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Cost and affordability of nutritious diets at retail prices: Evidence from 177 countries

Abstract: Many policies and programs aim bring nutritious diets within reach of the poor. This
paper uses retgiricesand nutrient composition f@71foods and beverageto compute the daily
costof essentiahutrientsrequiredfor an active and healthy lifa 177 countries around the world
We compare this minimum cost wfitrientadequay with the subsistence cost of dietary energy
andper-capitaspendingon all goods and services,ittentify stylized factsaabout how cost and
affordability relate to economic developmamid nutrition outomes On averagethe most
affordable nutrient adequate destceeds the cost of adequate energy fag@r of2.66, cosing
US$1.35 per dayo meet median requiremertkhealthyadult wonen in 2011 Affordability is
lowest in SubSaharan Africalhesersitivity of dietcosts taeach requirement reveals the high
cost ofstayingwithin acceptable macronutrient rangestipatarly theupper limit for
carbohydrates. Among micronutrientstal diet costs armostsensitive taequirements for
calciumas wel asvitamins A, C, E,B12,folate and riboflavinOn average, about 5% of dietary
energy in the leastost nutrient adequate diets is derived from animal source foods, with small
guantities of meat and fis®ver70%of all animal products in leasbst detsis eggs and dairy

but only in uppeimiddle and higkincome countriedn lower income contrieswhere egg and
dairy prices are significantly higher, they are replaced by larger volunvegetfhfoods When
controlling fornationalincome,diet coss aremostsignificantly correlated with rural travel times
and rural electrificationThese d& suggesbpportunitiedor targetedoolicies and programs that
reduce markgpricesand the cost of nutritious diets, while improving affordability through

nutrition assistancesafety nets antligherearningsamonglow-income households
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Cost and affordability of nutritious diets at retail prices:

Evidencefrom 177 countries

1. Introduction

Poordiets contribute toonein five adultdeathsthrough bothnsufficient intake of healthy
foods and excess intake of unhealitieyns(Afshin et al, 2019) Multiple burders of
malnutritiontypically coexistwith symptoms of insufficiencystunting, underweight, wasting,
and micronutrient deficienciespserved aingsice the consequences of exclsxd intake such
ascardiovascular diseases and diab€téslO, 2003) Diverse types ofood are needed to
sustain a healthy and active litmdfood prices differacross countrieis systematic ways that
might contribute to por diet qualityand malnutritioraround the worldDarmon and
Drewnowski 2015Headey and Alderman 2G19irvonen et al. 2020Herforth et al. 2020

This studyusesworldwideretail pricesandnutrientcompogion datato identify the most
affordable corbination of food and beveragewededo meet requirementa 2011,and
therebyquantify whether and how national food systems bring enitadequatdiets within
reach of the pooPrevious analysesf food prices for policy analysigypically use farmgate or
wholesalepricesof a fewbulk commoditiedo addres$arm incomeg(FAO 2018) or use retail
prices weighted by expenditure shares to measure overall inflatién2020). Ourfocuson the
costand afforébility of a nutritious diet is made possillig matching food items to their
nutrient composition and solving for the leasst diet to meet nutritional needdpwing for
substitution amongheitemsactually available in each countiy so doing we build on Allen

(2017) and other previous stuslito makehreespecific contributions

Page3



First, we update existing methods for measuring the cost of nutritious diets, adding
macronutrient balance and uppevéls as well asminimum requiremets for 21 essential
nutrientsneeded fotong-term health (Instute of Medicine 2006National Academies 2Q)L
Previous leastost diet studiebavetypically usedoldernutrientrequirement specifications,
without macronutrient balancand fewer if anyupperbounds Using updated evidence on
nutrient requirementsaptures aspects of diet quality tingdtter greathfor health Imposing a
larger number of constraints may also lead to a larger number of foods included leastabst
diet, in combinatbns that arenore closely aligned with observed food choitter leastcost
diets computed using older requirements

Secongweusethe cost of nutrient adequattyidentify a series of stylized facts abalobal
food systemsusing data visualizationsid regression results éxaminesimilarities and
differences ideastcost diets across countriéd/e mapwhich foodgroupsdeliver which
nutrients and quantify the sensitivity of diet costs to each requireriéig whole-of-the-diet
approacho nutriert adequacys particularly importantor policy interventions irfood systems
providing a framework that linkagricultural supply and commodity markets to the retail items
thatcould meeteachnutrientneed at least coDur focus onndividual nutrients complements
the food group approach of previous global anaysey. Hirvonen et al. 201Blerforth et al.
2020, and our global comparisons complementauntry work on how best to fill each nutrient
gapbetween requirements anddke for specific population®FP 2020).

Third, we use crossountry regression® texplorehow structural factorselate tovariation in
the cost of nutrient adequa@nd how diet costs relate to nutrition outconvés hypothesze
thatretail costslepend onthe efficiency ofvalue chains and foastarkes, including factors such

asrural travel times and ruralectrfication, urbanization and service sector developnasnivell
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astraderestrictions and other interventiotWe alsotest whetheeach couh r godt®of nutrient
adequacys associated witltheir prevalencef undernutriton or diet-related obesity andon
communicable diseasBrevious worlkalong these lines has focused on individual fdeds.
Headey and Alderman 2019yhich may miss systemic factors relatedhteoverall cost of an
entirediet.

We conclude with the iplications of our resultir food policiesand programssocial
protection and poverty alleviation. Fopdliciesin developing countrieBavehistoricaly
focused orfarm incomeandlowering the cost of starchy staples needed for daily eneather
than thediverse dietsmeeded for lifelong health (Global Nutrition Report 20X3)ir work
providesa robust, practa method for selecting and aggregatfogds in the proportions
required for nutrient adequacy, identifying targets of opportunitadoicuture andfood
systems to reduce diet costs and improve access to nutritious diets amémcploe people
We focusprimarily on guiding food policies ahprograms, butliet costs aralso relevant to
poverty measuremeand social safety netéllen (2017) argues tat the minimum cost of
nutrient adequacyplus similar leastost housing and other basic needs, provéde®asure of
povertythatismorereevant t o pol i ¢y mathaecorsvéntiodgkovedyy o p me nt
lines Hirvonen et al. (209) andHerforth et al. (2020) compare alternative definitions of healthy
diets, and other studies relate diet cosfetal expenditure (Mahrt et al. 201&)wages
(Raghunathaet al.2020). All of these studies show thmttritious diets are oftefar out of
reach forlow-income households, implying that achieving development goals will require
transfer programandincomegrowthin addition to lower food prices amditrition education
programghatsteer consumers towards healthier choitée data and methods this paper

could help guide thesrategies, policies and programsa wide range of countries
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2. Methods

