthma-copd-uk-identifying-ways-reduce-it-through-better#:~:text=The%20total%20economic%20cost%20of,£9%20billion%20in%202023
www.asthmaandlung.org.uk/investing-breath-measuring-economic-cost-asthma-copd-uk-identifying-ways-reduce-it-through-better#:~:text=The%20total%20economic%20cost%20of,£9%20billion%20in%202023
https://statistics.blf.org.uk/copd
https://statistics.blf.org.uk/copd
https://doi.org/10.1371/journal.pone.0236472
https://doi.org/10.1787/5jm55j7cq0lv-en
https://doi.org/10.1016/j.jeem.2003.12.005
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1129242/valuation-of-energy-use-greenhouse-gas-emissions-for-appraisal.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1129242/valuation-of-energy-use-greenhouse-gas-emissions-for-appraisal.pdf
www.gov.uk/guidance/transport-analysis-guidance-tag
www.gov.uk/guidance/transport-analysis-guidance-tag
www.gov.uk/government/publications/the-green-book-appraisal-and-evaluation-in-central-governent/the-green-book-2020#introduction
www.gov.uk/government/publications/the-green-book-appraisal-and-evaluation-in-central-governent/the-green-book-2020#introduction

DOI: 10.3310/GJSR2325 Public Health Research 2026 Vol. 14 No. 3

Appendix 1 List of search terms used in the
systematic scoping review of the literature on
agricultural air pollutants and health

1. exp Heart Infarction/

2. coronary thrombosis.mp. or exp Coronary Artery Thrombosis/
3. cardiovascular disease.mp.

4. acute coronary.mp.

5. Myocardial infarct$.mp.

6. heart infarct:.mp.

7. acs.mp.

8. ami.mp.

9. (coronary adj3 syndrome$).mp.

10. brain infarction/or brain stem infarction/or cerebellum infarction/or exp brain ischemia/or carotid artery disease/or
exp carotid artery obstruction/or cerebral artery disease/or exp cerebrovascular accident/or exp occlusive cerebro-
vascular disease/or stroke patient/

11. Chronic Obstructive Lung Disease/

12. Emphysema/

13. exp Lung Emphysema/

14. Chronic Bronchitis/

15. (obstruct$ adj3 (lung$ or respirat$ or pulmonar$) adj3 disease$).mp.

16. Bronchiti$.mp.

17. emphysema$.mp.

18. (chronic adj5 obstruct$).mp.

19. (pulmonar$ or lung$ or airway$ or airflow$ or bronch$ or respirat$).mp.

20. (COPD or COAD).mp.

21. AECB.mp.

22. exp *asthma/

23. asthma?.ti,ab,kw.

24. exp Pneumonia/

25. (pneumon™* or bronchopneumon® or pleuropneumon®).tw.

26. bronchitis/or exp bronchiolitis/

27. (bronchiolit* or acute bronchit* or wheez*).tw.

28. Respiratory Syncytial Virus Infections/

29. respiratory syncytial viruses/or respiratory syncytial virus, human/

30. (respiratory syncytial virus* or rsv).tw.

31. exp Haemophilus influenzae/

32. Streptococcus pneumoniae/

33. Staphylococcus aureus/

34. (streptococc* or staphylococc* or haemophilus influenzae).tw.

35. ((lung or pulmonary) adj2 (inflamm* or infect™)).tw.

36. exp mortality/

37. (mortality or mortaliti*).tw,ot.

38. exp lung cancer/

39. (pulmonar$ or lung$ or airway$ or airflow$ or bronch$ or respirat$).mp.

40. (cancer$ or neoplasm$ or tumour$ or tumour$).mp.

41. 1or2or3or4or5or6or7or8or9or10orl1lorl12or13orl14or15o0rl1é6or17 or18or19 or 20 or 21 or 22
or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 or 32 or 33 or 34 or 35 or 36 or 37 or 38 or 39 or 40

42. Agriculture.mp. or exp Agriculture/or exp Organic Agriculture/

Copyright © 2026 Reis et al. This work was produced by Reis et al. under the terms of a commissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access 81

publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and
for any purpose provided that it is properly attributed. See: https:/creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals
Library, and the DOI of the publication must be cited.



APPENDIX 1

43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.

82

farming.mp.

livestock.mp. or exp Livestock/

fertilizer.mp. or exp Fertilizers/

42 or43 or 44 or 45

Reactive Nitrogen Species/or reactive nitrogen.mp.
secondary inorganic aerosols.mp.

atmospheric composition.mp.

air pollution.mp. or exp Air Pollution/

particulate matter.mp. or exp Particulate Matter/
exp Ammonia/or ammonia.mp.

ammonium sulphate.mp. or Ammonium Sulfate/
ammonium nitrate.mp.

black carbon.mp.

