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A B S T R A C T

Sev​eral com​men​taries have sug​gested that the over​con​sump​tion of an​i​mal foods ex​erts sev​eral detri​men​tal
ef​fects on hu​man and en​vi​ron​men​tal health. How​ever, no stud​ies have ac​cu​rately es​ti​mated the im​pact of a
re​duc​tion in an​i​mal food con​sump​tion on mor​tal​ity due to the di​rect ef​fects on meta​bolic health (i.e. an​i​‐
mal pro​tein and sat​u​rated fat in​take as mod​u​la​tors of path​ways lead​ing to car​dio​vas​cu​lar dis​ease, can​cer
and ac​cel​er​ated age​ing), and in​di​rect ef​fects on health due to ex​ces​sive ex​po​sure to pol​lu​tants (i.e. PM
con​cen​tra​tions orig​i​nated by live​stock am​mo​nia emis​sions).The pro​posed mod​el​ling ap​proach is in​no​v​a​tive
since it in​te​grates so​cial ac​cept​abil​ity, en​vi​ron​men​tal and health im​pacts. It is adopted to in​ves​ti​gate dif​fer​‐
ent sce​nar​ios at a re​gional scale pre​sent​ing the Lom​bardy re​gion case study. The work fo​cuses on the im​‐
pact on the hu​man and en​vi​ron​men​tal health of di​ets char​ac​ter​ized by three dif​fer​ent an​i​mal pro​tein in​take
lev​els. Our in​te​grated as​sess​ment mod​el​ling ap​proach faces the is​sue from two points of view. On one side,
it es​ti​mates the mor​tal​ity due to the pop​u​la​tion ex​po​sure to PM  con​cen​tra​tions in​clud​ing the in​or​ganic
frac​tion orig​i​nated by live​stock am​mo​nia emis​sions, on the other, it eval​u​ates the mor​tal​ity (i.e. to​tal, car​‐
dio​vas​cu​lar and can​cer) due to high di​etary an​i​mal pro​tein and/​or sat​u​rated fat in​take. The im​pacts of the
men​tioned an​i​mal pro​tein in​take lev​els of di​ets are also es​ti​mated through the peo​ple will​ing​ness to change
their eat​ing be​hav​iour. The im​por​tance of putting in place end-of-pipe and en​ergy mea​sures in or​der to re​‐
duce am​mo​nia and methane emis​sions from the breed​ing ac​tiv​i​ties, go​ing fur​ther the cur​rent EU leg​is​la​tion
on air qual​ity and cli​mate, is em​pha​sized.

© 2020

1. Introduction

Sev​eral stud​ies have sug​gested that the over​con​sump​tion of an​i​‐
mal foods ex​erts sev​eral detri​men​tal ef​fects on hu​man and en​vi​ron​‐
men​tal health and var​i​ous stud​ies have been pub​lished that ac​cu​‐
rately es​ti​mate the im​pact of a re​duc​tion in an​i​mal food con​sump​‐
tion on mor​tal​ity due to the ef​fects on meta​bolic health, i.e. an​i​mal
pro​tein and sat​u​rated fat in​take as mod​u​la​tors of path​ways lead​ing
to car​dio​vas​cu​lar dis​ease, can​cer and ac​cel​er​ated age​ing (e.g. Chen
et al., 2016; Fontana and Par ​tridge, 2015; Zong et al., 2016;
Levine et al., 2014, Tosti et al., 2018).
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any cir​cum​stances be re​garded as stat​ing an of​fi​cial po​si​tion of the Eu​ro​pean Com​‐
mis​sion. Since March 2017 Eva Va​leri is em​ployed at Au​torità di Re​go​lazione dei
Trasporti (the Ital​ian trans​port reg​u​la​tion au​thor​ity), but this ar​ti​cle pre​sents the re​‐
sults of for​mer re​search and does not rep​re​sent the views of the au​thor​ity.

At the same time, the in​ten​sive agri-food in​dus​try, which is trig​‐
gered by the in​creas​ing de​mand of high-pro​tein an​i​mal prod​ucts, is
the pri​mary cause of emis​sion of am​mo​nia (NH ) which, re​act​ing
with other in​or​ganic species pre​sent in the pol​luted at​mos​phere (e.g.
NOx emit​ted by ve​hic​u​lar traf​fic, do​mes​tic heat​ing, en​ergy pro​duc​‐
tion and in​dus​try), is re​spon​si​ble for the for​ma​tion of the sec​ondary
in​or​ganic frac​tion of the fine Par​tic​u​late Mat​ter (PM) (Her ​tel et al.,
2011; Fuzzi et al., 2015; Viney et al., 2009). Through NH  emis​‐
sions, the food in​dus​try, and breed​ing ac​tiv​i​ties, in par​tic​u​lar, is im​‐
pact​ing the en​vi​ron​ment (No ​tar ​ni ​cola et al., 2017) and con​tribut​‐
ing to the pop​u​la​tion ex​po​sure to the fine frac​tion of the at​mos​pheric
PM, which pro​duces sev​eral detri​men​tal ef​fects on hu​man health
(see e.g. Brink and van Grinsven, 2011; Pope et al., 2009;
West ​hoek et al., 2014; Bur ​nett et al., 2018). Also, through the
emis​sions of en​teric CH , breed​ing ac​tiv​i​ties have been es​ti​mated to
be re​spon​si​ble for about 10% of global green​house gas (GHG) emis​‐
sions (Global Car​bon Pro​ject- https:​//​www.​globalcarbonproject.​org/​
index.​htm).

https://doi.org/10.​1016/​j.​scitotenv.​2020.​143708
0048-9697/© 2020.
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Am​mo​nia emis​sion re​duc​tion could be ef​fec​tively ob​tained ei​ther
via end-of-pipe so​lu​tions (Bittman et al., 2014) or through lifestyle
changes when e.g. peo​ple re​duce their pro​tein in​take through a
lower con​sump​tion of meat and dairy prod​ucts, be​ing farm an​i​mals
con​sid​ered the great​est con​trib​u​tor to an​thro​pogenic am​mo​nia emis​‐
sions. How​ever, while end-of-pipe tech​nolo​gies have an im​pact only
on the health ef​fects due to pol​lu​tion ex​po​sure via the re​duc​tion of
at​mos​pheric PM lev​els, di​etary changes might im​pact also on the
meta​bolic health ef​fects. In this work, it is as​sumed that the changes
in meat and dairy con​sump​tion cor​re​spond to equiv​a​lent changes in
the size of live​stock pro​duc​tion (West ​hoek et al., 2015).

