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Abstract
Background: The transformation of the global energy sector from fossil-based fuels to low/
non-carbon fuels will reduce environmental pollutant load, which in turnwill benefit humanhealth.
However, with upscaling of emerging renewable technologies and energy sources, it is important to
identify the potential for unintended health impacts, and to understandwhere the knowledge gaps lie
with respect to health.We aimed to identify these gaps by conducting a scoping review.Methods:We
conducted a systematic search ofMedline,Web of Science, PubMed and EMBASE.We used broad
search terms to capture literature associatedwith energy transitioning to low/non-carbon energy
sources or related technologies, combinedwith terms relevant tomeasuring or estimating health
outcomes/impacts associatedwith environmental exposures.We included original epidemiological
studies, reviews, health impact assessments (HIAs), life cycle assessments (LCAs), andmodelling
studies that examined health impacts.Results: The search identified 6933 papers of which 81 original
research and review papers were included in the review. Themajority of studies were based on
modelling scenarios. Therewere few papers reporting empirical epidemiological studies, either
observational or interventional. The principal foci of the studies were: alternative energy scenario
modelling; biofuels; wind energy; photovoltaic cells; transport; and building energy efficiency.Within
those studies the depth and breadth of the health impact researchwas limited.Conclusions: There is a
need to determine the potential for unintended health impacts thatmay arise from each energy
transition scenario, as an adjunct to consideration of environmental and social impacts. Conducting
LCAs orHIAs associatedwith current and emerging transitions, technologies, energy interventions,
and policy decisions are likely to be the bestmethods, currently, for determining the potential for
health impacts. Such research needs to bemultidisciplinary and iterative to keep abreast of
developments in new energy technologies,modellingmethods and policy shifts in energy transitions.

Introduction

The current global energy sector is based primarily on fossil-based fuels, namely oil, gas and coal. Fossil fuel
combustion has short,medium and long-term impacts on health (Smith et al 2013). In the short- tomedium-
terms, fossil fuel combustion creates air pollution due to the release of particulatematter and gases that have
adverse impacts on human respiratory and cardiovascular health (Wu et al 2018) and cognitive health (Clifford
et al 2016). Over the longer term, the contribution of fossil fuels to climate change (Intergovernmental Panel on
Climate Change (IPCC (2018)) is predicted to increase health risks associatedwithmore frequent extreme
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weather events (heatwaves, droughts, vegetation fires, thunderstorms,floods) (Stott et al 2016), increased
prevalence of infectious diseases, and changes in environmental exposures (e.g. pollens, fungal spores) (Watts
et al 2015) and altered agricultural and forestry productivity (Intergovernmental Panel onClimate Change
(IPCC (2018)). These impacts, singularly or cumulatively, can threaten economic status and social structures at
personal, community and national levels (Watts et al 2018).

In the current century, energy transition is understood to be a strategy towards transformation of the global
energy sector from fossil-based fuels to a sector that emits zero orminimal carbon, in order to limit the adverse
impacts that carbon dioxide and other greenhouse gases have on the climate. There are various conceptual
frameworks and varying definitions that have been used to study energy transitions (Sovacool 2016), including
those related to technological requirements; political climate and policy cycles; economic impact;
environmental, social and behavioural acceptance andwillingness by various sectors of society; and also timing.
Conceptual frameworks around timing of energy transitions relate to temporal dynamics of the energy shift.
These have traditionally often taken decades (shift fromoil to gas/coal), but which, with political will, nowhave
the potential to occurmore rapidly as technological advancements occur and environmental change necessitates
(Sovacool 2016, Roberts et al 2018). However,many of those frameworks or definitions do not explicitly include
consideration of the potential for direct public health impacts, although some consider the indirect co-benefits
of climate changemitigation strategies for public health. In this review, we conceptualise energy transitions as
moving frommore polluting carbon-based energy sources to lower or non-carbon energy sources while
focussing on the public health impacts of energy transition occurring inmiddle and high-income settings.

Current strategies to reduce carbon emissions include the use of renewable energy sources that do not
continue to emit carbon, and energy efficiencymeasures to reduce energy needs. There has been global action,
albeit with varying levels of political commitment across theworld, to commit to climate changemitigation
policies to reduce the adverse impacts on the environment (Workman et al 2018). Climate changemitigation
policiesmay have co-benefits whichmay include immediate and longer-termpopulation health effects such as
reduced chronic diseases, for example, cardiopulmonary and respiratory disease and cancers associatedwith
reduced air pollution, increased physical activity and improved social capital (Workman et al 2016, Chang et al
2017).

From a public health perspective, actions taken tomitigate climate change are fully supported (Watts et al
2018, Beggs et al 2019) and studies of the co-benefits to health of reducing greenhouse gas (GHG) emissions have
describedwell the benefits of reducedmortality estimates (Chang et al 2017). However, theremay be other
effects of transitioning between energy sources and technologies that are less well identified and understood. As
such, with upscaling of emerging renewable technologies and energy sources, it is equally important to
understandwhether theremay be unintended health consequences of transitioning fromone energy source to
another. An example is the increased uptake of diesel engine vehicles in Europewhichwas promoted because of
their higher fuel efficiency and lower particulatematter and carbon dioxide (CO2) emissions (O’Driscoll et al
2018). However, an unintended consequence of the shift to diesel engines, was that the change led to increased
emissions of nitrogen oxides (NOx) instead (Beevers et al 2012,O’Driscoll et al 2018). Now,major cities in
Europe are failing tomeet nitrogen dioxide (NO2) standards, predominantly at the roadside (O’Driscoll et al
2018, Carslaw et al 2019). Concurrently, there has been increasing epidemiological evidence of associations
between exposure toNOx andNO2 and a range of adverse respiratory outcomes, including prematuremortality
(WHORegional Office for Europe 2013). Together this has led to the promulgation of national plans in theUK
which aim to reduce population exposure toNO2 (Department for Environment Food andRural Affairs and
Department of Transport,May 2017). The recent announcement by theUK government to bring forward a ban
on the sale of diesel and petrol vehicles from the year 2040 to 2035will require consideration of feasible vehicle
alternatives (Fly 2020).We argue that it is vital that the health impacts of any alternatives are fully considered,
and that appropriate testing of emissions occurs prior towidespread implementation.

The public health paradigm is centred around a preventative approach to protecting health. As public health
and environmental health practitioners, it is important to understandwhether newer energy technologies and
transitions being implemented, or in the planning stage by governments and industry, have the potential to
adversely impact health. To date, decisionmaking and research in renewable energies, technologies and
processes has been rightly and primarily driven by the need for environmental improvement in emissions
controls, specifically the need to reduce carbon dioxide (CO2) emissions, and so it is probable that health
consequences of such changes have not been fully explored. It is timely to identify the gaps in knowledge and to
identify where potential adverse health impactsmay be experienced, alongside the co-benefits.

There are a variety of tools that can be used to study the impacts of energy transitions, including
development and implementation ofmodels, health impact assessment (HIA), life cycle assessment (LCA) and
epidemiology.Whilemodelling and LCAs have been used to project environmental benefits and impacts, it was
unclear to us as health practitioners the extent towhich health impacts have been assessed for specific transitions
scenarios e.g. transitioning from the use of petrol/gasoline vehicles to electric vehicles.While this scoping review
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considers the variousmethods used to date, it was not our intention to evaluate themodellingmethods as this
was beyond the scope of our review andhas been reported recently (Chang et al 2017).

The aims of this scoping reviewwere:

(1) to synthesise the current evidence available on the health impacts of transitioning from traditional fossil-
based fuels to other low/non-carbon forms of energy in high- andmiddle- income countries; and

(2) to identify current gaps in knowledge on the potential for health impact from energy transitions, processes
and technologies.

Methods

As thefield of energy transitions ismultidisciplinary and broad in its inputs and reach, we used the following
criteria to structure the review. The inclusion criteria comprised researchwhich reported empirical and
modelling studies, reviews, andHIAs that examined the health co-benefits or impacts in relation to energy
transition technologies and processes. Aswe aimed to include all papers related to healthwe included ‘health’ as
a broad search term aswell as specific search terms pertaining to cardiovascular and respiratory disease (table 1).

Given the need to focus the review on health and public health impacts, we excluded research that related to:

(1) energy transitions butwhich did not relate to health outcomes;

(2) clinical or public health trials that did not relate to energy transition, energy use or alternative energy
production;

(3) modelling of climate change policies that did not relate to transitioning from fossil-based energy sources to
other low/non-carbon forms of energy. That is, papers which reported analyses of the health co-benefits of
improving air quality through general reductions inGHGemissions or changes to policy and planning, as
weweremindful of the substantial literature already in existence (Thompson et al 2014, Turnock et al 2016,
Partanen et al 2018);

(4) changes in building energy use that did not examine impacts on health;

(5) energy use for indoor cooking or heating using biomass in low income settings;

(6) economic, social, political, technological and temporal impacts on energy transitions which did not related
to health outcomes; and

(7) studies relating to consumer and societal behaviour, energy security and geo-political science, as we
considered these to be outside the scope of the review and are broad, complex disciplinary areas in
themselves.

To avoid duplication of included papers we checked the original papers cited in review papers and
subsequently excluded themunless they contained relevantfindings that were not reported in the reviews.

Search strategy
The literature was searched using bibliographic databases commonly used in the health sciences:Medline,Web
of Science, PubMed and EMBASE.No publication date restrictions were imposed but only English language
papers were searched and selected.

The search terms used are detailed in table 1.

Table 1. Search terms.

Terms

Energy transition energy AND (transition*OR reform*OR future*ORgreenhouse gas*ORdecarbon*OR fossil fuel*ORalternativeOR

carbon constrainedOR cleanOR renewable*OR low carbonOR future*OR solar*ORwind*ORbiofuel*ORelec-

tricityORbiogasOR ethanol or diesel OR gasolineORpetrol*)
AND

Health outcome health AND (co-benefit*ORexternalit*OR impact* or effect*ORcardiovascularOR cardiorespiratoryORCVDOR

respiratory)
Excluding

NOT (dietORbiomassOR accident*)

3
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The abstracts of all identified papers were reviewed for initial inclusion, then full papers were read if
inclusion criteria weremet. Further hand searching of reference lists from included publications was
undertaken.We have reported the results of these papers alongwith discussion of them in the next section.

Results

Our search, conducted on 28 January 2019, initially identified 6933 papers of which 82 papers were included in
ourfinal narrative synthesis (figure 1). Overall, few epidemiological studies, either observational or
interventional, were found in the peer-reviewed literature. Of thesemost were related towind turbine studies

Figure 1.PRISMADiagram of database search, screening and selection of articles.

4

Environ. Res. Commun. 2 (2020) 065003 RTham et al



and building energy efficiency studies. Themajority of papers were based onmodelling energy and climate
change scenarios.We included 18 review papers which had previously synthesised relevant literature.

The included papers covered a diverse and broad range of key topics associatedwith the health impacts of
energy transitioning from fossil-based fuel to low/no carbon energy sources. To facilitate the summary of
findings from the range of papers we grouped them according to themes:modelling alternate energy production
scenarios, biofuels, wind energy, photovoltaic cells, alternative forms of transport, and improving building
energy efficiency.

The included papers comprised studies thatmodelled scenarios of alternate energy source/production/use
and the impact on health (n= 29), followed by studies on building energy efficiency (n=17), wind turbines/
farms (n=14), transport (n=6), and photovoltaic cells.