47 or48 or49 or 50 or 51 or 52 or 53 or 54 or 55
46 and 56

41 and 57
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Appendix 2 Inputs to economic analysis

Following the full impact pathway approach defined earlier, which is based on detailed modelling of emissions and
quantification of impacts, estimated impacts to health are multiplied by a cost per LY lost to account for mortality
and cost per case for morbidity.

e there are three main components to health costs in the UK:
o costs incurred by the NHS
o |ost productivity in the economy (including the voluntary sector and informal care providers)
o |ost utility from pain and suffering, and an inability to undertake normal activities.

Care costs can be calculated from NHS data, while lost productivity is quantified using data on worker output. Lost
utility is valued more subjectively using survey techniques. There is some debate as to the additivity of these categories,
given that people responding to surveys designed to establish loss of utility could factor in concerns over healthcare
costs and productivity. However, for the UK (and other countries with similar systems for welfare provision), this is here
considered unlikely, provided that valuations are based on responses from UK citizens because access to health care is
free at the point of service and because of the provision of sickness benefits.

Account has been taken of the ICD codes used above in the health impact assessment (see Table 3), informing, for
example, assumptions on the severity of illness. This is most important for understanding the nature of the non-cancer
effects, and ICD codes are mapped to effect for these in Table 13.

A starting point for consideration of values to be used in the study is the work of Ricardo®? for DEFRA. Table 14
provides their values, representing the WTP of the public to avoid disease and mortality risks. The list of conditions
does not match completely to that quantified in AMPHORA. Ricardo took no account of healthcare costs but did include
productivity losses, though not in a way that permits extraction of costs by condition.

TABLE 13 Translation of ICD-10 codes to diseases

T2DM

E11 Diabetes mellitus with coma, with ketoacidosis, with complications (excluding renal) and without complications

161 Intracerebral haemorrhage

162 Other non-traumatic intracranial haemorrhage

163 Cerebral infarction

IHDs

120 Angina pectoris

121 Acute myocardial infarction

122 Subsequent myocardial infarction occurring within 4 weeks of onset of a previous infarction

123 Certain current complications following acute myocardial infarction, including haemopericardium, atrial or ventricular septal

defect, rupture of cardiac wall/chordae tendineae/papillary muscle, thrombosis of atrium, etc.
124 Other acute IHDs, including coronary thrombosis not resulting in myocardial infarction, Dressler syndrome, etc.
125 Chronic IHD, including atherosclerotic heart disease, aneurysm of heart or coronary artery, ischaemic cardiomyopathy, etc.
continued
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TABLE 13 Translation of ICD-10 codes to diseases (continued)

Ischaemic stroke

G45 Transient cerebral ischaemic attacks and related syndromes

G46 Vascular syndromes of brain in cerebrovascular diseases

165 Occlusion and stenosis of precerebral arteries, not resulting in cerebral infarction

166 Occlusion and stenosis of cerebral arteries, not resulting in cerebral infarction

167 (Partial) other cerebrovascular diseases

168 (Partial) cerebrovascular disorders in diseases classified elsewhere

169 (Partial) sequelae of cerebrovascular disease

Haemorrhagic stroke

160 Subarachnoid haemorrhage

161 Intracerebral haemorrhage

162 Other non-traumatic intracranial haemorrhage

163 Cerebral infarction

LRIs

JOo9 Influenza due to identified zoonotic or pandemic influenza virus

J10 Influenza due to identified seasonal influenza virus

J11 Influenza, virus not identified

J12 Viral pneumonia, not elsewhere classified (adenoviral, parainfluenza, etc.)

J13 Pneumonia due to Streptococcus pneumoniae

J14 Pneumonia due to Haemophilus influenzae

J15 Bacterial pneumonia, not elsewhere classified (Klebsiella, Pseudomonas. Staphylococcus, Streptococcus, E. Coli, etc.)
J16 Pneumonia due to other infectious organisms, not elsewhere classified (chlamydial, etc.)

J17 Pneumonia in diseases classified elsewhere (viral diseases, bacterial diseases, mycoses, parasitic diseases, etc.)
J18 Pneumonia, organism unspecified (bronchopneumonia, lobar pneumonia, etc.)