In this con​text, it is there​fore im​por​tant to analyse in​di​vid​ual
pref​er​ences to​wards en​vi​ron​men​tal poli​cies also pro​mot​ing po​ten​tial
changes in the di​etary habits, i.e. the con​sumer's re​ac​tion for a re​‐
duc​tion of con​sump​tion of meat and dairy prod​ucts.

The prob​lem of de​vis​ing ef​fec​tive poli​cies aimed at re​duc​ing the
pol​lu​tant lev​els and the re​lated health im​pacts can be suc​cess​fully
tack​led by us​ing In​te​grated As​sess​ment Mod​els (IAMs). IAMs bring
to​gether data on pol​lu​tant emis​sions and lev​els as well as on hu​man
ex​po​sure, with in​for​ma​tion on po​ten​tial emis​sion re​duc​tion mea​‐
sures of pol​lu​tants and the closely re​lated green​house gases, and
their re​spec​tive im​ple​men​ta​tion costs (Reis et al., 2005). At the Eu​‐
ro​pean scale, the most ex​ten​sively used IAM is the RAINS (Re​gional
Air Pol​lu​tion In​for​ma​tion and Sim​u​la​tion) model and its ex​ten​sion
GAINS (Green​house Gas–Air Pol​lu​tion In​ter​ac​tions and Syn​er​gies)
model (Wag ​ner et al., 2007), the lat​ter aimed at iden​ti​fy​ing cost-
ef​fec​tive emis​sion con​trol strate​gies that si​mul​ta​ne​ously tackle lo​cal
air qual​ity and GHGs, thus max​i​miz​ing ben​e​fits (Amann et al.,
2011). In many na​tions, GAINS has been adapted to the na​tional
scale as a tool to as​sess emis​sion re​duc​tion po​ten​tials in a given
coun​try (e.g. D'Elia et al., 2009; Ox ​ley and Ap ​Si ​mon, 2007; Syri
et al., 2002). At the re​gional scale, the RIAT (Re​gional In​te​grated
As​sess​ment Tool) model has been used in var​i​ous re​gions (Lom​bardy
and Emilia Ro​magna in Italy and Al​sace in France) to iden​tify the
most ef​fi​cient mix of lo​cal poli​cies re​quired to re​duce tro​pos​pheric
ozone and par​tic​u​late mat​ter, tak​ing into ac​count lo​cal pe​cu​liar​i​ties
in terms of emis​sions, me​te​o​rol​ogy and tech​no​log​i​cal, fi​nan​cial and
so​cial con​straints (Carnevale et al., 2012a). A re​cent de​vel​op​ment
of IAMs at the na​tional to ur​ban scale is rep​re​sented by the MAQ
(Multi-di​men​sional Air Qual​ity) model (Tur ​rini et al., 2018) used
in this study.

Pre​vi​ous stud​ies have al​ready ad​dressed the is​sue of eval​u​at​ing
the ben​e​fits for hu​man health and en​vi​ron​ment and/​or cli​mate of re​‐
duc​ing the in​take of an​i​mal pro​teins (Bern ​ers-Lee et al., 2012;
Spring ​mann et al., 2016; Tilman and Clark, 2014; West ​hoek et
al., 2014). Other IAM based stud​ies have eval​u​ated the ef​fi​cacy of
ad​dress​ing the agri-food sec​tor emis​sions to re​duce PM lev​els (Pin ​‐
der et al., 2007; Gi ​an ​nadaki et al., 2018). Fi​nally, be​hav​ioural
stud​ies have dealt with the is​sue of how to pro​mote a shift to a
plant-based diet (Joyce et al., 2012).

In this study, for the first time, we per​formed an In​te​grated As​‐
sess​ment of i) the meta​bolic health im​pacts in​duced by a re​duced in​‐
take of an​i​mal pro​teins; ii) the health im​pacts due to the re​duc​tion of
sec​ondary PM gen​er​ated by the breed​ing in​dus​try, iii) the im​pact on
GHG emis​sions due to a re​duc​tion in the breed​ing ac​tiv​i​ties, and iv)
the peo​ple will​ing​ness to change their di​etary habits through stated
choice ex​per​i​ments, in other words, the de​gree of so​cial ac​cept​abil​ity
of en​vi​ron​men​tal poli​cies aimed at curb​ing an​i​mal pro​tein con​sump​‐
tion.

The study do​main con​sid​ered in the pre​sent study is the Lom​‐
bardy re​gion lo​cated in the Po basin in north​ern Italy. The Po basin
is one the most pol​luted, ur​ban​ized and in​dus​tri​alised ar​eas in Eu​‐
rope (EEA, 2018), where a sig​nif​i​cant num​ber of PM  (par​tic​u​late
mat​ter 10 μm or less in di​am​e​ter) ex​ceedances above the lim​its of​

the Eu​ro​pean air qual​ity di​rec​tive (Eu ​ro ​pean Di ​rec ​tive, 2008/50/​
EC) and of the World Health Or​ga​ni​za​tion (WHO, 2005) are
recorded (EEA, 2018; Putaud et al., 2010). This im​plies ex​‐
ceedances also of the av​er​age ex​po​sure in​di​ca​tor (AEI) and, as a con​‐
se​quence, se​vere im​pacts on the pop​u​la​tion health. The huge num​‐
ber of in​ten​sive breed​ing ac​tiv​i​ties in​sist​ing upon the re​gion (55%
and 35% of the Ital​ian live​stock and agri​cul​tural pro​duc​tion, re​spec​‐
tively) to​gether with emis​sions from the in​dus​try, the trans​port sec​‐
tor and from bio​mass burn​ing, com​bined with the re​gion topog​ra​phy
(Carnevale et al., 2018) are re​spon​si​ble for the high PM  lev​els
recorded not only in ur​ban ar​eas but also at rural sites.