Discussion

Modelling alternate energy source/production scenarios
Themajority of papers included in this reviewweremodelling studies that compared energy source scenarios
and estimated health impacts or benefits. Themodelling approaches are summarised in table 2 by geographic
location. In theUSA, theCMAQchemical transportmodel combinedwith a regulatory standard health impact
assessmentwas reported in theUS EPABenefitsMapping andAnalysis Program (Akhtar et al 2013, Buonocore
et al 2016a, Buonocore et al 2016b, Abel et al 2018b); the Electrical Policy Simulation Tool for Electrical Grid
Interventions (EPSTEIN) (Buonocore et al 2016a, Buonocore et al 2016b); GATOR-GCMOMwith theU.S.
National Emission Inventory (Jacobson et al 2005); andCoBenefits Risk Assessment (COBRA) (McCubbin and
Sovacool 2013). In China, the Long-range Energy Alternatives Planning system (LEAPs) (Chen et al 2007, Pan
et al 2007, Xue et al 2015, Liu et al 2018); the Comparative Risk Assessment Approach (Qin et al 2017); and
Damage FunctionMethodology (Partridge andGamkhar 2012), were reported. Among these studies, the key
health outcomeswere assessed using economicmodelling, for example, prematuremortality or avoidable
deaths using the ‘value of a statistical life’ tomonetise the savings, and respiratory and/or cardiac
hospitalisations and/or symptoms using themetric ‘willingness to pay’ tomonetise the savings.

Themodelling studies of fossil-fuel based energy production that was replacedwith renewable energy
sources (solar, wind, hydro) resulted in reduced levels of air pollutants (particulatematter with aerodynamic
diameter of<2.5mm [PM2.5],<10mm [PM10]; CO2;NO2), with concomitant health benefits being obtained
through reduced avoidable deaths and reduced health care costs associatedwith hospitalisations, emergency
department attendances, and loss of time fromwork/school due to ill-health (Aunan et al 1998, Chen et al 2007,
Pan et al 2007, Gilmore et al 2010,Haluza et al 2012, Partridge andGamkhar 2012, Akhtar et al 2013,McCubbin
and Sovacool 2013, Shih andTseng 2014, Treyer et al 2014, Gschwind et al 2015, Xue et al 2015, AlRafea et al
2016, Buonocore et al 2016a, Buonocore et al 2016b,Wiser et al 2016, Castro et al 2017, Ramaswami et al 2017,
Qin et al 2017, Abel et al 2018a, Liu et al 2018,Monforti-Ferrario et al 2018, Peng et al 2018, Yang et al 2018). Two
modelling studies examined nuclear power and their results suggested that nuclear energy has the potential to
reduce premature deathswhen compared to fossil-fuel energy (Rosen 2009,Qvist and Brook 2015)due to
reduced air pollution emissions even after accounting for potential radiation health risks. One studymodelled
the impact of replacing ethanol with gasoline in Brazil and reported that the air pollutants emitted by the ethanol
were higher than fromgasoline and could potentially havemore adverse impacts on long-termhealth outcomes
(Scovronick et al 2016). Of these studies, one study used a LCA tomodel base load power generation using fossil
fuel, nuclear, wind, solar and geothermal technologies in Europe. They found that, overall, nuclear and
renewable energy and natural gas power generated substantially less human health impacts than hard coal and
lignite (fossil-fuels). Fossil fuel combustion andmining (coal, uranium andmetal)were reported as generating
the highest human health impacts (Treyer et al 2014).

Despite the relative consistency of health benefits related to transitioning from fossil-fuel to lower-carbon
fuels and other air pollutants, wewere unable to pool the results due to the diversity ofmodellingmethods,
assumptions, scenarios, geographic locations and evaluationmetrics.

Biofuels
Liquid biofuels are the subject of increasing interest as they represent sources of renewable fuels considered to
have the potential for reducedGHGemissions and so their use could assist inmitigating climate change,
strengthening energy security and contributing to diversified agricultural economies. Liquid biofuels are usually
produced by fermenting sugars derived fromplants such as corn grain and sugar cane into ethanol; or by
processing oil crops such as canola, soybean or palmoil into biodiesel (Scovronick andWilkinson 2014).
Research is currently exploring the viability of ‘second-generation’ biofuels which include those produced by the
conversion of lignocellulosic (plant cell wall) feedstock residues into bioethanol and other renewable liquid
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Table 2. Summary of papers thatmodelled alternate energy scenarios grouped by geographic region: NorthAmerica, China andTaiwan, Europe, Brazil.

Author, Year;

Country Model, Exposuremetric Health outcome Findings Comments

Alternate energy scenarios –NorthAmerica: USA andCanada

Abel et al 2018a,

2018b; Eastern

United

States (USA)

A security-constrained electricity dis-

patchmodel with a best-available, reg-

ulatory standard emissions inventory, a

detailed, regulatory standard chemical

transportmodel (CMAQ), and a reg-
ulatory standard health impacts (EPA
BenefitsMapping andAnalysis pro-

gram) and valuation tool.

Mortality incidence. On average, with 17%penetration of solar energy, 1424 (95%CI 284-

2732) deaths could be avoided—with estimated savings ofUS$13.1

billion (95%CI 0.6 to 43.9 billion) in 2015 dollars.

Health impact estimates are based on

changes in PM2.5 during summer only,

therefore impactsmay be under-

estimated.

Solar photovoltaic (PV) cells compared

to fossil fuel generated electricity.

Exposure: PM2.5

Akhtar et al 2013;

USA

Decisionmodel framework to identify

alternative techno-policy futures—

assessing air quality, health and climate

impacts: 2015, 2020 and 2030.

Health costs=increase inmortality

multiplied by value of a statistical life.

This analysis indicated that emission reductions of aerosols and their

precursors under expectedUSA air quality regulations will lead to sig-

nificant benefits to humanhealth, yet theywill, on net, increase the

rate of near-term climate change because reductions inUSA emis-

sions of cooling sulphate aerosols willmore than offset reductions in

warming black carbon aerosols. In the combined scenario where both

near-term emission limits were put into place alongside a long-term

CO2 reduction goal, they found opportunities to improve both

human health and climate outcomes beyond the outcomes from a

single policy.

Modelling frameworkmay assist USA

policymakers to coordinate air quality

regulation across short-term and long-

term time scales.

Potential health effects for emission sce-

narios are estimated using a national

per-ton impact factors calculated by the

CommunityMultiscale AirQuality

Monitoring System (CMAQ)model as

well as the Environmental Benefits

Mapping andAnalysis Program.

Application to broader range of air pol-

lutants and aerosols needed.

Exposure: SOx,NOx and carbonaceous

aerosol emissions.
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Table 2. (Continued.)

Author, Year;

Country Model, Exposuremetric Health outcome Findings Comments

AlRafea et al 2016;

Southwest

Ontario, Canada

Model comparing the use of natural gas

(NG) compared to hydrogen enriched

natural gas (HENG) in a combined cycle

power plant.

Health cost Health costs associatedwith PM2.5 reduced by 3.3%andwithNO2

reduced by 3.7%whenHENGwas used compared toNG.

HENGwas not found to be themost

economical technology for reducing

health costs associatedwith combined

cycle power plant emissions.
Exposure: PM2.5, CO,NO2, SO2

The health cost benefit wasmaximisedwhen hydrogen concentration

inHENGwas 2.3%, beyond that no additional health benefit was

observed.

Buonocore et al

2016a;USA

Modelling the climate andhealth benefits

of different sizes of offshorewindprojects

off the coast ofMaryland andNewJersey,

USAcompared to electricity generatedby

coal or gasusingElectrical Policy Simula-

tionTool forElectricalGrid Interventions

(EPSTEIN)model.

Health impacts=value of a statistical
life (VSL) ofUS$7.58million.

Health benefits varied in order ofmagnitudewith annual benefits

ranging fromUS$75million for the smallest installation to $690mil-

lion for the largest. Benefits attributed to reduced SO2 followed by

reducedCO2 and thenNOx.

Model does not account for: full life-

cycle impacts of fuels; seasonal or tem-

poral variation in power plants cycling

up and down and the associated emis-

sion; particulatematter emissions and

other gases andmetals.

Air pollution emissions (SO2, CO2 and

NOx)modelled fromCMAQ.

Variability was associatedwith facility size, geographic location and

simulated year (2012 v 2017).

Buonocore et al

2016b;USA

Modelling benefits of different energy

efficiency and renewable energy choices

(wind, solar, peak demand-sideman-

agement (DSM) and baseloadDSM) by
displacing the emissions from fossil-

fuel based power generators across 24

scenarios (in 6USA cities) using the
Electrical Policy Simulation Tool for

Electrical Grid Interventions

(EPSTEIN)model. Air pollution emis-

sions (SO2, CO2 andNOx)modelled

fromCMAQ.

Health impacts=value of a statistical
life (VSL) ofUS$7.58million.

Total health benefits varied by a factor of 37 across the 24 scenarios

with central estimates varying fromUS$5.7million toUS$210mil-

lion, with displaced SO2 from coal generally dominating the benefits.

Hence quantifying public health benefitsmay be site specific and vary

by the technology.

Model does not account for: full life-

cycle impacts of fuels; seasonal or tem-

poral variation in power plants cycling

up and down and the associated emis-

sion; particulatematter emissions and

other gases andmetals.
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Table 2. (Continued.)

Author, Year;

Country Model, Exposuremetric Health outcome Findings Comments

Gilmore et al 2010 Monte Carlomodelling. Willingness to pay (WTP) to avoid
adverse health effect (US$) using Envir-
onmental BenefitsMapping andAnaly-

sis Program (BenMap).

Many generators have air emissions thatmay be potentially damaging

to health. This study found that using backup generators to supply

electricity during the periods of peak demand has lower private and

social/health costs than a newpeaking plant in addition tomaking

electricity supplymore reliable and relievingmajor problems asso-

ciatedwith siting new generation and transmission. This analysis uses

conservative assumptions throughout that tend to overestimate the

health costs.

While uncontrolled diesel ICEswould

harm air quality and health, putting

controls on these generators and using

ultralow sulphur fuel reduces the social

costs significantly. Location andmain-

tenance are important considerations.

USA Comparing the levelised private and

social (health) costs of diesel internal
combustion engines (ICE)with and
without diesel particulatefilters (DPF),
natural gas ICEs, andmicroturbines

to a new power peaking plant in

NewYork comparedwith using

back-up generators to provide

power during periods of peak energy

demand.

Prematuremortality due toO3 and

PM2.5.

VSL=$7.5million.

McCubbin and

Sovacool 2013;

USA

Modelling natural gas against wind

energy inCalifornia (Altamont) and
Idaho (Sawtooth).

Prematuremortality—unit value=US
$8.8million

Wind farms likely to avoid the following costs associatedwith pre-

maturemortality:

High level of ambiguity in some of the

models’ inputs: emission rates of air pol-

lutants; location and sources of emis-

sions; estimated number of avian deaths

associatedwith collidingwith turbine

blades comparedwith those dying due

to climate change.

Exposure: PM2.5

Altamont: US$129million toUS$1.75 billion.

Model: Co-Benefits Risk Assessment

Tool: COBRA.

Sawtooth: US$1.4million toUS$13.8million.

Rosen 2009;

Ontario, Canada

Modelling cogeneration of thermal and

electrical energy power using coal and

uranium in a range of proportions and

supplying differing proportions of the

residential, commercial and industrial

sectors.

Mortality,morbidity and days of

work lost.

Modelling indicated that cogeneration of thermal and electrical

energy led to reduced air pollutants and associated reduced health

costs. However, themeasurement and analysis of the health impacts

within the scenariomodelling was not clear.

Results validated 20 years after the initial

case studywas undertaken—annual use

of gas, liquefied natural gas, coal and

petroleumhas increased at higher pro-

portions than predicted in the base

modelling.