J20 Acute bronchitis due to Mycoplasma pneumoniae, Haemophilus influenzae, streptococcus and various other viruses
J21 Acute bronchiolitis due to respiratory syncytial virus, human metapneumovirus and other specified and unspecified organisms
122 Unspecified acute LRI

COPD

J40 Bronchitis, not specified as acute or chronic (adults only: in children to be reclassified to J20)

Ja1 Simple and mucopurulent chronic bronchitis

142 Unspecified chronic bronchitis

J43 Emphysema, including McLeod Syndrome, panlobular emphysema, centrilobular emphysema, other emphysemas
J44 Other COPD

J45 Asthma, including allergic and non-allergic asthma

J46 Status asthmaticus (acute severe asthma)

147 Bronchiectasis
84
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TABLE 14 Costs for loss of utility for various diseases identified from the literature for health impacts, 2022 prices

Central (£) Low (£) High (£)
Mortality
LYs lost 51,000 38,000 63,000
Morbidity: incidence
QALY loss 72,000 36,000 96,000
Lung cancer 56,700 28,350 75,600
Diabetes 210,000 105,000 280,000
IHD 250,000 125,000 333,000
Stroke 357,000 178,500 476,000
Morbidity: prevalence
COPD 16,700 8350 22,300
Source
Ricardo.?

TABLE 15 EuroQol-5 Dimensions weights and duration of disease used by Ricardo (2023)

Disease EQ-5D weight Duration Discounted duration
Chronic bronchitis 0.768 [1] [1]
Asthma 0.722 23.6 (adults) 20.1 (adults)
36.2 (children) 28.4 (children)
IHD 0.61 9.5 8.93
Stroke 0.63 14.8 134
Diabetes 0.66 9.1 8.6
Lung cancer 0.56 1.8 1.79
Note

[1] Ricardo's calculations for chronic bronchitis are based on prevalence rather than incidence, and so duration is not factored into the analysis.

The Ricardo morbidity values are calculated by multiplying the value of a QALY (£72,000) by the EuroQol-5 Dimensions
(EQ-5D) utility weight (QALY loss) for each disease from Sullivan et al.?? and the discounted duration of disease. The
QALY loss for chronic bronchitis was taken from Salomon et al.?® The average years of duration of the disease were
calculated using the DisMode Il model®* (The World Health Organisation, Geneva, Switzerland) and estimated based on
the years of life with disability (YLD). Data are shown in Table 15.

The Ricardo value for lung cancer morbidity is low compared to several other chronic diseases listed in Table 14 because
of the short duration of disease following detection. It is often detected too late for treatment. The same would apply
to oesophageal cancer (not quantified by Ricardo but included here) as demonstrated in the low 5-year survival rates
for both diseases, both in the region of 17.5% (Table 16). This contrasts markedly with breast and PCs, in which both
have 5-year survival rates in excess of 80%. Colorectal cancer lies roughly midway between the two sets of cancers. The
EQ-5D scores, representing QALYs for those with each disease, indicate lower quality of life for those with oesophageal
and lung cancers. The score is highest for breast cancer, with colorectal and PCs having scores midway between

the two.
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TABLE 16 EuroQol-5 Dimensions scores and 5-year survival rates for the UK for the cancers quantified in this study

5-year survival rate in UK (%) EQ-5D score

Oesophageal cancer 17.5 0.560

Lung cancer 17.6 0.560
Colorectal cancer 58.7 0.673

Breast cancer 86.3 0.756

PC 88.0 0.687
Source

Nuffield Trust.®3

For mortality, the value of a life-year lost (VOLY) adopted here is that used in the Ricardo work (£51,000). This is based
on a contingent valuation study by Chilton et al.?? that estimated a VOLY associated with a LY spent in good health at
£27,630 and in poor health at £14,280 (2002 prices). This was based on a survey of participants undertaken between
November 2002 and January 2003. While it is acknowledged that this work is now very dated, it is still relied upon by
UK government departments (and hence is used here), though work to update it is finally underway. Ricardo (2023)
applied uplifts to convert to 2022 prices. The annual rate of real gross domestic product (GDP) per capita growth
sourced from Department for Transport (DfT)?® (0.9% per annum over the period) was used to uplift WTP estimates
between 2002 and the assessment year of 2022, accounting for assumed increase in WTP as incomes rise. The price
base of the VOLY estimates was updated using GDP deflators published by HMT.?* The VOLY derived in this way of
£51,000 as a central estimate is lower than the figure recommended by the Treasury Green Book (£60,000) because
the Green Book figure is based on an assumption of 2% growth per year in line with guidance from the Department of
Health.”> The lower figure from Ricardo is considered more appropriate here as it is based on actual growth over the
intervening period. No account is taken of healthcare costs in the period leading up to death, as these would naturally
be incurred at some future point. No account is taken of loss of productivity given that most deaths will occur in people
not active in the workforce, acknowledging that this may create some bias to underestimation.