To comparehe cost of a nutritious diet@nd the worldwe use retaiprices of the least
expensive foodavailable in each location thateetestimated requirements for a median healthy
woman of reproductive age. This builds on tbhaceptof leastcost diets pneered by Stigler
(1945), which has long been used to recommend combinations of foods {fioictowe people
in industrialized countrie (Cofer et al. 1962, Gerdessen and De Vries 2015, Parlesak et al 2016,
Maillot et al. 2017)and to guide interventioim lower-income settingsGhastre et al. 2007
Deptford et al. 2017, Vossenaar et al. 200/FP 2020. Our applicatiorcomparedeastcos
dietsacross countries as a metrictloé food environment, measuring each national food
systend s a b deliverésentidl mutrientsn the required proportiorat low cost using food
and beverage items that are actually being sold in each country.

Theuseofleast o st di et s t o measur eovextineewas piadngered s f oo
by O'Brien-Place and TomeKL@83)for the U.S., and more recently applied to individual-low
income countries b@miot and Shively (2017) and Masters et al. (2G8png others. Here we
update aneéxtend the methofibr international comparisonasing the latedDietary Reference
Intake (DRI)requirementspecified by thénstitute of Medicine (2006) for which the most
recentdataare from theNational Academies (2®@). Requirementiclude uppeboundson
variousnutrients to avoid excesstakeassociated withlwonic diseases, in addition to the lower
bounds needed to avoid undernutrition inJomwome settingsThe health functions and typical
sources of each nignt along with all upper and lower bound requirements are detailed in the
annex of supplementalformation [Tables A1l and A2)

To address crossountry differences in access to nutritious foods, our principal measure is
the Cost of Nutrient Adequacy (Cé\) definedas the minimum cost of foods that meet all

known requirements for essential nutrierid dietary energfor arepresentative persowe
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compare this to thkeastcost starchy staple providing just enough daily energy, which we call
the Cost ofCaloric Adequacy (CoCA). To measure CoNxe use the price of each food and its
nutrient contentalative to lower bounds and upper limits needed for daily energy anddong
health:

(1) CoNA=min. {C= ipxq}
Subiject to:

(2) Baj x qi OEAR

(3) Faj x g OUL;

(4) Fay x gi OAMDR, upperx E / §

(5) Faj x gi OAMDR jower X E / §

(6) Haexqi =E

(7) 0 @O0 @O @,6,0q

In this notation, the quantity oféi" nutrient in food is denotedj, which multiplied by its
guantity consumedy() must meet estimated average requiresAR for eachnutrientj,
while remaining below uppeevels(UL) for micronutrients and within a range for
macronutrients detmined by acceptable macronutrient distribution rang®DRower and
AMDRppep), at lowest total cost given all pricgs)(within the further constraint of overall
energy need<H). Macronutrient ranges are defined as percentages of daily energy gieeds,
the energy densitfg) of proteinandcarbohydrats which is 4 kcal per granandof lipids which
is 9 kcal per gramSolvingthis system of equations with all foods available at each time and
placeprovides a lower bound on the cost of meetingadiient constraints, which we contrast

with the cost olusing only starchy staples meeet the daily energy constra{@t109.3 kcalday)
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in equation (6)which we calthe cost of caloric adequacy (CoCAYethencompute theCoNA

to CoCA ratio which re@sents the premium requiredmeet all nutrient requiremerftsr

lifelong health above the minimum cost of survived estimatehe affordability ofa nutritious

diet, wealso compute ratios @oNA toaverage household food and total expendjtwigch

may be shown asratio oras the log of that ratio to addsethe exponential nature of variation

in household expenditure across countries. The CoNA/CoCA premium and CoNA/expenditure
ratio can both be computed from data in local currency units witlsgubuexchange rates, but

to compare the levels of CoNA an@CA weconvertpricesto US dollars usingPPPexchange

rates for all household expenditure.

For both CoNA and CoCA we report the foods needed in each country to meet nutritional
needs at lowestost.A key feature of our approach is to constrain nutrgtidiets to meet not only
the EARs needed to avoid undernutrition, but also a balanced diet in terms of the three
macronutrients through the AMDR, and upper bounds on micronutrients for whicds extake
could be harmful. The resultirdietswill differ f rom actualconsunption patternswhich often
fall below or above required levels of eaultrientas described for example in Schneider (2020)

Focusing on nutrient adequacy is helpful in pagtide interventions, using information
such as theensitivty of least cost diets each location ta change imequirements foeach

nutrient. That sensitivityis known as thehadow pricef eachconstraint

(8) YO R«

hereSR is the shadow price @ach requirement farutrientj or required totaknergye,
computed ag/0”, the change in minimum cost of meeting all constraints for each

4 'Th'0d WY 0 ‘O'Y chang inone of the nutritionalequiremerg. The units of measurdor

theserequirementsary widely, soto compare across constraimte report all nutrient costs as
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semielasticiiesdenotedS P, defined agheincrementof cost in dolars per dayvheneach

constraint isalteredby 1%:

o~/ 7 7]
©) Yo PD h h

Solving for the least cost dieeduces shadow prices to zéoo constraints that are not binding,
andidentifiesthe change in total costtifie bindingrequirements were to change by a small
amount.If each foodhadonly one mitrient,only lowerbound constraints would be binding, and
all shadow prices would be the cost per unit of that nutrient from its mostféestive source.
Realfoods have many nutrientgnd reaching the lower bound for some may imply exceeding
the upgr bound for others. In certasettingsthe available foods may not be able to meet all
constraints at once, for example at some times and places in rural Malawi ¢&ci2020), but
the nationally representative set of items for each country in thig stiers a sufficient
diversity of foods for deasible solution in each country usiag average of 8 different items
(Table A5 in the annex of supplemental informa}idhathematically, there are as many binding
nutrient constraints as there are foauthie leastost dietmaking analysis o§hadow price
elasticitiegparticularly useful to showvhich constraints are most costly to mgeten the
compositionandprice of available foods.