2. Methods

In this sec​tion, we de​scribe the mod​el​ling sys​tem de​signed to es​ti​‐
mate the im​pacts of a re​duc​tion in an​i​mal food con​sump​tion. The
sys​tem is com​posed of a set of mod​els that cov​ers the so​cial, en​vi​ron​‐
men​tal and health as​pects to as​sess the im​pact of dif​fer​ent lev​els of
an​i​mal pro​tein in​take, as​sum​ing that a pro​tein in​take re​duc​tion af​‐
fects the ex​tent of live​stock. This, in turn, re​sults in a re​duc​tion of
PM  con​cen​tra​tion and GHG emis​sions.

The mod​el​ling sys​tem schematic di​a​gram is given in Fig. 1 and it
con​sists of:

- A di​rect health im​pact model (Sec ​tion 2.1) to as​sess the health
risk and the es​ti​ma​tion of di​rect health ef​fects in terms of pre​ma​‐
ture deaths and Years of Life Lost (YLL) de​ter​mined by the pro​tein
in​take vari​a​tion;

- A mod​el​ling chain based on the MAQ model to as​sess i) the re​duc​‐
tion of NH3 emis​sions due to pro​tein in​take vari​a​tion; ii) the re​‐
sult​ing changes in pop​u​la​tion ex​po​sure to PM10 and re​lated in​di​‐
rect health ef​fects in terms of the same mor​tal​ity in​di​ca​tors (YLL);
iii) changes in GHG emis​sions (Sec ​tion 2.2).

- A DCM (Dis​crete Choice Model) to as​sess the so​cial ac​cept​abil​ity of
se​lected an​i​mal pro​tein in​take sce​nar​ios pro​posed to pop​u​la​tion,
analysing stated choice data (Sec ​tion 2.3);

The meta​bolic health im​pacts have been eval​u​ated in terms of re​‐
duced YLL ac​cord​ing to the haz​ard ra​tio pro​vided by Levine et al.
(2014). This pa​per high​lights that, for peo​ple be​tween 50 and 65,
an an​i​mal pro​tein in​take higher than 10% of the to​tal daily calo​ries
can in​crease the all cause-mor​tal​ity haz​ard ra​tio, so, sce​nar​ios have
been de​vel​oped con​sid​er​ing an an​i​mal pro​tein in​take lower than
10% of the daily to​tal calo​ries.

The im​pacts on health due to a re​duced PM ex​po​sure as well as
the im​pact on GHG emis​sion have been eval​u​ated us​ing the MAQ
(Multi-di​men​sional Air Qual​ity) model. MAQ has been de​vel​oped to
de​fine cost-ef​fec​tive air qual​ity plans at dif​fer​ent scales (ur​ban to na​‐
tional) and co-ben​e​fits for GHG emis​sions (Tur ​rini et al., 2018).
MAQ can as​sess the ef​fec​tive​ness of end-of-pipe, en​ergy and fuel
switch mea​sures, in​clud​ing be​hav​ioural changes, as e.g. changes in
di​etary habits. MAQ in​te​grates all the com​po​nents of the DP​SIR
scheme (Dri​vers-Pres​sures-State-Im​pacts-Re​sponses), adopted by the
EU (Eu ​ro ​pean En ​vi ​ron ​ment Agency, 1999). In par​tic​u​lar, it al​‐
lows as​sess​ing pol​icy sce​nar​ios or the so​lu​tion of an op​ti​miza​tion
prob​lem by it​er​a​tively chang​ing the abate​ment mea​sures ap​plied
(RE​SPONSES) that af​fect the hu​man ac​tiv​i​ties (DRI​VERS) and di​‐
rectly re​duce emis​sions (PRES​SURES). This mod​i​fies air pol​lu​tant
lev​els (STATE) re​sult​ing in the vari​a​tion of IM​PACTS. The im​pacts
are then eval​u​ated, and RE​SPONSES are ac​cord​ingly as​sessed.

The so​cio-eco​nomic analy​sis is based on DCM analy​sis aimed at
mod​el​ling the way peo​ple choose be​tween a set of al​ter​na​tives of po​‐
ten​tial en​vi​ron​men​tal mea​sures. DCMs are use​ful for analysing and
pre​dict​ing how peo​ple's choices are in​flu​enced by their per​sonal
char​ac​ter​is​tics and by the dif​fer​ent mea​sures' dri​vers. Widely used in​
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Fig. 1. Mod​el​ling sys​tem schematic di​a​gram.

many fields such as mar​ket​ing, trans​porta​tion, hous​ing, com​mu​ni​ca​‐
tions, en​ergy, health and so​cial care, in​sur​ance, labour, agri​cul​ture
and food (Ben-Akiva and Ler ​man, 1985; Ben-Akiva et al., 2002;
Lou ​viere et al., 2000; Mc ​Fad ​den, 1981; Train, 2002), DCEs are
based on the mi​cro​eco​nomic ap​proach of con​sumer be​hav​iour based
on the util​ity max​i​miza​tion un​der a bud​get con​straint. They im​ply
the de​sign and im​ple​men​ta​tion of a field sur​vey in​clud​ing the ex​per​i​‐
men​tal de​sign de​f​i​n​i​tion, the ques​tion​naire set​ting and ad​min​is​tra​‐
tion, data col​lec​tion and sam​pling strat​egy, the model analy​sis and
in​ter​pre​ta​tion, as well as some in​ter​nal and ex​ter​nal va​lid​ity checks
(Hen ​sher et al., 2005).