Morbidity values adopted in AMPHORA are taken from a wider variety of sources. Valuation data for cancers from
recent work by Frontier Economics®® are presented in Table 17.

Most estimates in Table 17 cover a period of 8 years post diagnosis. An exception concerns QALY loss to morbidity,
which does not include years 3-8 post diagnosis, and hence associated results for this element should be
considered underestimates.

Treatment costs in primary and secondary health care are lower than earlier results from Laudicella et al.,** which are
provided in the last row of the table for comparison, though higher when social care and other carer costs are added.
For this study, the Frontier Economics estimates for treatment costs are preferred, as they are more recent and provide
greater granularity. However, the Laudicella results indicate uncertainty in the quantification even for the healthcare
element which one may assume to be more robust than quantification of utility and productivity losses.

Quality-adjusted life-year loss through mortality is included in this table for information only, as it is otherwise
accounted for in this study for consistency with other mortality estimates. Costs linked to mortality (QALY loss, lost paid
productivity, lost unpaid productivity) make up between 62% and 74% of total estimates depending on the cancer.

Unpaid productivity losses (representing the indirect cost of lost productivity from unpaid labour, such as domestic
work and volunteering) account for roughly half the cost for lung, bowel and ‘all other cancers’ but only about 20%
for breast cancer and are based on National Institute for Health and Care Excellence (NICE) modelling guidance.” The
nature of this element of cost is particularly uncertain.
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TABLE 17 Valuation data for cancers by incidence (morbidity) or deaths (mortality) (£, 2022 prices)

Lung Bowel Breast All other cancers

Primary and secondary health care 16,700 28,500 23,000 23,700
Social care 5700 7700 9200 7800
Family and/or carer costs 15,600 17,500 22,700 19,300
Paid productivity loss - morbidity 7400 2900 5000 3800
Paid productivity loss - mortality? 33,900 17,300 5900 18,700
Unpaid productivity loss - morbidity® 82,500 47,300 34,700 52,700
Unpaid productivity loss - mortality>® 247,000 124,000 31,300 140,000
QALY loss for morbidity* 39,000 18,200 26,600 20,700
QALY loss for mortality? 199,000 134,000 163,000 131,000
Out-of-pocket expenditure by individuals 620 720 930 820
Total, including unpaid productivity losses® 648,000 398,000 322,000 418,000
Total less unpaid productivity losses® 318,000 227,000 256,000 225,000
Total cancer morbidity only (c) 167,000 123,000 122,000 129,000
Treatment costs from Laudicella et al. (2016)%* 33,400 50,800 34,800

a Total for cancer morbidity only (total less mortality-related productivity and QALY losses.
b Totals are shown with and without unpaid productivity losses, given uncertainty in these estimates and their dominance on the results.
¢ QALY loss for morbidity does not cover years 3-8 post diagnosis.

Source
Adapted from Frontier Economics.®®

European Chemicals Agency (ECHA)?” provide an estimate equivalent to £407,000 for WTP to avoid cancer morbidity in
a three-country survey covering Czechia, Italy and the UK. The ECHA study considered the following cancer attributes:

e probability of getting cancer within the next 5 years

e probability of survival of 5 years after diagnosis

e effects on everyday activities of having and being treated for cancer
e pain and discomfort from having and being treated for cancer.

The resulting estimate figure from ECHA is substantially higher than the QALY loss to morbidity contained in Table 17,
by roughly an order of magnitude. Reasons for the difference are not clear but could link to the design of stated
preference studies, or inclusion of concern over productivity and healthcare costs by respondents to the ECHA surveys.
The Frontier Economics estimate is preferred here, however, as the approach taken is similar to that used for other
health end points, as described below, combining an estimate of QALY loss with a value per QALY of £72,000. The

final estimates adopted for cancers are therefore as follows (Table 18), combining data across categories presented by
Frontier Economics, excluding QALY loss to cancer mortality as this is otherwise covered in the AMPHoRA modelling.
Ricardo (2023) include an estimate for QALY loss to lung cancer morbidity of £56,700, clearly higher than the £39,600
estimate as shown in Table 18, but a similar order of magnitude.