Calculations for all equations were completed Bturlio(version 1.2.50423nd resulting
index values exported to Stata, Bstudioor Excel for visualization purposes, with model code
and data for replication posted online atthg peoct websi te referenced

acknowledgements.
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3. Data

Ourfoodprie data comes from the World Bankos
an initiative associated with the United Nations Statistical Commission to comzar¢epels
and living standards across countries (ICP, 20IBg mandate of the ICP includesmputation
of purchasing power parity exchange rates, which reqaggsmblingetail prices foisimilar
goods and servicas multiple countries. For this purpose, the ICP warih national statistical
agencies and a set of regional offices to cragtebal list ofthe most widely consumetéms
plusregional lists for items found primarily in Africa, East and South Asia, West Asia or Latin
America For the 2011 round of IC&ata, tle combined food lists featusetotal of 823tems
from 177 countriesand territories around the worldhe annex of supplemental information
Figure Al provides 8ow chart for transformation of the raw data éur analges which omit
alcoholic beverages, items of unknown size or compositionspedialized infant foazlor
condiments that would not be included in a representative adultfebetcrosscountry analysis,
due to missing income datae omit the small island territories éinguilla, Bonaire and
Montserrat, whose combined population in 2011 was ar86r@D0 people.

Our final analyticalatasetonsistf 671 items matched to theiutrient compositiomsing
the USDA(2013)standard referenaatabasecomplemented bfood composibn datafor fish
(FAO 2016) angdomefoodsspecific toAfrica (FAO 2019 or South Asia (Shaheen 20XBat
are not included in the USDA datall prices are as reportdaly national statistical agencitas
the IPC, except th&8 high-income countriebadmissing data foplain starchy staples such as
wheat flour, whitepotatees and rice. Given the potential importance of those items fordesist
diets, weused values imputed Byirvonen et al. (2019yepladng the missing values with the
average pricefdhat item amongearby countries in theigeographical subregicas slown in

annex Table AL7The final sample consists 88,273 pricesfor the 671 items, whose English
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names and global average prices are listed in annex Table A3 in order of frequency o
observationEach itemis found in an average d® different countrig for an average of 160
items per countrywith ather descriptive statisti@ndcounty namegprovided in the annex.

Beyond the price and nutrient composition of available foattsrd kind of data needed to
calculate CoNA and CoCA are nutrient requiremelts thatwe useupdated DRI values from
theU.S. Institute of Medicine (2006) am¢htional Academies?2019 as described in the
methods section abovEhe annex of supplemeiiaformation provides a complete list of all
requirements used in this study and their role in human hdalbiles A1 andA2).

After identifying the leastost set of foodaeededo reach nutrient adequacy in each
country, his studythen aimgo estalikh stylized facts about howattost of nutrent adequacy
relates to nationahcome and other characteristics of a country's developmentHmatthis we
draw on the World Development Indicators database compiled by the World BaBk, (201
population esmates from the UN (2019lusfile data fromlFPRI that matches rural population
density at each location with spatial data on rural infrastructiaréest correlatiogiwith
agricultural market policies we use estimates of nominal rates of protectié) @$Rompiled
by the Agincentives ConsortiuFPRI 2020) The NRP for each food calculatedasthe
difference betweeanobserved border price aath observefarmgde price, afteadjustingfor
the estimated cost of transport and handling in a cativeemnarket.That gap is expressed in
tariff-equivalent percentage terms, as a measure of the change in price attributadke to
restrictions such as tariffs, quotagport taxes or othdrarriers.

To test the specific hypotheses described in ourvatadn, the variables we use are gross
national income (GNI) per capita, measured in US dollars at PPP prices in 2011, and four

indicators for each of our principal hythbeses: urbanization, defined here as the share of the
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population living in urban areaas defined by national authorities, from World Bank €201
service orientation, defined as the fraction of the country's gross domestic product derived from
its servies sector as opposed to agriculture, mining or manufacturing, also from World Bank
(2019); rural transportation infrastructu¢average travel time for rural people to reach the
nearest city with more than 50,000 peggladrural electrification(share othe rural population
with access to an electricity gjidothfrom IFPRIfile data This specific list of variables results
in a final estimation sample of 88ountriegTable 3)

Thefinal aim of this studyis to examine associatishetweerthe leastcostdietsof
nutritious dies andactual food consumption, anthropometric outcoamese ach countr y é s
prevalence ofmicronutrient deficienciedVe contrast the composition of leastst diets with
each countryds nati onanm tahvee rRRAI@O sf ofoodo dc obnasluanmpd €
reference year (FAOSTAT, 2011), aaldo compare toational average dietary intake as
estimated by th&lobal Dietary Database (GDD 2026pr obesity prevalencere use¢he WHO
(2020a)Global Health Observatoatarepositoryon the percent of adult population whose
body mass index (BMI) is 30 kgfwor higher, and forstuntingrates we usthe WHO (2020b)
Global Database on Child Growth and Malnutritfonthe percent of unddive children whose
heightfor-age zsmre is more than 2 standard deviations below the median of the international
reference pogation. For micronutrient deficiencies, we ugeevalence data reporteg Harding
et al. (2018Wwhere aemia prevalencis measuredsahemoglobin concentratidass thanl10
g/dL for underfive children, and less thanl 2 0 fognbrepotegnant womerzinc deficiency
prevalence extrapolated fromA O6 s f o o d shaadvitanmrcAedefisieney éVAD)
prevalence among childrestimatedased on serum retinol concentrations using a Bayesian

hierarchical modeDue to data availability, the estimation gaenfor these association studies is
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reduced to 134 countries for most matition indicatorswith summary statistickr these

variablesn ourannex ofsupplementamaterial(Table A6)

Results and discussion

3.1 Descriptive statistics and stylized facts
How does the cost of different foods vary by income level and regions?
Figurel showsthe mean and standard deviation of all items in each food group, by level of
national income (Panel A) and geographic region (PanePBges are converted from kic
currency into US dollars &PPexchange rates f@il household consumption in 2Q1dnd units
of measure such as a kilogram of avocadoes are converted to units of dietary energy in the edible
matter of each product. Rewutonfirm that cost per cale is higher fomutrientdense foods
such adish and seafoodjegetables and legumes, fryitsits,meats dairy and eggsand lowest
for starchy staplesResults also confirm the finding of Headey and Alderman (2019) #ist d

and eggpricesarehighe in poorer countriesncludingin subSaharan Africa and South Asia.
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Figure 1. Food pricesfor all available items by category 011USD per 1,000 kca)