2.1. Metabolic model

Based on Levine et al. (2014), we com​puted the re​duc​tion in
YLL due to lower pro​tein in​take in the 50–65-year-old pop​u​la​tion
group. For each 5-years wide pop​u​la​tion co​hort c, the fol​low​ing
equa​tions have been ap​plied:

where LE  is the av​er​age life ex​pectancy for co​hort c and d , d
are the num​ber of deaths for co​hort c per 100,000 peo​ple in the base
case (d ) and in the case with low pro​tein in​take (d ). These last
two terms can be com​puted as:

where

In the pre​vi​ous equa​tions, s  rep​re​sents the num​ber of sur​vivors
for the co​hort c, given a crude death rate per co​hort q . In​stead, s  is
the num​ber of sur​vivors for the co​hort c, given a death rate mod​i​fied
through the haz​ard ra​tio due to re​duced pro​tein con​sump​tion (HR).
This last con​di​tion, ac​cord​ing to the afore​men​tioned pa​per, re​sults in
a 30% all-cause mor​tal​ity risk in​crease (HR: 1.3).

2.2. The MAQ model: PM  exposure and GHG emission impact
assessment

Am​mo​nia pro​duced by breed​ing ac​tiv​i​ties re​acts with other in​or​‐
ganic species in the at​mos​phere con​tribut​ing to the sec​ondary in​or​‐
ganic frac​tion of PM. Pop​u​la​tion ex​po​sure to PM pro​duces a broad
range of ef​fects on hu​man health pre​dom​i​nantly to the res​pi​ra​tory
and car​dio​vas​cu​lar sys​tems (WHO, 2005).

In this work, the PM ex​po​sure-re​lated health im​pacts have been
eval​u​ated through the ap​pli​ca​tion of the MAQ sys​tem in​te​grat​ing the
Ex​ternE ap​proach (Bickel et al., 2005). This, to es​ti​mate the im​‐
pact on all-cause yearly mor​tal​ity due to long term PM  ex​po​sure
ex​pressed in YLL.

To com​pute health im​pacts, the cal​cu​lated PM  con​cen​tra​tions
are mul​ti​plied by the num​ber of 30 to 90 years-old cit​i​zens re​sid​ing
in each cell of the do​main and for a co​ef​fi​cient that de​ter​mines the
in​ci​dence of the pol​lu​tant on the years of lost life. The equa​tion to
com​pute the YLL for the mor​bid​ity in​di​ca​tor m is:

where:

- γ is the in​ci​dence of the PM  con​cen​tra​tions ex​po​sure on the YLL
and it is equal to 0.0004 ;

- P  is the pop​u​la​tion, from 30 to 90-year-old, ex​posed to PM  pol​‐
lu​tion in cell d;

- AQI  in​di​cates the mean PM  con​cen​tra​tions, in cell d in .

MAQ also es​ti​mates the GHG emis​sion re​duc​tion re​sult​ing from
the ap​pli​ca​tion of the abate​ment mea​sures.

2.3. Discrete choice model: social acceptability evaluation of changes in
eating behaviour

Poli​cies in​volv​ing be​hav​ioural mea​sures are likely to play an in​‐
creas​ingly im​por​tant role in fu​ture en​vi​ron​men​tal and air qual​ity
man​age​ment in Eu​rope. To de​sign ef​fec​tive poli​cies be​hav​ioural and
habit changes need in​evitably to be taken into ac​count, in​di​vid​ual​
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pref​er​ences to​wards the main pol​icy dri​vers must be as​sessed. The
pre​sent study is built on a stated choice ex​per​i​ment sur​vey, de​signed
and im​ple​mented in Italy in 2015 within the EU pro​ject SE​FIRA (So​‐
cio-Eco​nomic Im​pli​ca​tion for In​di​vid​ual Re​sponses to Air Pol​lu​tion
poli​cies in EU), im​ply​ing the sub​mis​sion to 2.400 Ital​ian cit​i​zens of a
ques​tion​naire with a DCM ex​er​cise (Va ​leri et al., 2016). The sam​‐
ple is na​tion​ally rep​re​sen​ta​tive re​flect​ing the dis​tri​b​u​tion of pop​u​la​‐
tion 18+ in terms of age and gen​der at NUTS-3 level so that it can
in​clude both ur​ban and rural ar​eas. Re​spon​dents eat meat or dairy
prod​ucts for more than four days per month. Are there​fore ex​cluded
veg​e​tar​i​ans and ve​g​ans.

The sur​vey was aimed at eval​u​at​ing the ac​cept​abil​ity of a set of
en​vi​ron​men​tal poli​cies fo​cussing on air qual​ity; the ex​er​cise high​‐
lighted the role of dif​fer​ent at​trib​utes af​fect​ing such ac​cept​abil​ity,
thus mea​sur​ing the im​por​tance as​signed by re​spon​dents to the per​‐
sonal en​gage​ment in term of changes, among the oth​ers, in the eat​‐
ing habits. A seg​men​ta​tion analy​sis based on so​cio-eco​nomic and de​‐
mo​graphic char​ac​ter​is​tics of re​spon​dents, com​ple​mented by their at​‐
ti​tudes to​wards both en​vi​ron​men​tal aware​ness and in​ten​tion, al​‐
lowed us to clus​ter re​spon​dents by dif​fer​ent sen​si​tiv​i​ties to​wards
changes in di​etary habits.