The cancers quantified in this study are linked to the data in Table 18 as follows:

e lung cancer: lung and oesophageal cancers
e bowel cancer: colorectal cancer

e breast cancer: breast cancer

e all other cancers: prostate cancer.
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TABLE 18 Adopted estimates for cancer valuation (£, 2022 prices)

Lung Bowel Breast All other cancers
Treatment costs 38,000 53,700 54,900 50,800
Paid productivity loss 41,300 20,200 10,900 22,500
Unpaid productivity loss® 329,000 171,000 65,900 192,000
QALY loss for morbidity and out-of-pocket expenses 39,600 18,900 27,600 21,500

a Unpaid productivity loss can be included as a sensitivity, given associated uncertainties and their importance to the above figures.

TABLE 19 Costs of COPD in the UK (£, 2022 prices)

Cost, £/patient/year (vs. prevalence) Cost, £/patient (vs. incidence)

Treatment costs 430 3820
Maintenance costs 620 5520
Exacerbation costs 910 8100
Cost of adverse events 45 400
Total medical costs 2010 17,800
Productivity 1150 10,200
QALY (loss of utility) 5350 51,900

Chronic obstructive pulmonary disease costs are based on a detailed report from Asthma + Lung UK?® and are shown
in Table 19. The underlying analysis accounts for variability in the severity of COPD among diagnosed sufferers in the
UK. Two adjustments have been made to the original data. The cost of adverse events has been reduced to account for
health impacts that are related to COPD but are quantified under other end points, notably IHD. The QALY estimate
for loss of utility has been increased, applying the recommended value of a QALY from HMT (2022) (£72,000) instead
of the figure of £20,000 recommended by NICE. The results shown in the table could be applied directly to estimates
of prevalence of COPD. To apply to estimated incidence, it is necessary to estimate the average duration of disease.
British Lung Foundation?’ cite prevalence and incidence of 1.2 million and 115,000 diagnosed cases of COPD in the
UK for 2012. Accepting COPD as incurable therefore suggests an average 10.4 years duration of illness. Loss of utility
is discounted at 1.5% and other costs are discounted at 3.5% over this period, reflecting recommendations from HMT
(2022).

Patel et al.%¢ provide estimates of the costs of strokes on health and social care, unpaid carers and lost productivity
(Table 20). The original study provides separate estimates for ischaemic and haemorrhagic strokes, but here we apply
only the average costs, as the differences in estimates are small. Drawing on information on incidence and prevalence
provided by Patel et al., it is estimated that patients survive on average 8.3 years following a stroke. This estimate is
used to generate the total cost per case (as ‘Cost in Year 1' + 7.3 x ‘cost in subsequent year’) discounted at 3.5% in line
with HMT (2022).

Ricardo®? provides a central estimate for loss of utility from stroke of £357,000 by combining a QALY loss of 0.37

from Sullivan et al.?? with a duration of 13.4 years (discounted) and a value per QALY of £72,000. The same process is
followed here, but using a lower period for longevity after stroke of 8.3 years (in line with the calculations above) and a
reduced discount rate of 1.5% (from HMT applicable specifically to health impacts), leading to an estimate of lost utility
per case of £210,000.
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TABLE 20 United Kingdom costs of stroke on health and social care, unpaid carers and lost productivity per incident case (£, 2022 prices)

All strokes Stage Cost
NHS and Personal Social Services cost Year 1 21,100
Subsequent year 9000
Cost per case 78,500
Unpaid care Year 1 30,200
Subsequent year 17,900
Cost per case 144,000
Productivity Year 1 1600
Subsequent year 1800
Cost per case 13,200
Source

Patel et al.*¢ and own calculations.

TABLE 21 United Kingdom costs of type 2 diabetes on health and social care, unpaid carers and lost productivity per incident case
(£, 2022 prices)

Annual Total

T2 treatment costs (direct) 700 6000
T2 complications not covered elsewhere 1300 10,900
T2 productivity losses (direct) 600 5100
T2 productivity losses (complications, not covered elsewhere) 1100 9400
Source

Hex et al.¢” and own calculations.

Type 2 diabetes has been estimated to cost the NHS £8.8B per year.¢” Of this figure, about 80% is linked to
complications (myocardial infarction, excess inpatient days, kidney failure, neuropathy, stroke, foot ulcers and
amputations and diverse other conditions). There is potential for some of these conditions to be double counted with
other effects quantified here. Based on data from Hex et al., it is estimated that approximately 50% of complications
could be linked to other impacts quantified in this study, and these have been eliminated from consideration to avoid
double counting. Results from Hex et al. have been converted to estimated costs per case by dividing annual cost of UK
prevalence by incidence (Table 21).