Panel A. Variation by level of national income
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Note: Data shown are means and standard devia@nss countries in eagttome group oregion,for
the national average prices of all items in each category available in that chlumttyer of observations
shownis 28,273 prices for 67items in 173ountries and territoriesThe number of countries in each
group are listed in Table Income categories are from the World Bank, geographic regions are as
defined by the M statistical agencies for the ICIPood categories adefined using th&/N
Classification of Individual Consumption According to Purpose (COIG@RY prices are reportadUS
dollars per 1000kcal of edible matter, converted from local currencies at purchasing power exchange rates
for all household expenditureStarchy staples ingtle all cereals and white root vegetapéasl the
fiOther® c a tirelgdes sweets and catic beverages.
How does the cost and affordability of the least cost nutritionally adequate diet vary by income
and geographic region?

Table 1 belowsummarizeshe population weightednears of CoONA, CoCA the
CoNA/CoCA ratioandCoNA/total household genditureratio by income and geographic
regioncategoriess definedy theWorld Bank Theregional CoNA averagis generally lower
than the World Banks $ 1. 9 0/ d awhichpeters & totalyexpénditare rather than food
alone The cost of dayo-day survival as measured BpCA is muchlower, in therange of
$0.50-0.70/day. The premium for required nutrients, as measured byCi¢A/CoCA ratio, has
wide variationbetweer2.05-3.53 reflecting differences in availability and price of l@mest
options Diet costs vary less than income, affdor@ability of CONA ranges by a factor of ten
from just 3% of household expenditure in high income countoi®% in low income
countries Looking across regionsye see considerable variationtime premium fo nutrients
with the highesbbserved in South Asi& 0 (0.97)] and the lowest in Middle East and North
Africa [1.69 (0.42)]. Nutrients were least affdablein SSA as evidenced by the highest CotdA

household expenditure ratio 2 (0.16)] while it was the cheapest in North America [0.02

(0.00)].
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Table 1. Diet costs per day, by income category and geographic region

Cost of . . Affordability of
. Cost of caloric Premium for .
N nutrient adequacy nutrients (CoN/ nutrients
adequacy (CoCA) ICOCA) (CoNA/ total
(CoNA) expenditure)

Low income 32 1.07(0.29) 0.53(0.17)  2.05(0.34) 0.36 (0.14)

Lower middle 39 1.14(027)  050(0.29) 290 (113)  0.15(0.04)

Income income
levels ;
Upper middle 46 1.42(0.27)  067(0.15)  2.18(0.48) 0.11 (0.04)
Income
High income 57  1.82(0.64)  057(0.24)  3.53(1.22) 0.03 (0.02)
East Asia & 20  151(051)  069(0.13)  2.23(0.80)  0.14(0.05)
Pacific
i‘s‘ir:pe &Central 45 149(022) 045(0.16)  3.60 (1.06)  0.05(0.04)
Latin America &
Carbbonr 37  1.68(0.39)  0.81(0.27)  2.21(0.73) 0.09 (0.06)
Geo .
. Middle East &
graphlc North Africa 17 1.32 (0.24) 0.81 (0.20) 1.69 (0.42) 0.10 (0.06)
regions
North America 3 1.89(0.04)  0.79(0.07)  2.41(0.15)  0.02 (0.00)
South Asia 7 1.00 (0.10)  0.33(0.18)  3.50(0.97)  0.14 (0.03)
i;’ritziahara” 45  1.02(0.21) 054(0.16) 197 (0.40)  0.32(0.16)
Worldwide 174 1.35(0.44) 057 (0.24) _ 2.66 (104 __ 0.14(0.10)

Note: Data shown are population weighted means, with standard deviations in pareoteetes,

numbe of countries indicated in each regidnderlying food prices are as shown for Figure 1, from
which det costs computed as described in the t@atafor column (5) omit Cuba due to missing data on
total household expenditure
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To describepatternsn diet costs by level of national incomee usenon-parametridocally
weightedscatterplotsmoothing(LOWESS regressionso showlocal mean®f all countriesat
each income leveFigure2 reveals that CoNA clustectose t0$1.90/day ilmmanylow and
middle income countrie@ MICs) andis lower in countries witlthe highestlevels of national
income Outliers are clearly identifiabl revealing the specific countries that account for regional
differences shown in Table 1, with notably high cost ofients inLatin American & Caribbean
and highincomeEastern Asia countriegKorea and JapanfoCA is more uniform across
income levels. InLMICs, caloric adequacgostsroughly 40% oftotal expenditure for peophe

the $1.90/dayoverty line, while nutent adequacyould costover 70 of their budget
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Figure 2. Cost per day br nutritious diets and daily energy by level of national income

<
Cost of nutrient adequacy (CoN/#
. KOR
==== Cost of caloric adequacy (CoC/
@ - DMA
JPN
[a)
2 oLz VEN
) MNE
- VKD ATG
o TUKNIC JAM SUR KNA
S AZE
9 N HTI Y Ecu .
% oK
8 GTM %%OL SRB T('Il'%‘éVHS UsA
RUS
ay PHL ALBOM CHL,__HUN LT OMN
c XHQ)BOL ICRIA 1 S — CYP
% ng ARM MDV. — HM&GHSSTS&C ISRNABW S DEU HKG
a GNB MR\‘NM RAtER DZA BRoU TUR SUN 1RA AUS
DA MBS oz ESP FRA
G Fon A pmma BLR ATC e gir R BEL BIHENLD ARE
ﬁJ 3 gRD MUS KAZ KNA  PRT OMN
_ NANPMA GRE 7o SXM SAU CHE
v @&6@& sreVEN ABW AN HKG ARE
\DW’R CHL BHS USA
%Bﬂi S MLT KOR
’ m%ﬁﬁw SR8 MEWMMSY%N (GRCT =~ ~eren SAU
'N/A HRV POlE S o0 T T T e e ——
sT SVNISRRZE  IsL
FGZE 1Rk el BE CHE
GBRRA Eﬁi NLD
o -
I I I T
0 20000 40000 60000