From the aim of this study, we take into ac​count the choice be​‐
tween two (out of five) po​ten​tial en​vi​ron​men​tal poli​cies char​ac​ter​‐
ized by the fol​low​ing pol​icy dri​vers:

- the per​sonal en​gage​ment in terms of changes in the eat​ing habits:
de​fined as the re​quired re​duc​tion in the con​sump​tion of beef, pork,
lamb or dairy prod​ucts, ex​pressed in the num​ber of days fewer per
month; three at​trib​ute lev​els have been cre​ated piv​ot​ing, for each
re​spon​dent, a re​duc​tion of 25% and 50% on the cur​rent level of
con​sump​tion. The “No change” op​tion was in​cluded;

- the re​duc​tion of pre​ma​ture deaths: de​scribed as the im​pact of the
pol​icy on the re​duc​tion of the num​ber of pre​ma​ture deaths caused
by at​mos​pheric pol​lu​tion, with the fol​low​ing at​trib​ute lev​els:
50,000, 150,000 and 250,000 fewer pre​ma​ture deaths an​nu​ally.

Es​ti​mat​ing in​di​vid​ual pref​er​ences with a La​tent Class mod​el​ling
ap​proach, we found three clus​ters of re​spon​dents char​ac​ter​ized by
dif​fer​ent eat​ing habits and en​vi​ron​men​tal aware​ness and in​ten​tions
(Va ​leri et al., 2016). All clus​ters re​port a sig​nif​i​cant and pos​i​tive
sen​si​tiv​ity to the im​prove​ment of the re​duc​tion of pre​ma​ture deaths
caused by ex​po​sure to at​mos​pheric pol​lu​tants, while the per​sonal en​‐
gage​ment in terms of changes in the di​etary habits varies across all
clus​ters. The es​ti​mated in​di​vid​ual het​ero​gene​ity be​tween the dif​fer​‐
ent clus​ters has been used here to carry out a sce​nario analy​sis.

Con​sid​er​ing that the pol​icy dri​vers (di​etary habits and pre​ma​ture
deaths) si​mul​ta​ne​ously var​ied across choice sce​nar​ios based on the
drawn ex​per​i​men​tal de​sign, we cal​cu​lated the mar​ginal rates of sub​‐
sti​tu​tion be​tween them that mea​sures the de​gree to which in​di​vid​u​‐
als are will​ing to trade one at​tribute, in this case, pol​icy dri​ver, for
an​other (Zweifel et al., 2006). This is par​tic​u​larly im​por​tant for
those in​di​vid​u​als who per​ceive the di​etary habits' change as neg​a​tive
on the over​all util​ity (i.e. sat​is​fac​tion) for a po​ten​tial en​vi​ron​men​tal
pol​icy. Fo​cus​ing on the clus​ter of re​spon​dents re​sult​ing more re​luc​‐
tant to changes in their eat​ing habits, through a sce​nario analy​sis we
in​ves​ti​gated the com​pen​sa​tion re​quired, in terms of the num​ber of
pre​ma​ture deaths, to ac​cept a re​duc​tion in the an​i​mal in​take habits.
Then, we quan​ti​fied the com​pen​sa​tion re​quired to achieve the goal
of the tested pol​icy sce​nar​ios, es​tab​lish​ing a link with the re​duc​tion
in the num​ber of pre​ma​ture deaths es​ti​mated through the MAQ
method​ol​ogy.

2.4. Uncertainty assessment

The YLL es​ti​mates due to PM  ex​po​sure can be af​fected by the
mod​el​ling sys​tem un​cer​tain​ties (Carnevale et al., 2016a, 2016b).
The as​sess​ment of such un​cer​tainty is ap​praised by com​put​ing how a
vari​a​tion of ±5% of breed​ing ac​tiv​i​ties, ap​plied to the pro​tein in​take
sce​nar​ios, af​fects emis​sions, con​cen​tra​tions, ex​po​sure and YLL.

As it is for the so​cial ac​cept​abil​ity analy​sis, in or​der to iden​tify
how to com​pen​sate a spe​cific amount of pre​ma​ture deaths in the
Lom​bardy re​gion by a be​hav​ioural change con​sist​ing of a re​duc​tion
of meat and dairy prod​ucts, we use the mar​ginal rate of sub​sti​tu​tion
be​tween the two at​trib​utes (i.e. re​quired changes in eat​ing habits
and re​duc​tion of pre​ma​ture deaths), that is the ra​tio of the two co​ef​‐
fi​cient es​ti​mates. This is com​monly called “will​ing​ness to pay” when
a mon​e​tary co​ef​fi​cient is con​sid​ered at the de​nom​i​na​tor. To fur​ther
in​ves​ti​gate pa​ra​me​ter un​cer​tainty and avoid to sim​ply use point es​ti​‐
mates, we cal​cu​lated the con​fi​dence in​ter​vals of the mar​ginal rate of
sub​sti​tu​tion.

3. Modelling system set-​up for the case study

The analy​sis for pro​tein re​duc​tion sce​nar​ios is ap​plied to Lom​‐
bardy re​gion in North​ern Italy. This do​main (shown in Fig. 2) has
been dis​cretized with a 6 × 6 km  res​o​lu​tion for a to​tal of 6000
cells. The mod​el​ling setup re​quires the fol​low​ing data​bases:

3.1. Emission-​concentration model database

Sta​tis​ti​cal sur​ro​gate mod​els have been iden​ti​fied and har​mo​nized
in the MAQ sys​tem to pro​vide the link be​tween pre​cur​sors emis​sions
and PM  con​cen​tra​tions. Among sta​tis​ti​cal mod​els, the Ar​ti​fi​cial
Neural Net​work model class has been ap​plied (Corani, 2005;
Carnevale et al., 2012b). To train the Neural Net​work Sur​ro​gate
Mod​els, a set of 14 sce​nar​ios has been built to in​clude the high​est in​‐
for​ma​tion con​tent and cover pos​si​ble vari​a​tions of emis​sion pre​cur​‐
sors, span​ning be​tween a max​i​mum value, which cor​re​sponds to the
“base case” year and a min​i​mum value cor​re​spond​ing to the Max​i​‐
mum Fea​si​ble Re​duc​tion (MFR) sce​nario. These train​ing sce​nar​ios
have been sim​u​lated through TCAM (Trans​port Chem​i​cal Aerosol
Model), a 3D Euler​ian model (Carnevale et al., 2008).