Ricardo®? provides a central estimate for loss of utility from T2 diabetes of £222,000 by combining a value per QALY of
£72,000 with QALY loss of 0.36 from Sullivan et al.®? with a duration of 8.57 years (discounted) (Table 22). This estimate
is adopted here. Data on healthcare and productivity costs for IHD are taken from European Heart Network (EHN)%®
(see Table 22). Extrapolation from average annual cost per patient to total cost over the duration of the disease uses a
discounted estimation of 8.93 years per case (Ricardo, 2023 and Table 15).

Ricardo (2016) provides a central estimate for loss of utility from IHD of £250,000 by combining a value per QALY
of £72,000 with QALY loss of 0.39 from Sullivan et al.8’ with a discounted duration of 8.93 years (see Table 15). This
estimate is adopted here.

Lower respiratory infections cover a range of acute conditions (see Table 13), including influenza, pneumonia, bronchitis
and bronchiolitis. Unlike the chronic conditions covered under COPD, these infections typically last for a short period,
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TABLE 22 Average healthcare and productivity costs per incident case of IHD (£, 2022 prices)

Annual (£) Total (£)

Primary care 81 720
Outpatient care 160 1400
Accident and emergency 55 490
Inpatient care 670 5900
Medications 200 1800
Total health care 1170 10,300
Production losses due to mortality 900 8000
Production losses due to morbidity 370 3300
Informal care 800 7200
Source

Adapted from EHN (2017).¢8

2 or 3 weeks, and recovery occurs in many cases without medical intervention. For some cases, however, hospital
admission and intensive treatment is necessary, leading to a broad range of costs per case. Meier et al.*°° provide care
cost data for a group of 156,000 patients who had > 1 GP episode of acute respiratory infection during the study
period. Of this population, 1% were admitted to hospital, some more than once, with a cost to the health service in
the order of several thousand pounds per case. However, overall, the average cost of health care per case, covering
the spectrum of severity from those attending their GP to those admitted to hospital, was £211 (value updated to
2022 prices). No estimate has been identified for productivity losses for LRIs. Hunt et al.’! reviewed data from stated
preference studies for monetising the loss of utility from acute LRIs and acute bronchitis in children, recommending
values from Dickie and Messmann'®? equivalent to £160 (1 symptom day avoided) to £370 (24 symptom days avoided)
per case (£2022). Given the clear non-linearity in these figures and the fact that symptoms will persist for between
several and many days, the upper bound of the range is selected. Given the limited and aged source data for this
estimate, uncertainties in this figure are recognised as being high.

Two types of non-health impact have been monetised:

e Impacts of NH3 emissions on ecosystems. These are monetised using outputs from analysis by Ricardo? for DEFRA,
with an estimate of £487 per tonne of NH,. This estimate covers provisioning services (timber and livestock),
regulating services (GHG emissions) and cultural services (recreational fishing and biodiversity). The valuation
draws on a limited literature, and it may be questioned whether the results adequately reflect public preference for
protection of ecosystems. Uncertainties in the estimates used may therefore be high.

e Emissions of GHGs. The approach to valuation of GHG emissions in the UK is described by the Department for
Business, Energy & Industrial Strategy (2023).1° The values used are taken from the Transport Analysis Guidance of
DfT (2023)'°4 and reproduced in Table 23. Unlike the assessment of air pollution effects, these values are not based
on the cost of environmental harm but on the marginal cost of abating GHGs. This approach can be supported from
the perspective that, given the Net Zero target for climate policy, any change in emission from one source would be
countered by an equal (but opposite) change in another source or sources. The aggregate economic impact would
thus not be a change in GHG emissions or impacts, but a change in the costs of reaching Net Zero. This position may
be criticised on the grounds that the timing of emission changes prior to reaching Net Zero is important. However,
given uncertainties in damage cost assessment for GHGs and the lack of agreed damage costs, the abatement cost
method is preferred here.

Values of goods in future years are discounted in economic analysis, recognising social time preference to have
goods now. Discounting is applied to most goods, such as the costs of pollution controls at 3.5% in the UK, this rate
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TABLE 23 Carbon values, £ per tonne of CO,,_, 2022 prices