1990

Method for health impacts not descri-

bed in themethods.

Annual and cumulative (20 year)
assessments.

6 hypotheticalmodels.

8

E
nviron.R

es.C
om

m
un.2

(2020)065003
R
T
h
am

etal



Table 2. (Continued.)

Author, Year;

Country Model, Exposuremetric Health outcome Findings Comments

Wiser et al

2016;USA

Electric sector capacity-expansion

model forUS—ReEDS. 2015-2050

Prematuremortality, emergency

department visit for asthma, acute

bronchitis, lower and upper respiratory

symptoms, lost workdays, asthma

exacerbation, hospital admissions for

respiratory and cardiovascular, non-

fatal heart attacks.

Benefits identified across all health outcomes related to emissions

reductions.

No evaluation of upstreamor down-

stream impacts such as fromheavy

metal releases, waste products, land

use for power or upstream fuel for

production.

Scenarios: Prevention of 25,000 to 59,000 premature deaths; 2.5million lost

work days; 2.5million lost school days; 30,800 hospital admissions

for respiratory and cardiovascular conditions.

Baseline: NoNew Solar (NNS)
SunShot Vision deployment—solar

penetration 14%-by-2030&27%-

by-2050.

Exposure: SO2, NOx, PM2.5

Alternate energy scenarios—China, Taiwan

Chen et al 2007;

China

Model: long-range energy alternatives

planning system (LEAPs): low carbon

energy scenarios onCO2 and local air

pollutants in Shanghai, China.

Health effects:mortality; chronic bron-

chitis; cardiac and respiratory hospitali-

sation; outpatient visits; acute

bronchitis; asthma attack (children
and adults).

Comparedwith the base case scenario, implementation of various

energy scenarios in Shanghai could prevent 2804 to 8249 and 9870 to

23,100 PM10-related avoidable deaths (mid-value) in 2010 and 2020,
respectively.

Selection of optimal low-carbon scenar-

ios requires further cost-benefit analysis

based on both estimates and other ana-

lyses on the implementation cost of the

scenarios.Multiple scenarios: base case and

energy-efficient improvement, expand-

ing natural gas forfinal sectors, wind

electricity generation.

Economic evaluation: value of statistical

life; willingness to pay (WTP)

Pollutants: PM10 and SO2.

Liu et al 2018;

China

Alternate transport scenarios: Unit value (US$) of:Mortality, respira-

tory hospital admission, cardiovascular

hospital admission, asthma attack,

acute bronchitis, chronic

bronchitis.

The EEI, TMOandCP scenarios all have positive impacts on health

outcomes compared to BAU scenariowith reductions in health-rela-

ted economic costs ranging from23.9 billion to 572.3 billion

USD.

Scope for energy transitions within the

transport sector to have significant pub-

lic health benefits.
1. Business as Usual (BAU)
2. Energy Efficiency Improve-

ment (EEI)
3. TravelModeOptimization

(TMO)—increase clean energy sources

for buses, cars

4. Comprehensive Policy

(EEI+TMO)
Emissions: SO2, NOx, PM10, PM2.5
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Table 2. (Continued.)

Author, Year;

Country Model, Exposuremetric Health outcome Findings Comments

Pan et al 2007;

China

LEAPModel. Acute excess deaths, chronic excess

deaths, respiratory and cardiovascular

hospital admissions, outpatient

visits to internal and paediatric depart-

ments, emergency roomvisits,

asthma attacks

3 scenarios compared to Baseline: At the time of the study little epidemio-

logical evidence from the impact of air

pollution on health inChinawas avail-

able for estimating the health impacts.

The health data used in this analysis was

based on epidemiological research from

USA and European countries which

experiencesmuch lower levels of air pol-

lution.Hence the health benefits asso-

ciatedwith changes in air pollutant

levels reported heremay be

underestimated.

Scenarios: Reductions in PM10 associatedwith reduction in acute excess deaths:

Baseline: Business AsUsual 2010=29-152; 2020=30-212; 2030=39-287
Scenario 1: Clean EnergyConsumption

(CEC) (natural gas replacing coal
burning)+Industry Structure
Transformation (IST)

Reductions in chronic excess deaths

Scenario 2: CEC+IST+Energy Effi-
ciency Program (EEP)

2010=340-1811; 2020=356-2529; 2030=462-3424

Scenario 3: CEC+IST+EEP+-
GreenTransportation (Natural gas,
liquid petroleumgas)

Reductions in SO2 associatedwith reduction in acute excess deaths:

Baseline, 2010, 2020, 2030

2010=237-331; 2020=285-371; 2030=400-554

Exposures: SO2, PM10

Best health benefits achieved under Scenario 3 and increase with time.

Variations in scale of health benefit depended on health endpoint and

scenario.

Partridge and

Gamkhar 2012;

China

Modelled health co-benefits using

‘Damage functionmethodology’ in

China: Transition from coal-powered

power stations to ones usingwind and

small-scale hydro projects.

Prematuremortality (value of statistical
life); incident chronic bronchitis,
respiratory and cardiovascular (CV)
hospitalisations

Preliminarymodelling indicated overall reduction in premature

mortality, chronic bronchitis andCV and respiratory hospitalisation

across all regions of China, but levels varied between regions and

types of energy transition.

Limited range of co-benefits were inclu-

ded in themodel to fully inform a cost-

benefit analysis. Authors state their

results are subject to considerable

uncertainty but provided a preliminary

analysis that could inform future

research.

Occupational health risks not included.
For wind generation, the co-benefit varied between 2.3%and 9.1%of

the additional cost compared to a coal-fired power station in the same

regionOnly estimated health damage related

to PM+secondary sulphites and
nitrates (excluding ozone and SO2).

Peng et al 2018;

China

Modelling coal intensive versus half de-

carbonized power for electricity pro-

ductionwithmultiple end-user elec-

trification scenarios inChina.

Avoided deaths Half decarbonized power supply (∼50% coal) for electrification of the
transport and/or residential sectors leads to a 14%–16% reduction in

carbon emissions compared to BAU, aswell as greater air quality

Modellingwas based on annual total

emissions and authors suggested that

futuremodels should include afiner

temporal analysis.

Exposure: PM2.5

and health co-benefits (55,000–69,000 avoided deaths inChina
annually) than coal intensive electrification. Other important air pollutants such as

NOx andO3

.
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Table 2. (Continued.)

Author, Year;

Country Model, Exposuremetric Health outcome Findings Comments

Qin et al 2017;

China

Modelling of the displacement of coal

use in power, industry andhouseholds

with coal-based synthetic natural gas

(SNG) inChina.

Prematuremortality Deploying all SNG to the residential sector can avoid 32,000 (20,000
to 41,000) air pollution-related premature deaths nationwide in 2020.

In contrast, allocating all SNG to the power or industrial sectors

barely improves air quality and avoids only 560 (230 to 740) or 3,100
(1,300 to 4,300) premature deaths, respectively.

Due to excess CO2 emissions fromSNG

compared to coal, there is a need for an

accompanying carbon capture and sto-

rage strategy tomitigate effects on

climate.SNGproduces less air pollutants such

as SO2 and PMbut has higher CO2

emissions.
These reductions are approximately 10 to 60 times higher than reduc-

tionswhen SNGused in the industrial and power sectors.
Model—ECLIPSE_V5a_CLE

Base case=2020
Airpollutants: SO2,NOx,PM10,PM2.5

Ramaswami et al

2017; China

Social-Ecological-Infrastructural Sys-

tems framework. 637Chinese cities—

detailed data on energy supply and heat

distribution.

Premature deaths TheWhat-If FYP-Efficiency-plus-Symbiosis compared to Base Case

model predicts average premature deaths avoided is 5.6% (25,500 to
57,500) annually. The benefits are highly variable across cities with
themega cities experiencing the greatest reduction in air pollution-

related premature deaths (28%). The secondmodel’s results were not

reported.

Multiscalemodel that connects human

activities in cities withmulti-scale fuel

use reductions, PM2.5 atmospheric

transportmodels, and health risk

assessment.Models—BaseCase 2010&

twoWhat-If Scenarios+Chinese Five
Year Plan (FYP) targets:
1.What-If FYP-Efficiency-plus-

Symbiosis
2.What-If FYP-High Efficiency-

plus-Symbiosis

Pollutants: CO2 and PM2.5

PM2.5 atmosphericmodelling for dis-

persion: AERMOD

Shih and

Tseng 2014;

Taiwan

Air Resource Co-benefitsmodel 2010-

2030 utilising renewable energy (RE)
and energy efficiency improvements

(EEI)measures.

Avertedmortality using premature

deaths avoided and life table

approaches.

Outcome RE EE Did not include PM2.5 in themodelling.

Premature deaths avoided 69,396 57,111

Years of life lost / 100,000 people 6190 5140

Avertedmortality US$million 121,444 99,945

Avertedmorbidity 1405 1406

Benefit/cost 7.9 2.1

Lifecycle co-benefits analysis

Taiwan

Value of statistical life (VSL=US$1.75
million)&Value of statistical life year

(VSLY=$95,000)

Estimation of emissions exposuremay

differ if the full life cycle of

Avertedmorbidity=change in attri-
butable proportion of health care cases

per year.

the energy source does not occurwithin

one area.

Exposure: PM10, SO2,NOx, CO andO3
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Table 2. (Continued.)

Author, Year;

Country Model, Exposuremetric Health outcome Findings Comments

Exposure: PM, toxins, radiation

Xue et al 2015;

China

PHAGE (PublicHealth andGHGEmis-

sion)model to analyse impact of inte-

grated effects of energy consumption in

transport sector in one city inChina

using the LEAPmodel.

Economic value of health damage Public health costs (billions of yuan) in 2025 Greater air quality and health benefits

were gained through reducing the use of

motor vehicles and trucks than through

biofuels. Biofuels pose other challenges

inChina: high cost and potential impact

on food security.Scenarios:

BAU=0.49 (0.71 to 1.18)

•Business AsUsual (BAU)

INT=0.26 (0.24 to 0.64)

• Integrated (INT)

Public health costs associatedwithNO2were largest.

dMotorVehicle Controls (MVC)

Greatest public health cost benefit was associatedwith PM2.5

reduction.

d Fuel EconomyRegulations (FER)
dPromotion ofNewEnergy

Vehicles (PNEV)
d Fuel Tax (FT)
dPromotion of Biofuels (PB)
Exposure: PM2.5, SO2,NO2

Yang et al 2018;

China

Modelling the displacement of coal-

fired power stations with solar energy

production inChina.

Prematuremortality due to chronic

obstructive pulmonary disease

(COPD), lung cancer, ischaemic heart

disease (IHD), ischemic stroke

Balanced_Regional scenario led to greatest health benefit of 10,000

(5000 to 14,000) prematuremortalities avoided.

No life cycle assessment of solar panels

included inmodelling.

Scenarios:

• Skewed_Provincial

•Balanced_Provincial

• Skewed_Regional

•Balanced_Regional

Exposuremodelled by ECLIPSE_

v5a_CLE: CO2, SO2, PM2.5, NO2
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Table 2. (Continued.)

Author, Year;

Country Model, Exposuremetric Health outcome Findings Comments

Alternate energy scenarios - Europe

Aunan et al 1998;

Hungary

Modelling the health benefits of the

National Energy Efficiency Improve-

ment and Energy Conservation Pro-

gram compared to current status; 20%

and 30% reduction scenarios.

Health impacts:Mortality, chronic

respiratory symptoms, asthma symp-

tomdays, lung cancer cases.