3.2. Baseline scenario

The data​base con​tain​ing de​tails about the ap​pli​ca​tion of abate​‐
ment tech​nolo​gies over the do​main is de​rived from the GAINS sys​‐
tem (http:​//​gains.​iiasa.​ac.​at) and has been al​ready used in the pro​‐
ject LIFE+ OPERA (www.​operatool.​eu). The ref​er​ence reg​u​la​tory
frame​work is the Cur​rent LEg​is​la​tion Level of 2020 (CLE2020).
Emis​sions have been ob​tained by pro​ject​ing IN​EMAR (IN​ven​tario
EMis​sioni Aria, www.​inemar.​eu) re​gional data​base emis​sions to
2020. The pro​jec​tion con​sid​ers the val​ues of Ac​tiv​ity Level (pres​ence
of an an​thropic ac​tiv​ity) and Ap​pli​ca​tion Rate (de​gree of dif​fu​sion/​
im​ple​men​ta​tion of a tech​nol​ogy) pro​vided by the cur​rent Eu​ro​pean
and na​tional leg​is​la​tion for the year 2020.

3.3. Population database

Data used to com​pute health ef​fects for this do​main have been
taken from the na​tional Ital​ian sta​tis​ti​cal in​sti​tute web data​base (Is ​‐
ti ​tuto Nazionale di Sta ​tis ​tica, 2018).

4. Results

Three sce​nar​ios have been analysed: the base case, cor​re​spond​ing
to the Cur​rent Leg​is​la​tion (CLE) sce​nario ex​pected by the Eu​ro​pean​
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Fig. 2. Lom​bardy re​gion study do​main.

Leg​is​la​tion for the year 2020, and two sce​nar​ios as​sum​ing a re​duc​‐
tion of 25% (Sce​nario A) and 50% (Sce​nario B) of the breed​ing ac​tiv​‐
i​ties over the do​main.

4.1. Health impacts of PM exposure

Table 1 shows, for five PM  pre​cur​sors con​sid​ered (NOx, VOCs,
NH , Pri​mary PM) ab​solute and rel​a​tive dif​fer​ence in emis​sion re​‐
duc​tions be​tween CLE and the two re​duced sce​nar​ios. The Table also
in​cludes, in brack​ets, the un​cer​tainty con​sid​er​ing a ± 5% vari​a​tion
of the breed​ing ac​tiv​i​ties.

The NOx, VOC and Pri​mary PM (PPM) emis​sions re​duc​tion,
where dif​fer​ent from zero, are al​most neg​li​gi​ble. As ex​pected, know​‐
ing the emis​sion dis​tri​b​u​tion of the breed​ing sec​tor, NH  emis​sions
are those mostly af​fected by the an​i​mal re​duc​tions, with an emis​sion​

de​crease for sce​nario A and B, of 24.5% (19.6%–29.4%) and 49%,
(44.1%–53.9%), re​spec​tively.

It is pos​si​ble to as​sess where such re​duc​tions are lo​cated by look​‐
ing at the NH  emis​sion maps for the three sce​nar​ios in Fig. 3. Since
breed​ing is the macro-sec​tor to which al​most the en​tirety of NH
emis​sion is al​lo​cated, and since such ac​tiv​i​ties are mainly clus​tered
in the south​ern part of the re​gion, the emis​sion re​duc​tions are lo​‐
cated pre​cisely in this area.

The MAQ sys​tem is then used to as​sess the ef​fect of these emis​‐
sion re​duc​tions on PM  con​cen​tra​tions. Fig. 4 shows the yearly
mean PM  con​cen​tra​tions over the do​main. Con​cen​tra​tion re​duc​tion
can be ap​pre​ci​ated mainly in the south​ern part of the do​main, where
NH  emis​sions are re​duced. In these ar​eas, the cell with the higher
PM  re​duc​tion reaches 5.34 μg/​m  for Sce​nario A and 10.04 μg/​m
for Sce​nario B.

Table 2 shows the YLL due to the pop​u​la​tion ex​po​sure to PM
con​cen​tra​tions. Com​par​ing ab​solute val​ues and dif​fer​ences with re

Table 1
Sce​nario analy​sis: PM  pre​cur​sor emis​sion re​duc​tion with re​spect to the CLE sce​nario.

NOx VOC NH PPM10

CLE emissions [kton/year] 96,248 270,535 106,260 18,263
Scenario A Absolute

emission Δ
[kton/year]

149
(119–179)

11,796
(9437–14,155)

26,039
(20831–31,246)

104
(83–125)

 Percentage
emission Δ
[%]

0.2%
(0.1%–0.2%)

4.4%
(3.5%–5.2%)

24.5%
(19.6%–29.4%)

0.6%
(0.3%–0.7%)

Scenario B Absolute
emission Δ
[kton/year]

299
(268–328)

23,591
(21232–25,950)

52,077
(46869–57,285)

209
(188–230)

 Percentage
emission Δ
[%]

0.3%
(0.3%–0.3%)

8.7%
(7.8%–9.6%)

49.0%
(44.1%–53.9%)

1.1%
(1.0%–1.3%)
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Fig. 3. NH  emis​sions es​ti​mated for the base-case and the pro​tein in​take re​duc​tion sce​nar​ios of A) 25% and B) 50%.

Fig. 4. Yearly PM  mean con​cen​tra​tions for the base-case and the pro​tein in​take re​duc​tion sce​nar​ios of A) 25% and B) 50%.

Table 2
To​tal YLL avoided over the re​gion and yearly avoided pre​ma​ture deaths of the Lom​‐
bardy re​gion pop​u​la​tion for CLE and two re​duc​tion sce​nar​ios of A) 25% and B) 50%.
The un​cer​tainty is given in brack​ets.