Year Low Central High
2010 108.26 216.53 324.79
2011 109.91 219.83 329.74
2012 111.59 223.17 334.76
2013 113.29 226.57 339.86
2014 115.01 230.02 345.04
2015 116.76 233.53 350.29
2016 118.54 237.08 355.62
2017 120.35 240.69 361.04
2018 122.18 24436 366.54
2019 124.04 248.08 372.12
2020 125.93 251.86 377.79
2021 128.29 256.58 384.87
2022 130.24 260.49 390.73
2023 132.23 264.45 396.68
2024 134.24 268.48 402.72
2025 136.28 272.57 408.85
2026 138.36 276.72 415.08
2027 140.47 280.93 421.40
2028 142.61 285.21 427.82
2029 144.78 289.55 434.33
2030 146.98 293.96 440.95
2031 149.22 298.44 447.66
2032 151.49 302.99 454.48
2033 153.80 307.60 461.40
2034 156.14 312.28 468.43
2035 158.52 317.04 475.56
2036 160.93 321.87 482.80
2037 163.38 326.77 490.15
2038 165.87 331.75 497.62
2039 168.40 336.80 505.20
2040 170.96 341.93 512.89
2041 173.53 347.06 520.58
2042 176.13 352.26 528.39
2043 178.77 357.54 536.32
2044 181.45 362.91 54436
2045 184.18 368.35 552.53
2046 186.94 373.88 560.82
2047 189.74 379.49 569.23
2048 192.59 385.18 577.77
2049 195.48 390.96 586.43
2050 198.41 396.82 595.23
Source
DfT (2023).
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being recommended in the UK Treasury Green Book since 2003.1% There are some exceptions in the Green Book
recommendations. Particularly relevant here is the exception for risks to health and life, for which a discount rate of
1.5% is adopted here, recognising that future growth in income will likely feed through to increased WTP to protect
health. These figures are used in aggregation of cost and benefit data to derive NPVs.

An alternative approach (the ‘damage cost approach’) is specific to the benefits associated with NH, reductions and
uses estimates of damage per tonne NH, emission provided by DEFRA”¢ and Ricardo.®* These sources provide a
central damage estimate of £9667 in a range of £3727 to £26,172 per tonne of NH, released in the UK. Regional
differentiation of costs is not provided on the basis that damage from NH, is associated in the DEFRA work with
formation of secondary pollutants (ammonium sulfate and ammonium nitrate) that form gradually in the atmosphere
downwind of the point at which NH, is released. The gradual nature of this process reduces the specificity of damage
according to the site of release. It is acknowledged that this is a simplification, which is addressed by the more
detailed dispersion calculations employed here. The DEFRA/Ricardo analysis covers a different set of impacts to those
addressed in the majority of this work, as follows (Table 24).

The use of the simplified damage cost approach in addition to the full impact pathway analysis in this study has the
following benefits:

e |t demonstrates the magnitude of economic benefits according to alternative assumptions adopted by DEFRA for
policy analysis in the UK at the present time.

e |t provides sensitivity analysis, illustrating the magnitude of benefits under different assumptions on causality,
response functions, valuations and the range of impacts associated with NH, emissions.

TABLE 24 Impacts linked to NH, emissions addressed in the DEFRA damage costs, 2022 prices

Receptor Pollutant Exposure Effect

Low and central sensitivity cases

Health PM, . Chronic Mortality

Health PM, Acute Respiratory hospital admissions
Health PM, All Productivity

Health PM, . Chronic IHD

Health PM, Chronic Stroke

Health PM, Chronic Lung cancer

Health PM, Chronic Asthma in children

Ecosystems NH, Chronic Biodiversity loss

High sensitivity case: all of the above plus

Health PM, . Chronic Diabetes (high sensitivity only)

Health PM, Chronic Bronchitis in adults (high sensitivity only)

Health PM2.5 Acute Cardiovascular hospital admissions (high sensitivity only)
Note

Effects in italics are not directly addressed by AMPHoRA.
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Appendix 3 Additional results from the economic
analysis

TABLE 25 Annual NH, emissions and control costs by scenario, for England, Northern Ireland, Scotland and Wales

Scenario England Northern Ireland Scotland Wales
1 Present day (2019) 156.2 31.8 291 215
2 2019 with current agricultural emission measures removed 179.7 36.1 32.0 23.6
3 Current market trend to 2030 162.5 32.0 294 21.6
4 Lower emissions from farms - medium ambition 2030 138.5 28.3 26.3 19.1
5 Lower emissions from farms - high ambition 2030 117.6 24.3 23.3 16.9
6 Human diet trend to 2030 - no export limits 168.9 34.5 32.7 22.7
7 Human diet trend to 2030 - with export limits 166.1 34.0 31.9 21.6
8 Human diet trend to 2050 - no export limits 164.0 334 32.0 22.2
9 Human diet trend to 2050 - with export limits 160.1 32.5 30.7 20.8
10 Tax on meat and dairy/promote fruits and vegetables - 2030 147.9 25.9 26.5 17.2
11 Increased meat and dairy alternatives - 2030 142.9 25.0 25.8 16.7
12 Tax on meat and dairy/promote fruits and vegetables - 2050 146.7 28.6 28.1 18.8
13 Increased meat and dairy alternatives - 2050 138.3 25.9 25.1 17.4
14 Medium-ambition combination - 2030 125.6 255 252 16.7
15 High-ambition combination - 2030 106.1 20.0 21.2 13.7