GNI per capita (2011USD)

Note:Dat a shown are each countrybds di et imatedsneanper day
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the text Total number of countries and territories shown 18, &6counting for 99.75% dhe global
population. Omissions are duertissng GNI datafor 8 places (Anguilla, Bonaire, Cuba, Djibouti,
Montserrat, Taiwan, Turk& Caicosand the BritishVirgin Islands totaling 35 m. peopleand for visual
clarity we also omit the 9 territories with reported GNI per capita above 60 2@8r(Macaq Kuwait,
Brunei SingaporeBermudaLuxembourgNorwayand theCayman Islandgotaling 17 m. people).
Figure3 explores theroportional premium forutrientadequacy above the leasist source
of daily energy, expressed as thto of CONA b CoCA We findthatthe nutrient premiunis
highest in European countries with national income ar@®D00 per capitawith wide
variation around the mean at eacbame level These differences in national food systems are

detailed in the hypothestssting section of this paper.
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Figure 3. Premium in cost of nutrient adequacy over caloric adequacy (CoNA/CoCA ratio)

Panel A. Variation by geographic location
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Note: Data shown are the ratio between obstutrient adequacy (CoNA) and the cost of caloric
adequacy (CoCA), for@0 countriesin 2011as detailed in theote to Figure 2 and thext.
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Figure 4 reveals the extremely high levelGifNA as a fraction of\eerage totahousehold
expendituran the lowestincome countriesas food prices vary much less than incofie
online annex bsupplementary materials revealsimilar patterrfor CoONA as a fraction of

housdold food expenditurérigure A9.
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Figure 4. Cost of nurient adequacy as a fraction of mean household expenditure
Panel A. Variation by geographic location
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Note: Data shown are ratios of CoONA per day taltbbusehold expenditure per capita per day on all
goods and servicer 160 countries in 2014As detailedn thenote to Figure 2 and thiext
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Which food combinationgypically provide complete nutrition at the lowest cost?

The composition of leagost diets for nutrient adequacy in countries at each income level
and geographic region are shown in Figure 5, in terms of dietary gikeadiday)from each
category of foodThis reveals thadequate protein and micnatriens needed by our
represetative adult womarman be achieved wittiiets whose primary source of energy is
starchy staples, complemented by oils and fats plus vegetal sources of microrariderdsy
small quantities of animaourced foodsAnimal sources of dietary energy argrsificantin
these leastost dietonly for dairy and eggs in upper middle and high income countries, where
they replace fruits and nuts which play a larger role in low and lower middle income countries.
That substitutiortan be traced to the price grawli for dairy and eggs shown in Figure 1. Higher
prices for dairy and eggs exclude them entirely from deast diets in all low and lower middle
income countries excephe (Haiti).The possibility ofsubstitution among fmd groups to meet
each nutrientequirement depends ¢ime composition and price of available foods in each
country, which in turn affects the degree to which each nutrient requirement contributes to total

diet costs as shown in Figuresnd6.
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Figure 5. Foods quantities selected foleastcost nutrient adequate dietgkcal/day)

Panel A. Variation by level of national income
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Figure6 summarizeshe costper unit of dietary energyf the foods thaareincluded in
leastcost diets, at eaalational income level and geographic locatithese ae the most
affordable foodsieeded for nutrient adequaicyeach country, anchay be very different from
thefull set of allfoods in each categoshown in Figure 1 Theitems included in leastost diets
shown in Figure Glavemuch lower cosper calore than the average item in their food category
and much more variation acraggions due to differences in availability of lewst options
within each category. For example, low income countries have vergrioed items in the fruit
and nut categorthat enter leastost diets, buthere are feveuchlower-costoptions for daiy
and eggsin least cost diets, dairy or eggspear in only one low income country (Haiti) and
none of the lower middle income countrigsthose countrieshe only animal source foods

included in leastost diets are small quantities of meat shfand seafood
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Figure 6. Food prices for items included in least cost diets (2011 USD per 1,000 kcal)

Panel A. Variation by level of national income
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Figure 1
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Table2 shows theextent to which eacbf therequiredmicronutrientsgnergyand
macronutrientss provided by items from each of the 8 food grodjms energy, protein,
calbohydrats, a majority ofelements anthreeB vitamins, more than half of daily intalsen the
lead cost diet comé&rom starchy staples-orfolate,vitamin A and C vegetables and legumes
are the major food sourc8mall quantities of meat in the leasist dietssupply a majority of the
requiredvitamin B12and substantial vitamin Avhile oils and &ts bring most vitamin Bnd
lipids. These resulthighlight the importance of considering tietire dietacross diverse food
groups needed to meet all tdgments at least cost in each food environn(ieable A5 in

Annex)
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Table 2.Share ofenergy andnutrients in least cost diets, byood group

Starchy Veg. & Fruits Dairy Fish & Oils &
Staples legumes & nuts Meat & eggs seafood fats Others
Energy 65.6 8.4 46 04 4.4 0.7 15.0 1.1
Protein 65.0 19.3 6.0 1.9 5.0 2.7 0.1
Carbohydrate 85.6 9.6 1.6 0.1 1.4 1.8
Lipids 16.9 1.4 119 05 11.0 1.3 57.1 0.0
Elements
Calcium 61.6 19.6 24 01 13.3 2.5 0.5
Iron 60.1 318 41 21 0.4 1.2 0.1 0.2
Magnesium 67.6 21.8 6.6 0.3 2.7 0.7 0.3
Phosphorus 65.5 16.2 5.2 1.9 8.2 2.8 0.1
zZinc 67.2 18.9 54 25 4.8 1.1 0.0
Copper 47.8 22.3 7.7 20.7 0.5 0.8 0.2
Selenium 87.6 3.0 1.1 2.2 2.8 3.2 0.1
Vitamins
Vitamin C 14.9 59.7 204 0.3 1.1 0.1 3.5
Thiamin 70.2 21.2 56 0.6 1.9 0.3 0.2
Riboflavin 46.2 22.6 29 121 14.6 1.5 0.1
Niacin 73.1 10.1 99 41 0.5 2.1 0.1
Vitamin B6 70.3 19.4 38 32 2.4 0.7 0.2
Folate 36.2 50.6 8.2 3.1 1.2 0.3 0.4
Vitamin B12 0.2 73.6 9.7 16.5
Vitamin A 3.3 48.1 05 393 8.1 0.5 0.2 0.1
Vitamin E 12.1 9.5 81 0.1 0.9 09 684 0.1

Note: Data showarethe percent ofotal energy anaf eachnutrientobtainedfrom each food groum
the least cost dietsummed haorizontally to equal the total required for nutrient adegDackercolors
are larger shares, with numbers over 50% shown in Baddichy staples include all cereals and white
root vegetablesl h ethefisp ¢ a tinelgdes sugar sweets and daric beverages.