Health benefits from reduced air pollution (NO2 and/or PM10)
weremodelled and overall significant public health benefits were

reported.

At the time of the study little epidemio-

logical evidence of the impact of air

pollution on health inHungarywas

available. The health data used in

this analysis was based on epidemiologi-

cal research fromother European coun-

tries which experiencesmuch lower

levels of air pollution.Hence the health

benefits in thesemodelsmay be

uncertain.

Monetised—willingness to pay (WTP)
Health benefits from exposure to differ-

ing levels of air pollution (NO2 and/or

PM10)weremodelled:

Excessmortality averted;

Reduction in infant deaths;

Annual symptom-days reduced;

Annual respiratory symptoms days

reduced.

Castro et al 2017;

Switzerland

Health Impact Assessment Health outcomes: premature deaths,

hospitalisation days due toCVD, RD;

incident cases of bronchitis and asthma

attacks in adults; cases of bronchitis and

asthma symptomdays in children;

restricted activity days, working

days lost.

Reduction of 3.3ug/m3PM10 suggested prevention of 26 premature

deaths, 100 hospitalisation days due toCVD, 110 days due to RD; 30

incident cases of bronchitis and 450 asthma attacks in adults; 150 pre-

valent cases of bronchitis and 1000 asthma symptomdays in children;

47000 restricted activity days, including approx. 11000working

days lost.

Need for harmonizingHIA to allow

direct comparisons between related or

competing policy frameworks.

Modelling 2005 (counterfactual sce-
nario) to 2015 (reference case)

Assessments based onNO2 reduction of 5.6ug/m
3 suggested preven-

tion of 51 premature deaths.

Agglomeration Lausanne-Morges

(Switzerland): Population= 293,000.

The reduction in air pollution between 2005 and 2015 resulted in

annual benefits valued at CHF 36million (PM10) to CHF 49mil-

lion (NO2).

Impacts of air pollution calculated using

population attributable frac-

tions (PAFs).
Monetisation of health impacts.

Modelled reduction inPM10 andNO2

Sourceswere identified fromWorld

HealthOrganizationmeta-analyses
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Table 2. (Continued.)

Author, Year;

Country Model, Exposuremetric Health outcome Findings Comments

Gschwind et al

2015; 45

Health impact assessment of exposure

to PM2.5

Loss of life expectancy of population

aged older than 30 years. Days of Life

Lost (DOLL)

PM2.5 concentrations are predicted to be higher under Fixed Emis-

sion Factor Policy (6.7ug/m3) compared toCurrent Legislation Pol-

icy (2.8 ug/m3) andMaximumTechnically Feasible Reduction Policy

(1.0 ug/m3).

Models included temporal assessment

of PM2.5 levels instead of annual

averages.European

countries

Baseline pathway comparedwith low

carbon scenarios under three air pollu-

tion control policies across all European

countries.
DOLL ranges from24 days/person (Norway) and 228 days/person
(Belgium andTheNetherlands). Greatest reductions inDOLL are
reported in the LowCarbon-MaximumRenewable Power/Max-

imumTechnically Feasible Reduction Policy scenario (34%).

Haluza et al 2012;

Austria

Health impact assessment Mortality—overall, cardiovascular,

respiratory.

Scenario 2 associatedwith additional deaths/year: Geographic differences in exposure rela-

ted to local topography.Scenario 1: Light fuel oil for domestic

heating Hospital admissions: respiratory and

circulatory

PM10=101; andNOx=52

Lack of PM2.5 data.
Scenario 2: Replacement of light fuel oil

for domestic heatingwith natural gas;

Scenario 3 associatedwith additional deaths/year:

Scenario 3: Replacement of light fuel oil

for domestic heatingwith natural gas

and biomass fuel (wood chips or
wood logs).

PM10=174;NOx=114

Emissions: PM10,NOx

Scenario 2 PM10 associatedwith additional hospital

admissions=203
Scenario 3 PM10 associatedwith additional hospital

admissions=353

Monforti-Fer-

rario et al 2018;

Europe (Covenant
ofMayors)

Modelling the impact of 2713 energy

savingmeasures on 146 cities in 23 Eur-

opean countries on air quality.

Prematuremortality Modelling indicated that the energy savingmeasures translated to

approximately 6596 (95%CI 4356 to 8572) premature deaths avoided

and 68,476 (95%CI 45,403 to 89,358)Years of Life Saved.

The findings from this studywas limited

by the focus only being on energy saving

measures and lacking data on other

proposedmeasures which could have

different impacts on air pollutants.

Annual average emissionswere

used, and analysis could have been enri-

ched by use of temporal emission

data.

Energy SavingMeasures: ES

Years of life gained.

Renewable Energy Productionmea-

sures: REP

Both:MIX

Air qualitymodelled by SHERPA

(Screening forHigh EmissionReduc-

tion Potential onAir)
CO2 reductions
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Table 2. (Continued.)

Author, Year;

Country Model, Exposuremetric Health outcome Findings Comments

Qvist and

Brook 2015;

Sweden

This papermodels the early decom-

missioning of Sweden’s nuclear reactors

and the power source is replacedwith

coal and natural gas, not renewable

energy sources.

Potential prevented deaths. Early decommissioning of the nuclear power plants would lead

to the loss of potentially preventing 50,000 to 60,000 energy

related deaths.

The phase out of nuclear power needs to

be considered but an alternative energy

plan should not bring increased risks to

public health.

Treyer et al 2014;

Europe

Life Cycle Impact Assessments of base

load power generation technologies

(fossil fuel, nuclear, hydro, wind, solar,
geothermal) for 2030.

Disability Adjusted Life Years (DALY) Multiplemodels evaluated. Numerous energy technologies com-

pared and contrasted.Methodology

assesses the fuel supply chain and the

construction, operation and decom-

missioning of their related power plants.

Components included arematerials,

waste, energy flows, pollutant emissions

and land uses.Methodology built on

assumptionswhich have related

uncertainties.

•ReCiPe

Overall, nuclear and renewable energy and natural gas power gen-

erate substantially less humanhealth impacts than hard coal and lig-

nite (fossil-fuels).

• IMPACT2002+
Fossil fuel combustion,mining (coal, uraniumandmetal) are the life
cycle stages generating highest human health impacts.

Zvingilaite 2011;

Denmark

Energy systemmodellingmethodology

paper that examines the inclusion of

health externalities into themodelling

to investigate optimisation of the

model.

Health costs Including health externalities into the planning of energy systems is

more economical than paying for resulting damages later.

Important to includemodelling of

health externalities in planning energy

transitions systems.Total health costs decrease approximately 18% and energy system

costs reduce by nearly 4%when health externalities are included in

the optimisation.
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Table 2. (Continued.)

Author, Year;

Country Model, Exposuremetric Health outcome Findings Comments

Alternate energy scenarios: Brazil

Scovronick et al

2016;

Modelling two future scenarios for

vehicle fuel use in Brazil:

The population-weighted exposure to PM2.5 andO3was 3.0 ug/m
3 Numerous assumptions could affect the

results: vehiclefleet composition; pre-

valence of sugar cane burning; changing

population demographics as an emer-

ging economy. Biofuelsmay not be a

solution to traffic related air pollution

but combinations of improved vehicle

technologies, economic incentives and

shifts towardsmass transit and active

travelmay bemore important for public

health.

Brazil 1. Business AsUsual—ethanol produc-

tion and use follows government

predictions

and 0.3 ppb lower, respectively, in 2020 in the gasoline scenario

2. Ethanol supply frozen at 2010 levels

and fuel demand ismetwith gasoline.

comparedwith the ethanol scenario.

Exposure: PM2.5 andO3

The lower exposure to both pollutants in the gasoline scenariowould

result in the population living 1100 additional life-years in thefirst

year, and if sustained, would increase to 40,000 life-years in year 2020.

Without additionalmeasures to limit emissions, increasing the use of

ethanol could lead to higher air pollution-related population health

burdens.
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transport fuels (Tan et al 2016) and ‘third-generation’ liquid biofuels which include those produced fromalgae
(Raheem et al 2015). To date, research is progressing into varying fuel stocks for biofuels but the ‘second-
generation’ and ‘third-generation’ processes have yet to be shown to be commercially viable (Jose and
Archanaa 2017).

Since the early 2000’s there has been rapid global expansion in the biofuel industry—global biofuel output
rose from38 billion litres in 2005 to 131 billion litres in 2015 (Naylor andHiggins 2018). As it is an industry that
is increasing exponentially, it is important that potential health effects are identified, assessed andmitigated.
Potential health effectsmay arise via direct and indirect pathways. An in-depth review of the potential for health
impacts of biofuels was conducted in late 2012 (Scovronick andWilkinson 2014). This review found onlyfive
studies whichwere observational cross-sectional studies orHIA in nature (table 3). The linkages between biofuel
production and use, and the pathways of exposure and health outcomes aremultiple. The pathways of exposure
may be through oral ingestion, inhalation or dermal contact with the fuel, with health effects varying depending
on the chemical and the dosage.

Theremay bemarked variability in risks to health associatedwith occupational exposures such as
agricultural activities that can cause injury or disease, exposure to biological and chemical agents used in
production and processing of the crops (e.g. herbicides, pesticides, ammonia, sulphuric acid, fungal spores,
enzymes, antibiotics, ethanol), or exposure to biodiesel by-products, such as volatile organic compounds. There
may also be risks to health through soil andwater contamination from crop growing. Biofuel production
requiresmuchmorewater than fossil fuel production per unit of energy produced and, as such, expanded
biofuel productionmay also contribute to local water shortages. The impact of these potential risksmay vary
depending on the geographic location, local ecology and site-specific legislation and practices (Scovronick and
Wilkinson 2014).

AHIA of exposure to fossil fuel/petroleum versus ethanol and biodiesel in biofuel workers indicated that the
biofuels emitted fewer carcinogens (Fink andMedved 2013). However, the biofuels emittedmore organic
respirable compounds, NOx and ionizing radiation than fossil fuels, and these could have potential health
effects. The level of health impact identified in theHIA varied depending on the origin of the biofuel (Fink and
Medved 2013). A cross-sectional study of workers in biofuel power plants compared toworkers in oil and gas
power plants reported that working in a biofuel plant did not seem to entail any greater additional risk for airway
diseases comparedwithworking in conventional energy plants (Schlunssen et al 2011). However, increased
endotoxin and fungal spore exposure appeared to be associatedwith a higher risk of rhinitis (OR=3.1, 95%CI
1.1 to 8.8) and asthma symptoms (OR=8.1, 95%CI 1.5 to 44.4) among the biofuel workers (Schlunssen et al
2011). A cross-sectional study of the respiratory function of 39wood pelletmanufacturingworkers found a
significantly higher prevalence of self-reported nasal symptoms, self-reported breathlessness and asthma
exacerbations. However, therewas no significant difference in lung function among thosewho hadworked
longer in this setting orwhen compared to the selected controls (menworking at a foundry) (Löfstedt et al 2017).
Thesefindings were limited by the small sample size and the cross-sectional study design asmeasurements were
only taken at one point in time. Furthermore, the statisticalmethodology and results were not clearly reported. It
is unclear if and how thesefindingsmight extend to general community exposures to biofuels.

Sugar cane is an identified source of energy for biofuel production. Burning of sugar cane straw is a common
practice to enable easier access to the cane and to remove unwantedwildlife from cane fields. These burns are a
major source of PM2.5 during burning seasonwhich can persist formonths. Epidemiological studies have
reported associations between sugar cane burning and hospitalisations for asthma, hypertension and respiratory
conditions among agricultural workers and communities exposed to the dispersed smoke (Scovronick and
Wilkinson 2014). Clearly, these effects are similar to those experiencedwith general biomass burning, which
have the potential for respiratory health impacts (Sigsgaard et al 2015). Of note, these impacts are likely to occur
in and disproportionately affect communitiesmore closely located to crop production and processing,
comparedwith the general populationwhere the fuels are ultimately used.