Avoided YLL for year Avoided premature deaths for year

Scenario A 3622 (2889–4367) 724 (577–873)
Scenario B 7477 (6675–8305) 1495 (1335–1661)

spect to CLE, it is clear that the re​duc​tions are not high over the ur​‐
ban​ized do​main. How​ever, the im​prove​ment is sig​nif​i​cant in the
rural ar​eas with high PM  con​cen​tra​tions where the re​duc​tions are
lo​cal​ized. The same table also in​cludes the im​pact on avoided pre​‐
ma​ture deaths. The con​ver​sion from the YLL met​ric to pre​ma​ture
deaths has been ob​tained through an ap​prox​i​ma​tion of the con​ver​‐
sion fac​tor as in Hol ​land and Watkiss (2002). Such con​ver​sion is
cal​cu​lated on the YLL value as​crib​able to PM . In this study, we
made the con​ver​sion based on PM  val​ues. This ap​prox​i​ma​tion is
jus​ti​fied by the fact that PM  con​tains the PM .

4.2. Co-​benefits for GHGs reduction

Be​sides the im​pacts that the re​duc​tion of an​i​mals can have on PM
lev​els, and its re​lated health im​pacts also GHG emis​sions are af​fected
by these strate​gies, be​ing breed​ing a rel​e​vant CH  emit​ting sec​tor.
The ef​fects of the two sce​nar​ios on CH  emis​sions val​ues are equal to
a 12 (9–15%) and 24% (22–27%) re​duc​tion for Sce​nario A and B, re​‐
spec​tively.

4.3. Metabolic health effects

The pre​lim​i​nary analy​sis of data from 6381 US men and women
aged 50 and above (NHANES III data​base) shows that a re​duc​tion in
di​etary an​i​mal pro​tein in​take is as​so​ci​ated with a sig​nif​i​cant re​duc​‐
tion in YLL. Us​ing the equa​tions de​scribed in Sec ​tion 2.1, we es​ti​‐
mated the avoided YLL for both re​duc​tion sce​nar​ios. How​ever, since
the ef​fects on YLL are ob​tained be​low the 10% thresh​old of pro​tein
con​tent over the to​tal caloric in​take, we es​ti​mate 9212 avoided YLL/​
yr and 815 deaths/​yr re​duc​tion and the at​trib​ut​able frac​tion re​sults
equal to 0.02 for cit​i​zens be​tween 50 and 65 years old.

Even if both meta​bolic and PM ex​po​sure health im​pacts have
been com​puted in terms of YLL, since the method​olo​gies are dif​fer
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ent, with dif​fer​ent ori​gin and un​cer​tain​ties, a sum be​tween YLL
gained due to re​duced pro​tein con​sump​tion and YLL gained due to
re​duced PM  ex​po​sure is not con​sis​tent and should be avoided.

4.4. Social acceptability to change dietary habits

As re​ported in Sec ​tion 2.3, the per​sonal en​gage​ment for changes
in the di​etary habits is analysed in or​der to iden​tify spe​cific im​prove​‐
ments in terms of re​duc​tion of pre​ma​ture deaths as a form of com​‐
pen​sa​tion to mo​ti​vate the re​spon​dents to change the sta​tus quo of di​‐
etary habits to​wards a more sus​tain​able lifestyle. In this study, the
re​duc​tion of pre​ma​ture deaths has been com​puted by the MAQ sys​‐
tem as de​scribed in Sec ​tion 4.1 (Table 2).

As men​tioned, three dif​fer​ent clus​ters of cit​i​zens have been iden​‐
ti​fied, be​ing char​ac​ter​ized by dif​fer​ent at​ti​tude to​wards a re​duc​tion
in the con​sump​tion of meat and dairy prod​ucts, of the re​duc​tion of
pre​ma​ture deaths linked to air pol​lu​tion and to​wards en​vi​ron​men​tal
aware​ness and in​ten​tion.

In par​tic​u​lar, Clus​ter 1 mem​bers, cor​re​spond​ing to 43% of the
sam​ple, are highly sen​si​tive to the cost of a pol​icy mea​sure as well as
to the dis​tri​b​u​tion of the cost, show​ing a pref​er​ence for the “poor
pay less” prin​ci​ple. They are not in​ter​ested in poli​cies im​ply​ing a de​‐
crease in meat and dairy prod​ucts con​sump​tion. This could im​ply
that they would not change their eat​ing habits even if this would be
com​pen​sated by a re​duc​tion in pre​ma​ture deaths. Clus​ter 2 re​spon​‐
dents, the 29% of the sam​ple, show an im​por​tant neg​a​tive sen​si​tiv​ity
to a change in eat​ing habits if this is not com​pen​sated by other ben​e​‐
fits and are favourable to the “pol​luters pay more” prin​ci​ple. A sig​‐
nif​i​cant num​ber of re​spon​dents, 28% of the sam​ple, be​long​ing to
Clus​ter 3, are highly e pos​i​tively sen​si​tive to a di​etary change, also if
this would im​ply higher costs. It is likely that mem​bers of this clus​ter
are more fo​cused on the di​rect ben​e​fits of a health​ier diet with re​‐
duced meat con​sump​tion than on the re​lated en​vi​ron​men​tal is​sues.

Given that mem​bers of Clus​ter 1 must be con​sid​ered un​will​ing to
change their eat​ing be​hav​iour at any rate, while mem​bers of Clus​ter
3 are al​ready keen on tak​ing up health​ier habits, we fo​cused our
analy​sis on mem​bers of Clus​ter 2, i.e. that 29% of the pop​u​la​tion
who might change her/​his di​etary habits only af​ter com​pen​sa​tion,
i.e. the re​duc​tion of pre​ma​ture deaths.