The nutrients whoseequirementsnostinfluence the affordabily of nutritiousdietsare
listedin Figure7, which showsthenumber of countriewhereeachnutrientaffects the leastost
diet, and thancreasen diet costsper day for a one percecthiangen thatrequirementThese
shadow price senslasticitiesrevealthat given the composition and prices of available foods,
dietcostsare most sensitive teariation in the need fanergy, the upper bouridr
carbohydrateandthelower bound foiprotein within the AMDR, and lower bounds set by the

AER for a variety olitamins and mineralsThese results have several important implications.
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First, consideratioof AMDRSs s clearlyimportant to avoid the erss carbohydrasin starchy
staples and include more expensive protah foods. Then for micronutrienta,wide range of
differentrequirements arBinding requiring foods from diverse sources to meet all constraints at
once.Some nutrientonstraintsuch agor vitamin A and B12 are often binding begich one
percent change in adequacy comeslawacostwith smallquantitiesof availablefoods, whereas

any change ilgonstraints such asalcium and vitamir€ would be much more expensivihere

is awide range of sensitivity to each constraintoss countries, flecting differences in

availabiity and pricesf items able to meet those constraints at low. ¢aatlly, upper level
constraintother than the AMDRdo not appear on this list, beca@seugh nutrientich foods
areavailablewith moderate levels of sodium and other potentially harmful nutrients to stay

below those upper bounds
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Figure 7. Sensitivity of diet costgo changesin nutrient requirements
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ten or more of the 177 countries, all of which are lela@und AERs except for energy and the AMDRSs.
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How do calorie shares of foods compaaerossthe least cost nutritious diet and national food
balance teet?
Leastcostdiets useavailable foods to meet nutritional criteria without reference to actual
consumpton so the | ink between them antdsteaangpopul at
preference relate to nutrient adequacy. At very low inconeddgeople may be unabledtiord
nutrient adequacy even if they wanted it, while higher income people may not need to consume
the leastcost sources of each nutrieRurthermorepeople at any income levedight not know
what nutrients are in each faam whataretheir personahutrientrequirementskigure 8
comparegeast cost diets teachc 0 u n hationd average consumption pattern, as measured by
the share of total dietary energy obtained femnh food groups recorded iRAO food balance
sheets. In thos&AO data, quatities consumed are estimated by subtraction, from production
plus imports minus exports, nonfood uses, and losses prior to acquisition by each household
(FAOSTAT 2011)We use these estimates here because the balance sheiels @arcomplete
accountingof total calories from all foods consumed, and are therefore directly comparable to
the leastcost diets. In contrast, estimated intake of dietary risk factors derived from survey
information such as the Global Dietary Databaféen concerns aspects ottiquality that are
not calorie shares such as dietary fiber.

The contrast in calorie shares between least cost diets and food balance sheets is shown in
Figure 8 using scatter plots and a nhonparametric estimate of the meais aonfidence interval
at each income levelThe patterns are strikingh the poorest countriestarchy stapleprovide
about the same share of least cost distsf actual consumptipandactual consumption of all
vegetal foodsictually exceeds its fraction ehergy in leatcost dietsUnlike least cost diets,

Il ow i nc o maatianal average coesaniption in food balance smeaysbedeficient in
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several nutrientsAt higherincomelevels, the share of calories actuatpvided bystarchy
stapledalls sharplyamt t er n known €&lesmeBsandSe 20}),7and thelfamadv  (
groups that replace starchy staples are primarily arsmaiced especially meat whose average
consumption rises from under 5 to over 10%iefaty energy with increases in income from
4,000 to 40,000 dollars per yedvlore meat consumption at higher incomes is clearly driven by
preferences rather than prices or nutrient requirements, since nutrient@demjuae reached at
lowest costs wittmeat and fisliypically providing less thaB% of total dietary energyn
contrast, high prices leathiry and egg# beomittedentirelyfrom leastcost diets in almost all
low- and lowermiddle income countriedut inhighincome countriethey aremcluded in large
guantities providing around@8 of dietary energy in the leastst dietsOther food groups that
provide a larger share of leastst diets than of actual food consumption are vegetables and
legumes at high income levels, and fruits ants i lower income levels. ®comparison
provides useful guidance on the role of nutrients in food system development, including
particularly how more meat consumption at higher income levels is not needed for nutrient
adequacy, while changes in thecerof dairy and eggs do affect their inclusioteast cost diets

on a large scale.
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3.2 Hypothesis tests

Is the cost of nutritious dietsassociated witlstructural indicators of econona developmerit
The matterns shown in Figurés8 suggesthat a widevariety of factorsnay affect the
cost of adequate nutrients acrgedgraphicegionsand national income level§o explore
potentiallinks between these factors and a country's ecandavelopment, weest for
associations between cost of nutritious dietsawmdriety ofstructuraland market development
indicators The correlations we find atelikely to becausal asstructural transformation is an
inherently circular process withany feedback loop$ut patterns could reveal useful stylized
facts about how economic development relates to the cost of madegtte diets
Thecentralhypothesis motivating our woik thatsystemic factors in food production
and distribution,ncluding differences ipostharvest food systems, play an important role in the
retail cost ofa nutritiousdiet Theeconomic principlebehind this hypothesereillustrated in
Figure9. The top row shows drive of food consumption, production apdcefor thosefood
commoditieghatare easily transported astbred whether they are exportable (PaAglor
importable (PandB). In both caseslong-distance tradénksthe price at each locatioio world
market pricesRword), plus or minus anyaxes, tariffs or transport margindenoted, separating
thequantity consumedJcong at each locatiofrom its quantity producedQproq). The bottom
row shows thenechanisms that drivaansumption, production and prio&locationrspecific
services and itegthat are highly perishable, bulky or fragite long-distancerade For those
foods, the bottom row dfigure9 showshow eachlodcai onés quantity consume
(Q) depends on theost of transactiong)(between producemwho receivePprod andlocal retail

prices (Fetail) which may benigh (PanelC) or low (PanelD).
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Figure 9. Models of price formationinfluencing the cost of a nutritious diet

Panel A. Exportable foods Panel B. Importable foods
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SourceAut horsé il lustrati on o fgcohsymeopridee®i), lasedonmec hani s
differences in agricultural policy and food systems across countries amscofyfoed.