The beneficial effect, or otherwise, of switching from fossil fuels to biofuels in vehicles is not clear-cut.
Studies of lower proportion biodiesel blends appear to showdecreased emissions of PM10, hydrocarbons and
carbonmonoxide, but report increases inNOx (Scovronick andWilkinson 2014). The research on air toxin
emissions frombiofuel production is unclear, with both increased and reduced emissions reported in the studies
included in this review.Differing fuel blendsmay produce PM2.5 and PM10with varying composition, size and
structure whichmay lead to varying health risks related to their toxicity and oxidative stress responses (Betha
andBalasubramanian 2013, Scovronick andWilkinson 2014). A simulatedmodelling study assessed the impacts
of blending 7% and 20%of biodiesel to automotive diesel, in large cities in Brazil, on PM2.5 emissions and
subsequently on cardiorespiratorymorbidity andmortality. The results indicated that 20%biodiesel blends
were estimated to reducemorbidity andmortality, however they did not evaluate the potential health effects of
NOxproduction and the secondary formation of ozone (O3) (Vormittag et al 2018). Air pollutionmay also occur
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Table 3. Summary of papers that examined biofuels—categorised by study type (observational studies and health impact assessments).

Author, year, location, study type,

population, sample size Exposure/Intervention Outcome Results Discussion/Conclusion

Comments (strengths, limita-

tions, other)

Observational studies

Adar SD et al 2015; USA; before-after

adoption of cleaner air technologies

and cleaner fuels in school buses

(2005–2009), 275 school children
(aged 6–12 years)

Cleaner air technologies:

diesel oxidation catalysts

(DOCs) and crankcase
ventilation systems

(CCVs)

In-cabin air pollutants:

PM2.5, UFP, BC.

Lower in-cabin PM2.5 was associated

withDOCs (−26%95%CI−42 to

−6) andCCVs (−40%95%CI−48

to−30).

Adopting specific clean air

technologies and fuels can

lead to reduced in-vehicle

particulate exposures and

likely lead to improved

respiratory function.

Study obtained repeatedmea-

sures of in-vehicle air pollu-

tant levels and individual

objectivemeasures of respira-

tory function and airway

inflammation.Cleaner fuels: ultralow-

sulphur diesel (ULSD) and
biodiesel.

Lung function: forced

expiratory volume in 1 s

(FEV1) and forced vital capa-
city (FVC); Fractional
exhaled nitric

oxide (FENO).

Lower in-cabinUFPswere associated

withDOCs (−43%95%CI−53 to

−31) andULSD (−47%95%CI−58

to−34).
Residual confoundingmay

over-estimate the health

effects associatedwith the

cleaner air interventions.

Lower FENO in childrenwith asthma

was associatedwithULSD (−31%

95%CI−39 to−21), DOCs (−12%

95%CI−23 to−0.4), CCVs (−14%

95%CI−24 to−4).
Suggestive increases in FEV1 among

all childrenwere foundwithULSD

(0.01 L /year 95%CI−0.006 to 0.03)
andDOCs (0.01 L /year 95%CI

−0.008 to 0.03), with strongest posi-
tive effects among childrenwithout

asthma.
No associations with biodiesel.

Schlunssen et al 2011.

Denmark

Cross-sectional study.

Workers in 85 heating and combined

heating-power plants

Total n=232 (woodchip=138;
straw=94)+controls n=107 (oil
and gas power plants)

Energy plants using biofuels.

Endotoxin

Dust

Asthma symptoms

Nasal symptoms

Increased endotoxin exposure asso-

ciatedwith increasedwork-related

nasal symptoms (OR=3.1, 95%
CI1.1 to 8.8) and asthma symptoms

(OR=8.1, 95%CI1.5 to 44.4)
Increased dust exposure associated

with increasedwork-related nasal

symptoms (OR=3.2, 95%CI 1.1 to

9.2) and asthma symptoms

(OR=9.4, 95%CI1.7 to 52.0)

Workingon abio-fuel plant

doesnot seem to entail any

greater additional risk for

airwaydiseases compared

withworkingonconventional

energyplants, although levels

of endotoxin and fungi

exposure appear tohave

an impact on the

occurrenceof respiratory

symptomsamong thebiofuel

workers.

Small sample size resulted in

verywide confidence

intervals.
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Table 3. (Continued.)

Author, year, location, study type,

population, sample size Exposure/Intervention Outcome Results Discussion/Conclusion

Comments (strengths, limita-

tions, other)

Within this sample, lung

function not adversely

affected.

Straw-workers appeared to be at

higher risk compared towoodchip

workers.

Preventive precautions

should be taken in energy

plants using biofuel to keep

the bioaerosol exposure as

low as possible

Non-smokers appeared to be at

higher risk.

Questionnaire, spirometry,methacho-

line provocation, skin prick tests

Löfstedt et al 2017 Personal exposure towood

dust andmonoterpenes.

Lung function: FEV1, FVC,

FEV1/FVC (FEV%)
No significant difference in lung

function between the exposed

workers and the controls; nor between

workers who had undertaken the

current tasks for less than 5 years or

�5 years.

Authors imply that exposure

tomonoterpenes or dust dur-

ing production ofwood pel-

lets was not an occupational

risk to health.

Interpretation of results are

limited due tomethodo-

logical issues. Small sample

assessed at one point in

time only.

Sweden
Nasal PEF.

Peak exposures to dust andmono-

terpenes were not associatedwith

acute effects on lung function.

Results of regression

analysis were not reported.

No adjustment for

potential confounders or

investigation of potential

interactions.

Cross-sectional study.

No changes in nasal PEF between

work and leisure time.

39men (mean age=38 years (range
21–63 years)working inwood pellet
production in six plants.

Control group: Foundrywork-

ers (n=118).
Questionnaire,medical examination,

spirometry, nasal peak expiratory flow,

IgE blood test.

Health impact assessment

Fink andMedved 2013;No specific

location;Health impact assess-

ment (HIA)

Biofuels (e.g. sugar beet
bioethanol, soybean

biodiesel, sugarcane bioetha-

nol) are potential substitutes
for fossil fuels in

transportation.

Effect of biofuel production

onworkers:

1. Carcinogens

2. Respirable compounds

3. Ionizing radiation

4.UV-B radiation

Outcome=DALYS

Production of fossil fuel/petrol emits

more carcinogens than sugar beet

ethanol, sugar cane and rapeseed

biodiesel.

Higher health impacts fromorganic

respirable compounds emitted during

biofuel production compared to fossil

fuels.

Sugar beet ethanol and soybean bio-

diesel affects human health less with

inorganic respirable compounds

HIAof selected first- genera-

tion biofuels shows some

advantageswith regards

to less carcinogenic

compounds and non-

ionizing radiation.Majority

of health effects in produc-

tion of liquid biofuels comes

fromorganic and inorganic

respirable compounds, but

level of effect

Modellingmethodology not

clear.
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Table 3. (Continued.)

Author, year, location, study type,

population, sample size Exposure/Intervention Outcome Results Discussion/Conclusion

Comments (strengths, limita-

tions, other)

varies depending on the ori-

gin of biofuel.

than fossil diesel or petrol, but not so

for sugarcane ethanol.

Alternative biofuels and

ethanol derived from renew-

able organic sourcesmay

have some humanhealth

impacts.

Production of sugar cane and sugar

beet ethanol and rapeseed biodiesel

emitmore ionizing radiation that fos-

sil diesel. Rapeseed and soybean

biodiesel shown to have less effect on

increasedUV-B radiation than other

biofuels or fossil fuels.

Miraglia 2007. Sao Paolo, Brazil.

Simulation economic evaluation

(cost-benefit) and epidemiological

analysis

Using an additive to provide

a stabilized ethanol/diesel

blend in the bus and

truck fleet to reduce

harmful emissions (PM10,

NO2, CO)

Morbidity: Hospital admis-

sions - paediatric (PRHA)
and elderly (ERHA); daily
ED visits for CVD

(EICDERV).

Avertable events (%reduction) Implementation of an etha-

nol/diesel blend can be

expected to reduce

adverse health events by 0.7

to 3.4%.

Lack of official statistics of

health impacts at the primary

health care level to assess less

acute benefits.

Mortality: late foetal deaths

(FETAL), all-cause elderly
mortality (ETM), elderly
respiratory disease (ERM),
elderly cardiovascular

(ECVDM).

PRHA (PM10) 230 (3.4%)

Social and economic impacts

modelled alongside health

impacts.

Health data obtained from

other studies

ERHA (PM10) 56 (3.4%)

The projected health benefits

include: decrease in hospital

admissions, emergency room

visits, work absenteeism, and

mortality.

EICDERV (CO) 41 (1.7%)

FETAL (NO2) 11 (0.7%)
ETM (PM10) 309 (3.4%)
ERM (PM10) 85 (3.4%)
ECVDM (CO) 37 (1.7%)
Health valuation estimates for averted

morbidity andmortality∼USD178

million/year (1999)

Vormittag et al 2018 Emission offine particulate

matter (PM2.5) frombiodie-

sel additions to standard

diesel:

Hospitalisations for

conditions associated

with PM2.5 exposure:

respiratory, cardiocer-

ebrovascular diseases and

lung cancer.

Increasing to B7 over the study period

—estimated 2143 fewer deaths and

4594 fewer hospitalisations.

This simulated study indi-

cates that the introduction of

biodiesel to the vehicle fleet

throughout large Brazilian

cities could reduce PM2.5

relatedmorbidity andmor-

tality and associated health

costs.

This study did not evaluate

the potential health

impacts of other secondary

air pollutants associatedwith

biodiesel such asNOx, ozone

on health.

Brazil (São Paolo] andRio de Janeiro).

Baseline=5% (B5)

Mortality.

Increasing to B20 over the study per-

iod—estimated 13,031 fewer deaths

and 28,170 fewer hospitalisations.
Project funded by a biodiesel

producers’ association.

Simulationmodelling to estimate

impact of addition of biodiesel to diesel

for automotive use over the period

2011 to 2025. Scenarios=7% (B7) and
20% (B20)
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at other stages of the biofuel life-cycle, and the benefits and adverse impactsmay be differentially experienced
across geographic regions, suggesting potential spatial variation in health impact.

These findings indicate the scarcity of health data related to biofuel production, handling, use, disposal and
variation by location. This highlights the need forHIAs to include the LCAof the range of biofuels in order to
better understand the potential for health impacts, both adverse and beneficial.

Wind energy
Themost health-related research in the energy transitions/renewable energy fieldwas evident for wind turbine
andwind farmoperations. The driving force for this research has been community concern over the alleged
health effects experienced by some people living near wind farms. The key aspects of wind farms that are
complained about are noise, shadowflicker from turbine blades, electromagnetic radiation and infrasound
(inaudible sound). Alleged health effects that have been investigated include sleep disturbance, insomnia,
headache, tinnitus, nausea, tachycardia, problemswith concentration andmemory, panic episodes, and photo-
induced epilepsy (Knopper andOllson 2011, Jeffery andKrogh 2014).