TABLE 26 Annual control costs for NH, by scenario, for England, Northern Ireland, Scotland and Wales (EM)

Scenario England Northern Ireland Scotland Wales
1 Present day (2019) 52.8 11.8 6.2 4.2
2 2019 with current agricultural emission measures removed 0.0 0.0 0.0 0.0
3 Current market trend to 2030 57.4 12.1 6.8 4.4
4 Lower emissions from farms - medium ambition 2030 141.6 26.0 20.0 18.7
5 Lower emissions from farms - high ambition 2030 180.1 37.7 26.0 24.9
6 Human diet trend to 2030 - no export limits 59.7 12.8 7.3 45
7 Human diet trend to 2030 - with export limits 59.5 12.7 7.3 4.5
8 Human diet trend to 2050 - no export limits 62.1 12.9 7.5 4.6
9 Human diet trend to 2050 - with export limits 61.8 12.8 7.4 45
10 Tax on meat and dairy/promote fruits and vegetables - 2030 46.4 9.5 5.8 34
11 Increased meat and dairy alternatives - 2030 48.0 9.6 5.9 3.4
12 Tax on meat and dairy/promote fruits and vegetables - 2050 50.6 10.6 6.3 3.8
13 Increased meat and dairy alternatives - 2050 46.4 9.5 5.7 3.5
14 Medium-ambition combination - 2030 121.5 221 18.7 15.8
15 High-ambition combination - 2030 145.5 29.8 22.8 19.1
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FIGURE 37 Marginal abatement cost curve for NH, abatement for scenario 4: ‘Lower emissions from farms - medium ambition 2030’ for
England.
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FIGURE 38 Marginal abatement cost curve for NH, abatement for scenario 5: ‘Lower emissions from farms - high ambition 2030’ for
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FIGURE 39 Marginal abatement cost curve for NH, abatement for scenario 4: ‘Lower emissions from farms - medium ambition 2030’ for
Northern Ireland.
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FIGURE 41 Marginal abatement cost curve for NH, abatement for scenario 4: ‘Lower emissions from farms - medium ambition 2030’ for
Scotland.
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FIGURE 42 Marginal abatement cost curve for NH, abatement for scenario 5: ‘Lower emissions from farms - high ambition 2030’ for
Scotland. FYM, Farm Yard Manure.
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FIGURE 43 Marginal abatement cost curve for NH, abatement for scenario 4: ‘Lower emissions from farms - medium ambition 2030’ for
Wales. FYM, Farm Yard Manure.
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FIGURE 44 Marginal abatement cost curve for NH, abatement for scenario 5: ‘Lower emissions from farms - high ambition 2030’ for Wales.
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APPENDIX 3

TABLE 27 Greenhouse gas emissions as kt CO, /year for scenario 4, ‘Lower emissions from farms - medium ambition 2030’

UK England Northern Ireland Scotland Wales
Urease inhibitor 41 35 3 3 1
Rapid manure incorporation 26 21 0 2 2
Low emission slurry spreading 27 14 7 3 3
Slurry store covers -4 -3 0 0 -1
Farm Yard Manure sheeting 0 0 0 0 0
Washing dairy collecting yards -1 -1 0 0 0
Air scrubbers for pig and poultry 1 0 0 0 0
Dairy housing floor design 0 0 0 0 0
Dairy low-protein diet 21 13 3 3 3
Reduction in N fertiliser use 205 133 20 31 20
Total 316 213 33 42 28
TABLE 28 Greenhouse gas emissions as kt CO, /year for scenario 5, ‘Lower emissions from farms - high ambition 2030’
UK England Northern Ireland Scotland Wales
Food waste reduction 670 379 95 114 82
Urease inhibitor 39 33 2 3 1
Rapid manure incorporation 25 21 0 2 2
Low emission slurry spreading 49 26 12 6 5
Slurry store covers -4 -3 0 0 -1
Farm Yard Manure sheeting 0 0 0 0 0
Washing dairy collecting yards 0 0 0 0 0
Air scrubbers for pig and poultry 1 1 0 0 0
Pig in-house slurry acidification 0 0 0 0 0
Dairy in-house slurry acidification 3 2 1 0 0
Dairy low-protein diet 47 29 6 6 7
Reduction in N fertiliser use 604 394 60 91 59
Total 1435 882 175 222 156
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