Nutritiousdiets involve acombinationof items whoseverall cost per day depends on
different combinations of the market forcdgown in Figure 9. Cereal grains, legumes and pulses
as well asugar, vegetable oil and other commoditiessémed andraded over long distances,
soconsumption is separated from local supply, prices depend on access to trdets. these
productsagricultural poductionis geographically concentratado most of t he wor |
populationlivesin importing regionsand & shown inPanelB highertransaction cost&ould
raiseconsumeprices Higher transaction costs for nontradatgky or perishabl@roducts like
eggs, fresh dairy and many fruits andj@®blesalso raise priceas shown in Panels C and D,
but theirprice also depends dhelevel oflocal supply and deman@aestre et al. 2017)

Figure 9 shows each market separately, but in foagsgsthey are all interconnecteldor

example, feedmins are widely traded so their prices affect the cost of eggs and dairy, and foods
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substitute for each other so supply and demand are linked across markets.-I8yetehanges
discussed ilReardorand Timmer (2012) another descriptions otructuraltransformation
suggesthat, at each level of peapita income, countries might have a relatively lower cost of
essential nutrients when they have:
1. A larger service sector, offering more horizontahpetition but also more vertical
integration in posharvest handlingcross markets
2. Greater urbanization, which concentrates consumers in space and allows for scale
economies in farato-market supply chains;
3. Easier rural transportation and access totetdty, thereby improving the efficiency of
transporiand storage from farm to market; and
4. Easier access to international markets, including lower import tariffs, for tradable items

that enter local food systems.

These four hypothes@sedictstylized fa¢s aboutheretail pricesshown in Figuré. In the
short run and for any particular food, many diverse factors would intervene to shift supply and
demand, and those factors would also influence our macroeconomic variables such as urbanization
and servicerientation of the economy, roads and electricabstfucture, and trade policy.

With this foundation, weunrobust regressiorgherreg command in STATA v15,

which limits the influence of outliey$o examine associatiometween the cosind affordaility
of nutritiousdiets andkey predictor variablethat are summarized #ppendixTableA8. We
present regression results fbreeoutcome variabledog of CoONA, log of CoNA as a share of
householdood expenditureand log of CoNAas a share dll household expenditur®ur

regresen models control fonational incomgpopulationand region fixed effect® absorlihe
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differences in agroecology, culture and datilection systems associated Wi@P regions
while are main transformation indicasareflect urbanization, travel tes to cities, electrification
Table4 presents results for CoNA, lagarithmic form Our results show thatiral travel
time tocities is significarly correlatel with CoNA, providingsuggestive evidence th@bNA is
linked tothe remoteness of rural populatiqiredicated by shorter travel times to cities)
Doubling such travel times associated withearly 62 percent highe€oNA. Results for rural
population with access to electricaypdservice sector labor shamee notstatistically different
from zero However, we see that CoNA decreases whemirbanpopulationshare increase at

10 percent level of statisticaignificance
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Table 4. Structural transformation and the minimum cost of nutrient adequacy

(1) (2) (©) (4) 5) (6)

INGNI p.c. -5.567** -5.041* -5.174** -2.583 -5.407** -2.062
(2.563) (2.579) (2.561) (2.523) (2.599) (2.535)
INGNI p.c., squared 0.683** 0.625** 0.641** 0.353 0.670** 0.299
(0.288) (0.289) (0.287) (0.283) (0.293) (0.285)
InGNI p.c., clbed -0.027** -0.025** -0.026** -0.015 -0.027** -0.014
(0.0112) (0.0112) (0.0112) (0.010) (0.0112) (0.0112)
Services share of 0.002 0.003
labor force (0.002) (0.002)
Urban share of -0.002 -0.003*
population (0.001) (0.002)
Rural travel time to 0.058*** 0.062***
cities(log) (0.021) (0.021)
Rural electricity -0.001 -0.000
access (pop share) (0.001) (0.001)
N 138 138 138 138 138 138
R2 0.579 0.585 0.587 0.616 0.581 0.637
F 14.349 13.423 13.566 15.325 13.235 13.253

Note: Dependent variable is the natural log of CaMAurchasing power parity (PPP) terms for all
goods and services consumed by households, which is the same deflator as GNI p&taagéed
errors in parenthesesith significance levels denoted *** p<0.01, ** p<0.05, * p<0.1, from robust
regressiongrreg). All specificationgontrol for log population size (level, squared and cubed) and
include indicator variables for ICP regionbkdse coefficients amot shownin this tablg.

Table 5 repeats these specifications replacing the dependent vewtaldlay CoNAas a share

of household food expenditure. Our results show that both access to electricity and rural travel
time are significantly associated with theoaffability of nutritious diets. We detect that a

doubling of travel time to the neare#ty is associated with at2 4 percent higher ratio of

CoNA to household food expenditure, while a doubling of the share of the population with
access to rural eleatity is associated with andpercent lower ratio of CoNA to household

food expenditureMoreover, we also find that an increase in the service share of the labor force

is correlated with higher ratio of CoNA to household food expenditure.
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Table 5. Structural transformation and affordability of nutritious diets

1)

(2)

(©)

(4)

(5)

(6)

INGNI per capita -5.968 -8.591* -6.709 -4.319 -7.425* -7.947**
(4.555) (4.438) (4.575) (4.206) (4.412) (3.995)
INGNI per cap., sq. 0.570 0.855* 0.643 0.387 0.772 0.807*
(0.511) (0.498) (0.513) (0.472) (0.497) (0.450)
INGNI per cap., cu. -0.019 -0.030 -0.022 -0.012 -0.028 -0.029*
(0.019) (0.018) (0.019) (0.017) (0.018) (0.017)
Services share of 0.009*** 0.009***
labor force (0.003) (0.003)
Urban share of 0.004 0.001
population (0.003) (0.002)
Rural travel time to 0.126%*** 0.124%*
city >50k (log) (0.035) (0.033)
Rural electricity -0.005** -0.004**
access (pop share) (0.002) (0.002)
N 138 138 138 138 138 138
R2 0.650 0.681 0.658 0.704 0.671 0.751
F 19.336 20.365 18.352 22.679 19.455 22.777