Systematic reviews conducted up to 2015, of the health impacts of exposure towind turbines/farms, found
that there is no consistent evidence that wind farms cause adverse health effects. However, the reviews concluded
that higher quality studies are warranted, especially for those people living close towind farms (i.e. within 1500
metres) (AustralasianCochraneCentre andMonashCentre forOccupational and EnvironmentalHealth 2015,
Merlin et al 2015, NationalHealth andMedical ResearchCouncil 2015). Our literature search found seven new
studies of exposure towind turbines/farms and health effects since 2015 (Feder et al 2015, Jalali et al 2016a, Jalali
et al 2016b, Klaboe and Sundfor 2016, Kageyama et al 2016, Botelho et al 2017, Clark andBotterill 2018)
(table 4). The overallfindings from these papers did not shed alternative findings to the systematic reviews
reported previously. The evidence over whetherwind turbine farms are associatedwith negative health effects is
still hotly contested. Overall, thismost recent research has indicated that stronger adverse health effects were
associatedwith negative attitudes towardswind turbines including concerns regarding property devaluation,
visual impacts and noise sensitivity. Two government funded studies on the health impacts associatedwith
exposure towind turbine noise or infrasound are currently underway inAustralia (https://windfarmstudy.
com/?/home [Accessed 25 September 2019])These include both laboratory-based control studies and field
studies of controlled exposures. They are due to report their findings in 2021–22.

Photovoltaic cells (solar panels)
In simplified terms, solar power is a formof renewable energy that is produced via photovoltaic (PV) cells which
absorb photons from the sun’s rays to excite the electrons in the PV cells resulting in electricity production. This
electricity can then be used to supply renewable energy as single semi-conductor cells (e.g. solar powered
calculators, andwatches) or assembled and encapsulated into solar panels. Solar panel technology is improving,
and the technology is becoming increasingly accessible to populations across theworld. This electricity
production results in reduced gas and particulate emissions compared to electricity produced from fossil-fuels,
such as coal (Abel et al 2018a). A number of studies havemodelledGHGemissions and air pollution levels, and
extrapolated that decreased emissionswere likely to lead to reduced health impacts (Siler-Evans et al 2013,Wiser
et al 2016, Abel et al 2018b). Despite the rapid improvements beingmade to PV cells and the uptake in use for
electricity production, we found few papers that specifically examined the impacts of PV cells/panels on human
health.

The life cycle of solar PV panels, incorporating their production to end-of-life, raises potential health and
environmental issues. The structure and design of PV cells, panels andmodules vary depending on their
application. In general, there are four broad families of PV cells/modules (ranked frommost expensive and
efficient to the least efficient): (1)mono-crystalline silicon—single silicon crystal cut intowafers approximately
0.2mm thick; (2) poly-crystalline/multi-crystalline silicon—cells containingmany small silicon crystals; (3) thin
film—crystalline cells cut intowafers of 2μmthick (layers of thisfilm containing amorphous silicon, cadmium
telluride (CdTe), copper indium selenide (CIS) or copper gallium selenide (CIGS) are placed on glass forming a
panel similar to polycrystallinemodules; these use lessmaterial and are cheaper but are also less efficient), and;
(4)multi-junction panels comprised of indium galliumphosphide (InGaP), gallium arsenide (GaAs) or indium
gallium arsenide and germanium cells (InGaAsGe) (Bakhiyi et al 2014). The production of PV cells involves
exposure to a range of heavymetals, chemicals, acids, bases, gases and solvents (for example: aluminium,
arsenic, asbestos, cadmium, carbon tetrachloride, copper, hexavalent chromium, hydrofluoric acid, lead,
ammonia, argon gas, hydrochloric acid,methane, silane gas, tellurium and nitrogen trifluoride), whichmay
have non-carcinogenic and carcinogenic health effects (Aman et al 2015). Silver is used in PV cellmanufacture
and is considered a relatively valuablemetal (Kuczyńska-Łażewska et al 2018), and so there is the risk that
increased PV cell production tomeet rising global demandwill place undue pressure on existing silver resources.
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Table 4. Summary of papers that examined the impact of wind energy since 2014.

Area, Author, Year, study type,

population, sample size Exposure/Intervention Outcome Results Discussion/Conclusion Comments

Clark andBotterill 2018. Wind farms on landholders’

properties.

Participants: opponents, wind farm

hosts and ‘fence-sitters’.

The ‘facts’ aboutwhether wind farms

cause negative health effects are

contested.

Found that stake inwindfarm,

interest and legitimacy are particu-

larly relevant for the competing

descriptions about the ‘facts’ of

wind turbine health effects.

Purposively selected participants.
Discursive psychological

assessment of howpeople

talk about the health effects of

wind farms - conversation

analysis.

No objective healthmeasures.

n=16

Botelho et al 2017 Directmeasurement of sound

pressure levels in 4 villages.

Questionnaire: response to the

environment, perception ofwind

turbine noise, implementation of

soundmitigationmeasures on

houses.

Keyfindings: exposure towind

turbine sounds significantly impairs

individual wellbeing via the strong

effect it has on their decision to

spend resources in retrofitting their

houses tominimise perceived sound.

This is independent of reported

annoyance.

More objective data needed to

assess the impact of wind turbine

noise on individual health or

well-being.

No objective healthmeasures.

Portugal

Compensationmay be needed to

allay retrofitting costs.

Cross-sectional survey

Community with 53wind tur-

bines in awind farm.

n=80 (29 consider retro-
fitting their homes; 51 do not

consider retrofitting their

homes)

Klaboe and

Sundfor 2016: 13(8).
Noisemeasurements Questionnaire. Response rate=38% Economic compensation

did not appear to act as an effect

modifier.

Response bias

Norway.

Annoyance rather than health

effects examined.

Noise annoyance depends strongly on

separate non-acoustic factors: visual

and aesthetic factors.Cross-sectional survey

Socio-acoustic study post

installation.

Wind farm (31 turbines) that
affects 179 dwellings within

2km radius (n=90).

Kageyama et al 2016 Noisemeasurements in seven

locations within 1kmof near-

est wind turbine, excluding

road traffic noise.

Questionnaire—interview—sleep,

mental health, health symptoms,

noise annoyance, attitudes towards

wind turbines.

No association between noise expo-

sure levels with poor physical/mental

healthwas found.

Sensitivity to environmental sti-

muli should be considered in

future field studies.

Wide confidence intervals.
Japan

Socio-acoustic study

Cross-sectional study.

Rural areas.

Significant association between out-

doorwind turbine noise exposure and

self-reported insomnia (41-45dB
OR=7.93 95%CI 1.57-40.07)
(>46dBOR=6.61 95%CI 0.84

—52.31)

Small sample, especially control

group, therefore limited

representativeness.

Method of noisemeasurement not

provided.34 sites near wind turbines

(n=747) and 16matchedcon-

trol sites (n=332)without wind
turbines.

Insomnia symptoms seemed tobe affec-

tedbypersonal features expressed as

noise sensitivity and the feelingof visual

annoyancewithwind turbines.
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Table 4. (Continued.)

Area, Author, Year, study type,

population, sample size Exposure/Intervention Outcome Results Discussion/Conclusion Comments

Jalali et al 2016a, 2016b. Noise exposure assessment

conducted indoors.

Validated sleep questionnaire: sleep

disturbances.

30% response rate. Role of psychosocial factors are

important—theymay lead

to the development of health com-

plaints in those living near wind

farms.

Small sample is amajor limitation.

Ontario, Canada Participants reported poorer sleep

quality if they had negative attitudes to

wind turbines, concerns regarding

property devaluation, and visual

impacts. Self-reported sleepmay be

associatedwith indirect effects of

visual and attitudinal cues or con-

cerns regarding property

devaluation.

Prospective cohort established

before installation ofwind

turbines.

Associations between noise exposure

and sleep parameters were not calcu-

lated as the number of participants was

too small (n=3).

Assessing residents within 2 km

ofwind turbines.
n (pre)=50
n (post)=37

Jalali et al 2016a, 2016b

Ontario, Canada.

Before and after installation of

wind turbines.

Polysomnography to assess sleep

quality

Results frompolysomnography

showed that sleep parameters

were not significantly changed after

exposure.However, reported sleep

qualities were significantly

(p=0.008)worsened after
exposure.Noise levels in participants’

bedroomdid not change between

before and after wind turbine

installation.

This study cautiously suggests that

there are nomajor changes in the

sleep of participants who live near

new industrial wind turbines in

their community.

Lack of control group, with regard to

the exposure levels andwind speed,

andwith other possible sources of var-

iation thatmight affect results.
Prospective cohort of 16 adults

livingwithin 1 km and in view

of awind turbine.

Assessed sleep parameters at two

time points.

Feder et al 2015

Prince Edward Island,Ontario,

Canada

Cross-sectional study

n=1236 residents in

Outdoor noise levels collected. Assessment of quality of life (QOL):
Interviewer-deliveredWHOQol-

BREF: Physical, Psychological,

Social and Environmental domains.

Wind turbinenoise levelswerenot found

tobe related to scores on thePhysical,

Psychological, Social orEnvironment

domains, or to ratedQOLandSatisfac-

tionwithHealthquestions.

Results do not support an associa-

tion betweenwind turbine noise

levels and decreasedQoL using the

WHOQOL tool.

Reporting bias.

Hearingwind turbines for less than

one year (compared tonot at all and

greater thanone year)was associated
with improved scores on thePsychologi-

cal domain (p=0.01). Lower scores on
both thePhysical andEnvironment

domains (p=0.02 andp=0.04),were
observed amongparticipants reporting

high visual annoyance towardwind tur-

bines. Personal benefit fromhaving

wind turbines in the areawas related to

higher scores on thePhysical

domain (p=0.04).

communities withwind

turbine farms.
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The electricity generated by the PV cells/panels needs to be initially stored in a battery group so that it can be
supplied as needed, hence rapid expansion of the PV system requires expansion of battery production and
disposal. These batteries contain lead and acidwhich, if notmanaged properly, can adversely impact on the
environment and humanhealth.

Some gaps in LCAs of PVpanels have been identified. For example, during the production phase the
quantification of emissions offluorinated-gases and other by-products needs to be undertaken, and reporting of
data on specific air emissions and liquid/solid effluents needs to be improved. During the PVoperational phase
there is uncertainty over: toxic emissions in the event of afire; the level of potential for toxic rainwater to leach
into homewater supplies, stormwater or land surface run-off; the longevity of the solar panels; and the risks to
PV cells during extremeweather events. During end-of-life processing, the toxic potential of PV cell waste in
landfill or incineration needs to be quantified in relation to potential contribution to soil contamination and air
pollution.Other considerations during this phase include the impacts of decommissioning, dismantling, and
transporting the PVpanels for disposal and the associated electricity demand (Aman et al 2015). Similarly, there
is a need to examine the potential health and environmental impacts of batteries and the prospects for recycling
of the batteries (Xu et al 2018).

These findings indicate the need for life-cycleHIA of PV systems to better understand potential health and
environmental impacts, both adverse and beneficial, across the production, operation, end-of-life, disposal
(including take-back) and recycling of PV cells and batteries (Xu et al 2018). SuchHIAs need to determine the
likelihood andmagnitude of risk to enable appropriate riskmanagement procedures to be implemented across
the industry.

Electric andhydrogen fuel-cell vehicles
As of 2017 thereweremore than 2million electric vehicles in service globally with electric vehicles representing
an increasing proportion of new car sales (Wilberforce et al 2017, Requia et al 2018). Electric vehicles are
regarded as a key technological development to support sustainable transportation andmitigate the impacts of
climate change through reducedGHGemissions. An expected co-benefit of reduced traffic-related air pollution
from electric vehicles compared to internal combustion engines using fossil fuels or biofuels is improved public
health outcomes (Navas-Anguita et al 2018) (table 5).