Ap​ply​ing fig​ures in Table 2 to the Clus​ter 2 sam​ple and as​sum​‐
ing equal sen​si​tiv​ity to​wards a de​crease in meat and dairy con​sump​‐
tion be​tween the in​hab​i​tants of Lom​bardy and those liv​ing in the
rest of Italy, we es​ti​mated that, with ref​er​ence to the Sce​nar​ios:

- in or​der to avoid 724 pre​ma​ture deaths in the Lom​bardy re​gion,
each in​di​vid​ual in this Clus​ter 2 would be will​ing to re​duce her/​his
meat and dairy prod​ucts in​take of a min​i​mum of 12% to a max​i​‐
mum of 13%, cor​re​spond​ing to about 3 days (2,43–2,65) of con​‐
sump​tion per month;

- in or​der to ob​tain a re​duc​tion of 1496 pre​ma​ture deaths, the re​‐
duc​tion in meat and dairy in​take would be of a min​i​mum of 24%
to a max​i​mum of 26% with re​spect to the base​line sce​nario, cor​re​‐
spond​ing to about 5 days (5,02–5,48) per month of ab​sten​tion.

The es​ti​ma​tion of the mar​ginal rate con​fi​dence in​ter​vals is per​‐
formed us​ing a boot​strap method based on the Krin ​sky and Robb
(1986, 1990) para​met​ric sam​pling scheme, widely em​ployed in lit​‐
er​a​ture (Gatta et al., 2015).

On the base of these fig​ures we can as​sess the so​cial ac​cept​abil​ity
of the two sce​nar​ios. As shown in Table 3, the an​i​mal pro​tein con​‐
sump​tion for the base sce​nario and the two sce​nar​ios con​sid​ered in
this study has been eval​u​ated for three clus​ters.

Table 3
Per​cent of an​i​mal pro​tein con​sump​tion over the to​tal calo​rie's in​take for the three
clus​ters in the three sce​nar​ios.

Base
scenario

Scenario
A

Scenario
B

Cluster 1 43% 43% 43%
Cluster 2 29% 25% 22%
Cluster 3 28% 7% −15%
Population total animal protein
consumption

100% 75% 50%

Con​sid​er​ing no change for Clus​ter 1, and a con​di​tional change for
Clus​ter 2 as de​scribed above, this im​plies that Clus​ter 3 could con​‐
tribute to the re​duc​tion re​quired in Sce​nario A, waiv​ing the 75% of
its an​i​mal pro​tein in​take. The re​duc​tion re​quired in Sce​nario B is not
at​tain​able, since the sum of Clus​ter 1 and Clus​ter 2 con​sump​tion ex​‐
ceeds the Sce​nario con​di​tions (50%).

5. Conclusions

In this study we as​sessed the co-ben​e​fits of a change in di​etary
habits in the Lom​bardy re​gion (north​ern Italy), though an in​te​grated
mod​el​ling ap​proach. We as​sumed two sce​nar​ios im​ply​ing a re​duc​‐
tion down to be​low 10% of the pro​tein in​take over to​tal calo​ries
over all the pop​u​la​tion of the Lom​bardy re​gion. The two sce​nar​ios
as​sume a re​duc​tion of 25 and 50% of the cur​rent breed​ing ac​tiv​i​ties,
re​spec​tively, as a con​se​quence of the di​etary changes.

Based on the re​sults ob​tained though the MAQ sys​tem, we as​‐
sessed that both sce​nar​ios pro​duce a sig​nif​i​cant but not de​ci​sive
health ben​e​fit due to lower PM  pop​u​la​tion ex​po​sure in the Lom​‐
bardy re​gion in terms of avoided pre​ma​ture deaths for year for both
sce​nar​ios (724 and 1495 re​spec​tively). Fur​ther​more, an an​i​mal pro​‐
tein in​take re​duc​tion is es​ti​mated to give a meta​bolic health ben​e​fit
of the same or​der of mag​ni​tude of that due to PM ex​po​sure (815
avoided pre​ma​ture deaths for year).

While, all the Lom​bardy pop​u​la​tion would ben​e​fit from the PM
ex​po​sure re​duc​tion, the meta​bolic ben​e​fits would con​cern only in​di​‐
vid​u​als who are re​duc​ing their pro​tein in​take.

An​other gen​eral en​vi​ron​men​tal ben​e​fit is that re​lated to the re​‐
duc​tion in CH  emis​sions, es​ti​mated to be 12% and 24% for the two
sce​nar​ios, re​spec​tively.

Ac​cord​ing to the re​sults of a large DCM sur​vey car​ried out in
Italy, there is a wide het​ero​gene​ity in the will​ing​ness of the pop​u​la​‐
tion to change their eat​ing habits. A large per​cent​age of the pop​u​la​‐
tion (43%) is not in​ter​ested in chang​ing its eat​ing habits at any rate.
The 29% of pop​u​la​tion, that is avail​able to change its eat​ing habits
only af​ter a com​pen​sa​tion in terms of avoided deaths, is avail​able to
take over just a part of the re​duc​tion (14 and 24% for a 25 and 50%
pro​tein re​duc​tion sce​nario, re​spec​tively). The re​main​ing 28% is pos​i​‐
tively sen​si​tive to a change of diet. On the base of these as​sump​tion
we as​sessed that only Sce​nario A is so​cially ac​cept​able, while con​di​‐
tions of Sce​nario B are not so​cially ac​cepted.

There​fore, de​ci​sion mak​ers should con​sider putting in place end-
of-pipe and en​ergy mea​sures in or​der to re​duce NH  and CH  emis​‐
sions from the breed​ing ac​tiv​i​ties, go​ing fur​ther the cur​rent EU,
2016/2284 di​rec​tive on Na​tional Emis​sion Ceil​ings (NEC) and Eu​ro​‐
pean Green Deal (COM(2019) 640 Fi​nal, 11.12.2019). A fu​ture ex​‐
ten​sion of the work could re​gard the con​sid​er​a​tion of mor​bid​ity in​di​‐
ca​tors, in ad​di​tion at the mor​tal​ity one, in or​der to as​sess the thor​‐
ough health im​pact.
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