Note: Dependent variable is the natural log of the ratio of CoNA toaeta household expenditure on
food and noralcoholic beverages. Standadors in parentheses, with significance levels denoted ***
p<0.01, ** p<0.05, * p<0.1, from robust regressions (rreg). All specificationgrol for log population
size (level, squared and cubed) amdude indicator variables for ICP regions (not shpw

Results in Table 5 are robust to replacingdgbtome variable with the log CoNA to all
household expenditure, as shown in the Annex Tabl #&dggesting that nutritious diets may
be more affordable in countries with more rural electricity andrles$ remoteness. Regression
results for other outeoe variables such as CoCA and CoNA/CoCA ratio showed no significant
association with any of the structural and market development indicators

In the annex of supplemental informati@rable A11),we exend these results to address
the potential effects agricultural trade policies. Nominal rates of protection were available for
54 of the 136 countries included in Tables 4 and 5. We aggregate the NRPs fordealseie

foods (grains and starchy stag)l@nd nutrientlense foods (fruits and vegetablasyyg, animal
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sourced foods, etc.)Iincluding those indicators in the specifications showhaible A11
demonstrates a cleassociation betwedmghertariffs on nutrienidense foodand higher
CoNA. We estimate that the mean tariff on nutridehse fods (23.5%in this limited sample
increases CoNA by $0.10 per daympared to no tariffadding one standard deviation above
the mean tariff on nutrierdense foods increases CoNA$0.27 per day a large increase
relative to the mean CoNA of $1.07 fow-income countries. In contrast, tariffs on calerie

dense foods have rsignificant associatioaither CoONA or CoCA.

Is the affordability of nutritious dietsassociated vth nutrition outcomesand dietary intake?

The last aim of this study is tiescribe the relationship of diet costs witltrition
outcomesand dietary intake at the national level. Singehave a large number of variables,
regressiomesults are provided in the annex of supplemlentormation,describing links with
anthropometric outcomeprgvalence oadultobesityandchild stunting, symptoms of
malnutrition (prevalence démale and child anemia as welhatamin A and zincdeficieng),
and estimated intake of eight specifiietary risk &ctors (totafruits, total vegetables, whole
grains, leguminous grains, nuts and seeds, fiber, seafood, and milk)

To visualize the relationship of diet costs with nutrition outcoailesving for variation
in functional formswe usel sami-parametric rgressiongeported in Figures AB7. These
compare the association of each outcome with our two metrics that do not require currency
conversion, namely affordability of CoONA as a share of all household expenditure (in log form)
and the CoNApremium as a nitiple of CoCA. In countries where nutritious diets are least
affordable, we observe more prevalence of stunting and a smaller prevalence of obesity, as well

as more prevalence of anemvaamin A deficiency, and zinc deficiency. Thisatbnship holds
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only for affordability as a share of household expenditure, revealing thatooassy variation

in diet costs relative to income is much larger and more significant than variation in the nutrient
premium relative to starchy staples. Paetric tests ofhe link between affordability and
nutrition outcomes is reported in Table A13,
anemia prevalencand not for the other outcomes, after controllingafoubicfunction of GNI

per capitaurbanizéion and sanitén as well as indicator variables fgeographiadegion We

thenused similar regressions describe the relationshipetween affordabilityagainmeasured

as Co NA éfaverage household expenditure (in log form) with a varietypofrols such

as a cubic function of GNI per capita, urbanization, rural travel times and rural electrification.
Those show significance for 3 of the 8 dietary factors (fruits, fiber and milk), whereas the others

are significantly correlated only with tleentrol varidles.

4. Discussion

This study uses nutrient composition and retail prides/ailableitemsto describe food systems
in nutritional terms, identifying stylized facébout food priceghe cosbf meeting alihutrient
requirements, the sdtisity of diet costgo variation in eacindividual nutrien relationships
betweerleastcost dietsandfood consumptiomatternsandlinks between diet costs and other

aspects of national food systems such as rural electrification as welirdi®n outcomes.

Limitations of the study

We use a&ingle nationaly representativaverageset of prices to obtain a single diet cost for

each country, whose relevance to any particular queistionited by our data and methods

Page40



First, the sandardizatio imposed byhe IPCprovides a transparent method with which
to compare countriebut international listenay omit thelowest-cost foodause byspecific
populatiors, andnational average pricesnita ¢ 0 ulowestopsh marketplaces or other ways
of acquiring food such as donations or g@ibvisioning.The timing of observatioalso matters,
as2011 was an unusually higdriced year fomanyinternationallytraded commoditiesnd
using a single price omitgasonality and fluctuations that allow pkofp substitute between
foods over timeFuture workcould use our methods &aldressimilarities and differences in
ICP data from 2011 to newly released 2017 pr{Bas and Masters 2020and trackchange
sud as the COVID pandemic (Akter 2020arayanan and Saha 2020

Second, oufocuson internationatomparisonslso leads us teelecta single set of
nutrient requirementsotably EARs for aepresentative adultomanof reproductive agerhich
aims to ned medianrequirementsn a healthy populadh. In related work we explore variation
in needs around that benchmaBai{and Master2019), and address how individual variation
affects whole households (Schneider 2DZbcusing on nutrients is usetol guide
interventions designed teelp a poputionavoid specific deficiencie@VFP 2020) andalso
reveals opportunities for nutrient needs to be matitigrentfood groupgaswe foundfor
substitution fromeggs and dairto vegetables and legunjebuta nutrientby-nutrient approach
misses theole ofotherfood attributes such as phytochemicals and other compounds,
bioavailability and the food matrihat are addressed in national dietary guidelines and other
recommendations such as the ERdncd reference diets. Thesultingcost of recommested
diets (CoRD) is more expensive thast nutriens as shown by Hirvonen et al. (2019) and

Herforth et al. (2020)
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