However, these environmental and health co-benefits will only be realised if the source of electricity used to
power the electric vehicles derives from low/no carbon renewable energy sources (Jacobson et al 2005).Where
the infrastructure used to power electric vehicles relies on conventional fossil fuel combustion, e.g. coal based
power stations, then inequity of benefits can occurwhen there is an unequal burden of polluting by-products in
areaswhere benefits of electrified vehicles are not experienced (Ji et al 2015). For example, electricity generating
plantsmay be located in areas where populations are less likely to be able to afford or use electric vehicles. These
areas are at greater risk of being exposed to higher levels of air pollutants. Technically, electric vehiclesmay have
net benefits if chargedwith gas- or renewable energy-powered electricity and those power plants are located far
away frompeople.With increasing use of electric vehicles, we need to consider the location and sources of
electricity production and emissions produced, in order tomaximise distributional fairness of impacts.
Transitioning frompassenger vehicles to active transport (walking, cycling) and reducing the numbers of
vehicles on the road have been shown to have beneficial health impacts associatedwith reduced air pollution,
increased physical activity, and reduced environmental noise (Perez et al 2015, Xia et al 2015) (table 5).

Although tailpipe emissions from fossil-fuelled internal combustion engines will be reduced in electric
vehicles, other emissions such as particulatematter from tyre and brakewear and roadway dust dispersion
remain, and these have the potential to impact on health.

Much research and development is being undertaken to design cost-effective electric car rechargeable
batteries to storemore energy and lengthen the distances and travelling times (Grey andTarascon 2016). This
formof technology offers great potential for electrification ofmass transport systems (Borén et al 2017). Aswith
solar panels there is a need to investigate the life-cycleHIAs of battery use.

Building energy efficiency
The aims of improving residential energy efficiency stem from the desire to reduce energy consumption, reduce
the demand for fossil-fuels, alleviate financial hardship on households and reduce thermal impacts on health.
Several review papers have examined the complex relationship between improving residential energy efficiency
and health outcomes (Maidment et al 2014,Willand et al 2015,Willand et al 2017).

The papers included in this review are grouped into study type and summarised in table 6. Ameta-analysis of
33 building energy intervention studies (installing insulation, central heating, double glazing of windows) that
included approximately 33,000 resident participants found that, on average, the interventions led to small but
significant improvements in self- or parent-reported health status (Maidment et al 2014). However, only four
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studies collected objectivemeasures of health outcomes, for example, lung function tests, blood tests,medical
examination, or blood pressure. Overall, it appears that programs that addressed knownproblems, such as
dampness, cold, or insulation from cold or heat, hadmore impact than those that addressed broader energy
efficiency aspects (e.g. the desire to reduce energy consumption overall). Positive health effects were reported in
studies of children; studies of children, adults and older people with poorer health status; and studies of people
living on low-incomes. Larger health effects were seen in urban areas however this effectmay be biased by the use
of objective health testing in these settings or the increased exposure to outdoor air pollutionwhich the
interventions provided some protection from.

Other reviews of residential energy efficiency interventions explored the contextual influence on health
outcomes (Willand et al 2015,Willand et al 2017). The keymessages from these reviewswere that residents’
expectations influenced their overall satisfactionwith the interventions. In addition, cultural practices around
heating of homes such as providing excessive ventilation, resulted in reduced indoor temperatures, despite the
attempt to improve indoorwarmth. Furthermore, economic deprivation andmastery of technology continued
to impede acceptance of energy efficient interventions and energy efficiency.

A number ofmulti-disciplinary housing studies reported thatworking in partnershipwith communities and
government agencies to retrofit insulation and installmore effective heating has led to significant improvements
in health andwellbeing, especially in low-income housing of vulnerable people (Breysse et al 2011,Howden-
Chapman et al 2011, Garland et al 2013, Grey et al 2017). Some studies also suggested that improving energy
efficiency in the home, by reducing air leakage and airflow,may have deleterious health effects because of
increased potential for growth ofmicroorganisms such asmould, fungi, house dustmites and bacteria. It is
recommended that ventilationmeasures for health protection and the potential variation in the impact of home
energy efficiency strategies be considered in the intervention design of any household energy efficiency program
(Gens et al 2014). Importantly, research has shown that there is a need for tailored policy approaches in different
locations and climates, rather than simply adopting universally rolled out strategies (Shrubsole et al 2015).

Implications and conclusions

Thefield of energy transitions is broad, complex and developing rapidly as governments and industries globally
move to adopt policies and targets to achieve a reduction in carbon emissions.We consider this scoping review
to be afirst step in highlighting potential health impacts of specific energy transition processes and technologies
thatmight otherwise not be fully explored in the literature from a public health impact perspective. Our
literature search indicated that, to date, it appears that the depth and breadth of the health impact research is very
limited, especially in comparison to research on climate or energy return on investment. It is possible that our
search did not produce all relevant papers as we did not include specific health-related search terms such as
mortality,morbidity and cancer, amongst others. However, given that the search identified 6933 abstracts for
screening, including abstracts with these terms, we are of the opinion that, in all likelihood, our reviewwas
successful in identifying themajority of relevant papers.

Research that examines health impacts of energy transitions needs to bemultidisciplinary and continually
evolving to keep upwith the technological developments and policy shifts. From a public health perspective, we
strongly supportmeasures to facilitate the transitioning of carbon-based energy use to lower and non-carbon
energy sources, as there are quantified health benefits of reduced airborne pollutant emissions from this
transition.However, we also acknowledge the need to determine the potential for unintended adverse health
impacts arising from the adoption of newmeasures and technologies.

Our search terms captured a broad range of literature related to energy transitioning, but the depth of
research identified and reviewedwas limited in some areas given that the search focussed on the health impacts
of energy transitions. To better understand the depth of research in each energy transition area, additional
individual systematic reviewswould need to be undertaken.However, in-depth reviews on each energy theme
were beyond the scope of this review. This review did however identify up-to-date in-depth literature reviews
which informed some of ourfindings.

Epidemiological studies examining the health effects associatedwith a range of energy transition formswere
scant. This is perhaps not surprising, given the difficulty in conductingwell designed epidemiological studies
within this domain.Health impacts weremost commonly derived frommodelling studies that utilised existing
prevalence data for a range of health conditionswhichwere expected to be affected by the environmental
exposure/s being examined. The keymodelling studies that analysed health co-benefits examined changes in air
pollution levels associatedwith climate change policies, increasing energy demands, and altered vehicle
emissions.

We anticipate that this reviewmight subsequently lead to the need formore targeted research to fully explore
the impacts on health arising from specific technological or policy changes related to transitioning between
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Table 5. Summary of papers examining the impact of alternative transport options to petroleum/gasoline vehicles.

Author, Year, Location, study type Exposure/Intervention Outcomes Findings Discussion/Conclusion

Navas-Anguita et al 2018. Spain.

Energy systemsmodelling and life

cycle assessment.

Scenarios of electric vehicle (EV) penetration
into the Spanish transport sector over 30 years

(2020, 2030, 2040, 2050).

Human health impacts -DALYs Coal-fired power plants are themost

damaging power generation technology in

terms of health, so partial avoidance

gives rise to favourable reduction in

DALYs.However, thewithdrawal of

fossil-based power generation (natural gas,
cogeneration) have less significant impact.

There was an overall trend in increasing

DALYs for all 3 scenarios after then avoid-

ance of coal-powered generation is no

longer happening.

Increased electricity demand in Spain likely

to bemet by onshore and offshorewind

power—this would lead to slight increase in

annual life cycle impacts of the power gen-

eration sector. Highmarket penetration of

20million EVs by 2050 could be 0.25

DALYs. Thisminor impact is likely to be

offset by high environmental benefits due to

the avoidance of fossil fuel use in the trans-

port sectors- predicted net annual savings

of 4-9DALYs.

4models:

1. Business as usual

2. Lowpenetration

3.Mediumpenetration

4.High penetration.

Perez et al 2015. Basel, Switzer-

land.Modelling transport devel-

opment planswith vehicle

reductions.

Modelling the extent towhich alternate local

transport development plans can contribute

to climate changemitigation in Basel,

Switzerland.

Outcomes: DP: PM2.5 38%decrease; EC 66%decrease.

Additional reduction in othermodels was

very small.

Thismodelling suggested that currently

planned approaches ‘DP’will bring rela-

tively large air pollution health benefits,

principally due to reduction in tail pipe

emissions.Fourmodelling scenarios:
Considerably less change (<2%) in Lden
and Lnight for any scenarios considered.

Themore ambitious hypothesized scenarios

considering large penetration of electric

cars in the city in the year 2020 did not

contribute considerably to increased

health benefits fromnoise reduction

and that an increase in population

exposure to noise and related negative

health impacts is even predicted under the

DP scenarios. Despitemoderate benefits

of air pollution reduction, this

1. ‘Decided policies’ (DP) DP: 3% (65) reduction in natural deaths.

study indicates that noise reduction has the

largest health effectiveness ratiowhen the

energy production is principally from

renewable energy.

2. ‘Z9’Reduce traffic by 4%on inner roads In general, the benefits of noise reduction on

mortality (1%), annoyance (3%-4%) and
sleep quality (1%)were limited.

Limitations: uncertainties are not quanti-

fied, not all assumptions are validated.

3. ‘p10’Reduce traffic by 10%on inner

roads

Comparative analysis shows that reduced

near-road traffic in all themodels provides

the largest health benefit (−3.7DALYs/

1000 population). Noise reduction from
electro-mobility contributes to reducing

impacts onwellbeing: annoyance

(p50=−0.46) and sleep disturbance
(DP=−0.22).

4. ‘p50’—expanding p10with assumption

that 50%of private carfleet will be based

on electric vehicles

Exposure: PM2.5; elemental carbon (EC); noise
(Lden and Lnight); cycling andwalking.

All-causemortality (PM2.5; EC; cycling;

walking)
CVmortality (PM2.5; noise)
Lung cancermortality (PM2.5)
Restricted activity days (PM2.5)
High annoyance (noise)
Highly sleep disturbed (noise)
Primary Impactmetric: Difference per year

in number of premature deaths andmor-

bidity cases due to each policy scenario

compared to reference level—using popu-

lation attributable fraction and life table

methodologies.

Secondary impactmetric: DALY/1000

inhabitants.
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Table 5. (Continued.)

Author, Year, Location, study type Exposure/Intervention Outcomes Findings Discussion/Conclusion

Xia et al 2015. Adelaide, Australia. Replacing the use of passenger vehicles with

cycling and public transport frombaseline

(2010) to future (2030) [passenger vehicle
reductions versus business as usual BUA].

Explored the effect on health outcomes

(deaths, disability adjusted life years—
DALYs) by replacing the proportion
of vehicle kilometres travelled by

passenger vehicles with public transport

and cycling.

Modelled a range of scenarios. The largest health benefits would occur

when increased public transport

and cycling are combined, which is esti-

mated to result in a 55% reduction of total

disease burden attributed to physical

inactivity.

Health impact assessment

Comparative Risk Assessment Approach (5%
and 10% reduction in passenger vehicles).

The health impacts calculated as popula-

tion attributable fractions (PAFs) for short-
term and long-termPM2.5 exposures were

estimated.

Allmodels resulted in reduced PM2.5 and

CO2 emissions.

Exposure=PM2.5

PAFs for short-term and long-termPM2.5

exposures were estimated to decrease, in

linewith reduced PM2.5.

The total burden of disease prevented from

air pollution reductionwas estimated to be

39DALYs in both ‘IncreasedCycling sce-

narios’, and varied from 52 to 98DALYs in

the ‘Increased Public Transport’ scenarios.

Themost substantial health benefits came

from the reductions in disease burden

associatedwith ischaemic heart disease

and stroke.
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Table 6. Summary of papers examining building energy efficiency interventions, grouped by study design (meta-analysis, epidemiological studies,modelling studies).

Area, Author, Year,

Title Exposure/Intervention Outcomes Results Discussion/Conclusion Comments

Meta-analysis of epidemiological studies assessing direct health effects

Maidment et al

2014.

Range of interventions

targeting improving

energy efficiency and

indoor warmth.

Direct effects on health. Average effect of household energy

efficiency intervention on residents’

healthwas positive, albeit, small (0.08 95%
CI−0.01 to 0.18). Effect sizes in primary

studies ranged from−0.43 (negative
health benefits) to+1.41 (positive health
benefits).

The health andwellbeing benefits of having

awarmand energy efficient home are

backed by epidemiological evidence.

Housing energy efficiency intervention

should be assessed over short- and longer-

terms to identify health andwellbeing

effects. Studies need tomaximise the like-

lihood of detecting health changes using

objectivemedical testing andmultiple

stages of follow-up.

Meta-analysis of 36

studies (1997
to 2009).

Measures of general health;mental health;

wellbeing; subjective and objectivemea-

sures of cardiovascular and respiratory

conditions.

Effects sizes were highly heterogeneous

andmultiplemoderators identifiedwere:

single versusmultiple interventions;

specific vulnerable groups (children,
elderly and people living on low-income);
urban versus rural location; broad tools

assessing general health versus specific

medical conditions; self-report versus

objectivemeasures of health; study design:

case control versus cross-sectional versus

randomised controlled trial; recency of

publication.

Adverse effects were rare and usually avoid-

able with improved communicationwith

resident/s andwere outweighed by health

benefits.

Need to determine circumstances, char-

acteristics and behaviours that influence

health outcomes.

Europe, USA,

NewZealand and

Japan

33,376 participants

Epidemiological studies

Breysse et al 2011. Renovating low-

income housing

using green

principles

Interview questionnaire. Study participants were largely immigrants

ofminority

Results suggest that the benefits of

improved housing for low-income house-

holds include reducedmorbidity and sig-

nificant health

Details of health-related questionswere

not reported.Minnesota, USA.

One adult interviewed

per dwelling.

Self-report: general health status, respira-

tory symptoms, injury. race/ethnicity and all low-income.

All green housing standards should include

health-related requirements.

Objectivemeasure of health status not

obtained.
3 building, 60 unit

apartment com-

plex,Minnesota

Indoor CO2

Energy (electricity and gas) usage. Adult health status was better at follow-up

than at baseline (p<0.05). Response bias.

2006–2007

Indoor radon

Baseline=1-4
months after

moving in

Follow-up=12-18
months later.
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Table 6. (Continued.)

Area, Author, Year,

Title Exposure/Intervention Outcomes Results Discussion/Conclusion Comments

Garland et al 2013 Education and environ-

mental interventions.

Frequency of respiratory/asthma

symptoms, exacerbations, impact of

asthma on quality of life, limits to daily

activities and sleep, andmedical care

utilisation.

Significant results frombaseline to 18

months:

Housing impacts both the environment and

health; Interdisciplinary approach to hous-

ing is needed to ensure that the current

needs of improving health care costs, health

of individuals and reducing health care and

energy costs can be achieved.

Peoplewith chronic, serious co-morbid

conditionwith pulmonary symptoms

were excluded. Small sample.
South Bronx,USA

Home visits—interview

questionnaires—

prior tomoving in,

within 4weeks of

moving in, at 6months,

12months and 18

months.

decrease in respiratory symptoms that con-

tinued throughout the day;

Affordable

(low-income) green
residential housing

thatmeets LEED

Platinum

standards.

decrease inmean number of nights with

asthma symptoms;

Sept 2009–

Oct 2011.

reduction inmean number of doctor visits

for asthma treatment; decrease in number

of daysmissed fromwork, school or day-

care; decrease in number of asthma epi-

sodes in previous 3months.Pre-test—Post-test

N=14 (out of 43
possible

participants)

Grey et al 2017.

Wales

Domestic energy effi-

ciency program.

Self-reported physical andmental health

outcomes using the SF-12v2 composite

scales and subjective well-being.

The energy efficiency programmewas not

associatedwith improvements in physical

andmental health or reductions in self-

reported respiratory and asthma symp-

toms.However, the programmewas asso-

ciatedwith improved subjective wellbeing

(β=0.38, 95%CI 0.12 to 0.65), as well as
improvements in a number of psychosocial

outcomes, including increased thermal

satisfaction (OR=3.83, 95%CI 2.40 to

5.90), reduced reports of putting upwith
feeling cold to save heating costs

(OR=0.49, CI=0.25 to 0.94), fewer
financial difficulties (β=−0.15, 95%CI

−0.25 to−0.05), and reduced social isola-
tion (OR=0.32, 95%CI 0.13 to 0.77).

Investing in energy efficiency in low-

income communities does not lead to self-

reported health improvements in the short

term.However, investments increased sub-

jective wellbeing andwere linked to a num-

ber of psychosocial intermediaries that are

conducive to better health. It is likely that

better living conditions contribute to

improvements in health outcomes in the

longer term.

Relatively large sample.

Quasi-exper-

imentalfield

study

Self-reported respiratory and asthma

symptoms.

Short term impacts

Pre-test—post-test

Potential contamination of control group.

Intervention=364

Control=418

2013–2015

Questionnaire
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Table 6. (Continued.)

Area, Author, Year,

Title Exposure/Intervention Outcomes Results Discussion/Conclusion Comments

Howden-Chapman

et al 2011

Retrofitting insulation

and improved heating

in older homes.

Self-report: Respiratory symptoms and

medication usage.

Indoor temperatures increased by 1.1

degree Celsius in living room and 0.53

degree in child’s bedroom.

Multidisciplinary housing studies show that

working in partnershipwith communities

and government agencies to retrofit insula-

tion and installmore effective heating has

led to significant improvements in health

andwellbeing.

Response biasmay impact results.

NewZealand

Indoor temperature.

Self-administered lung function tests: peak

expiratory flow rate (PEFR) and forced
expiratory volume in 1 s (FEV1).

Levels ofNO2 halved.

Did not report on potential contamination

of the intervention/control sites.

Community-based

randomised con-

trolled trial
Levels ofNO

2

.
Data linkage: general practitioner visits and

hospitalisations.

Parents in the intervention group reported

less poor health (OR=0.44, 0.28-0.7).

Limited discussion of the impact ofmod-

erating or interacting characteristics.

N=409 house-
holdwith a child

with doctor diag-

nosed asthma.

Sleep disturbance due to asthma symptoms

reduced significantly.
No difference in lung function between

intervention and control group.

Modelling

Gens et al 2014 Impact of improved

insulation on indoor

particulatematter.

Health effect: DALY (effect, severity, dura-
tion, damage costs,monetary value).

Compared to 0% insulated,modelled sce-

narios of 50% and 100% led to increased

DALYs.Opposite contributions identified:

(1)The reduction in outdoor PMemissions

due to reduced energy demand results in

decrease inDALYs: CH&GR=2500;
CZ=5000. (2) air tighter buildings led to
accumulation of indoor PM resulting in

increasedDALYs: CH=3300; CZ=4100;
GR=7600.

Both effects together indicate that accumu-

lation of PM indoors if high indoor PM

sources are present. The effect of these PM

accumulationsmay outweigh the benefits of

reduction in outdoor PMon the population

average.

Only PMconsidered, not impacts on levels

of fungal spores, radon or relative humid-

ity and associated health effects.Switzerland (CH),
Czech Republic

(CZ) and
Greece (GR).

PM10 and PM2.5

Bronchodilator usage.

Need to consider ventilationwhen increas-

ing energy efficiency of buildings.

Changes in assumptionswill influence the

results. Considerable uncertainties.
Exposure Simula-

tionModelling and

Assessment Tool

(ESMAT) using
Monte Carlo

analysis

Three scenarios of

well-insulated build-

ings (old, new, reno-
vated): 0%, 50%

and 100%.

Cardiac hospital admissions.

New cases chronic bronchitis.

Infantmortality.

Lower respiratory symptoms.
Respiratory hospital admissions.
Minor restricted activity days.

Restricted activity days.

Work loss days.

Years of life lost.

Shrubsole et al 2015

London andMilton

Keynes, United

Kingdom.

Modelling: SCRIBE,

a building physics-

basedhealth impact

model of theUK

Combined home energy

efficiency and electricity

grid decarbonisation

scenarios from2020-

2050.EnergyEfficient

(EE): Business asUsual
(BAU)with rangeof
housing energy effi-

ciency andpurpose

To examine changes, 2010-2050, in end-use

energydemand,CO2 emissions,winter

indoor temperatures, airborne pollutant

concentrations and associated health

impacts: all cause and cardiovascular, cere-

brovascular,myocardial infarction, cardio-

pulmonary, lung cancermortality data.

The average net impact on health (change to
life-expectancy at birth) per 1000 popula-
tionwas greater inmagnitude under all sce-

narios in London compared toMilton

Keynes andmore beneficial when it was

assumedPPVwould be part of energy effi-

ciency interventions (London∼+4

months;MK∼+3months) , butmore det-

rimental when interventions were assumed

not to include PPV (London~−5months;

MK∼−2months).

Important to consider ventilationmeasures

for health protection (not adversely affect-
ing indoor air quality) and the potential var-
iation in the impact of home energy

efficiency strategies, suggesting the need for

tailored policy approaches in different loca-

tions, rather than adopting a universally rol-

led out strategy.

Modelling relies on assumptions and hold

many uncertainties.

Results are indicative and relative, rather

than evidence of direct impact.
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Table 6. (Continued.)

Area, Author, Year,

Title Exposure/Intervention Outcomes Results Discussion/Conclusion Comments

provided ventilation

(PPV) interventions;
housing stock

linked to the Eng-

lishHousing

Survey.

Energy Efficient Plus

(EE+): BAUplus sub-

stantial efficiency and

ventilation interven-

tions focussed on

heating;

LowCarbon

Supply (LCS): major

decarbonisation

scenariowith housing

interventions

(EE) and electrified
heating.
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energy sources, for example, waste to energy technologies or electrification of vehicles.We recommend that the
consistent gap in knowledge that has emerged from this review could be addressed by conducting life-cycleHIA
ormodelling studies of current and developing energy transitions technologies, interventions, and policy
decisions on health. There is a need to conduct individual systematic or in-depth reviews for each of the energy
transitions themes to identify the key stages that would inform the development and implementation of life-
cycleHIAs ormodelling. Toxicological research could also inform the development of life-cycleHIAs for this
purpose. An example of an energy transition field thatwould benefit from toxicological data is that related to
biofuel production and use. Given the rapid speedwithwhich some of these energy transitions are occurring it is
imperative that such assessments and studies be conducted as soon as possible so that policy decisions and
investment priorities are supported by a solid evidence base that protects not only the environment but also
public health.

Funding

This reviewwas funded through a seed grant from theNationalHealth andMedical ResearchCouncil funded
Centre of Research Excellence, Centre for Air pollution, energy and health Research (CAR)(NHMRC

APP1030259; [SEED05.2017]).
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Description of article
The aimof this workwas to conduct a scoping review of evidence frompeer-reviewed literature of the health

impacts and co-benefits of transitioning from fossil-based fuels to other forms of low/no carbon energy.
Overall, our review found thatmost research involvesmodelling health co-benefits from climate change
strategies but there are substantial gaps in understanding potential health impacts associatedwith the transition
to individual renewable energy technologies.
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