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Abstract
Intentional efforts by policymakers beyond the health sector such as those focused
on food policy, agriculture, and poverty reduction are necessary to address
malnutrition in all its forms. This paper demonstrates methods to diagnose how
well the food system delivers nutritionally adequate diets, which can be used to
assess needs, develop policy options, and evaluate impacts. We find the lowest
cost adequate diet for rural Malawian households costs an average $9.74 per day
for the median household ($2.22/capita). This cost is unaffordable for most
households, costing 1.49 times food spending and 51% of households could not
afford that diet even if they spent all resources on food. The results are largely
driven by riboflavin, the costliest nutrient to obtain by far, where a 1% increase
in the requirement results in a diet costing 325% more, as well as B12. Our results

show how far the cost of an adequate diet is from affordable and provides
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nutrient-level insights to guide policy options that can reduce the cost and
increase access to affordable, healthy diets for households in rural Malawi.
Keywords: linear programming, nutrient shadow prices, least-cost diets, food
markets, nutritious diets
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1 Introduction

Policymakers around the world are increasingly recognizing that eliminating malnutrition
in all its forms cannot be accomplished by the health system alone and requires deliberate
actions to create a nutrition-sensitive food system. The food system refers to all the actors,
institutions, resources, and processes through which agriculture is produced, processed,
marketed, and food is acquired by consumers. It not only involves the full agri-food value
chain but also includes all the laws, regulations, financial resources, and policies that govern
the structure of agriculture and food markets (FAO 2013; Global Panel on Agriculture and
Food Systems for Nutrition 2014). A nutrition-sensitive food system is characterized as one
where all people have continuous access to safe, diverse, and nutrient-dense foods at all
times and are empowered, knowledgeable, and economically able to choose them (Global
Panel on Agriculture and Food Systems for Nutrition 2014). Every aspect of the food system
ultimately determines the availability, quality, and price of food items and therefore the
ability of consumers to access and choose a healthy diet (FAO 2013; Global Panel on
Agriculture and Food Systems for Nutrition 2014; Fanzo 2014). Food prices and the
availability of food items offer an underutilized analytical tool to diagnose how well a food
system currently facilitates access to a healthy diet for all, identify policy levers, and
monitor and evaluate the outcomes of policy action. In this paper, we calculate the cost of
an adequate diet for rural Malawian households in their nearest district central market and
its affordability and identify the nutrients specifically driving the cost of healthy diets in
the food system.

Access to a high-quality diet year-round, defined as that which provides “the right
nutrients in the right amounts for health and wellbeing,” is essential to achieving optimal
growth and long-term health (Ruel, Harris and Cunningham 2013; FAO 2016). Diet quality
refers to the composition of the diet, on average over time, and the hallmarks of a high
quality diet include nutrient adequacy, macronutrient balance, energy consumption in
proportion to needs, and variety (Trijsburg et al. 2019). The consumption of poor quality
diets has profound consequences for the nutritional status of individuals, human capital
accumulation over their lifetimes, and economic growth (Black et al. 2008; Victora et al.
2008; Ecker and Qaim 2011; Hoddinott et al. 2013; Headey et al. 2019).

Whether high quality diets are affordable is of key concern for policymakers and an

active area of research (Rao et al. 2013; Darmon and Drewnowski 2015; Waterlander and



Mackay 2016; Cost of Nutritious Diets Consortium 2018; Masters et al. 2018; Hirvonen et
al. 2019). Globally, low income consumers are more likely to have lower quality diets and
worse health outcomes than wealthier consumers; food prices are often implicated to explain
this disparity in countries across the income spectrum (Darmon and Drewnowski 2015).
Recent work has begun to use retail prices at rural markets to identify how well national
food systems are able to deliver nutritionally adequate diets at affordable prices (Hirvonen
and Hoddinott 2017; Masters et al. 2018; Headey and Alderman 2019; Headey et al. 2019;
Hirvonen et al. 2019). Yet analyses to better understand the drivers and dynamics of the
relationship between food prices and diet quality have yet to agree on either the most useful
cost metric or the definition of healthfulness (Conforti and D’Amicis 2000; Drewnowski and
Specter 2004; Monsivais and Drewnowski 2007; Lobstein and Davies 2008; Brinkman et al.
2010; Drewnowski 2010; Monsivais, Mclain and Drewnowski 2010; Monsivais, Aggarwal and
Drewnowski 2012; Carlson and Frazao 2012; Lee et al. 2013; Rao et al. 2013; Waterlander
and Mackay 2016; Lewis and Lee 2016; Muhammad et al. 2017; Omiat and Shively 2017;
Mackay 2018; Scott, Sutherland and Taylor 2018; Jones, Tong and Monsivais 2018; Akhter
et al. 2018; Fan et al. 2018; Love et al. 2018; Alemu et al. 2019; Headey and Alderman
2019; Hirvonen et al. 2019).

Food price indices commonly tracked by national agencies to monitor inflation and
inform food policy decisions are traditionally weighted by observed household food
expenditure shares, regardless of the quality of household diets (Masters et al. 2018). In
countries such as Malawi where diets are heavily staple-based, changes in cereal prices
dominate monthly variation in the food price index regardless of whether or not they comove
with the prices of foods that are more dense in protein, lipids, or the essential micronutrients
necessary for optimal growth and long-term health. A food price index based on a least-cost
nutritionally adequate diet offers an alternative to track food prices in terms of the cost to
acquire sufficient nutrients in the right proportions for health. Least-cost diets calculated
systematically, and at high frequency, over space and time provide an inexpensive indicator
to monitor the availability and affordability of whole diets that meet specified nutritional
requirements.

Every aspect of the food system contributes to the availability and prices of foods
(Herforth and Ahmed 2015; Gelli et al. 2019). Least-cost diets are particularly useful to
better understand the interaction of availability and price with respect to nutrient

requirements since the linear optimization substitutes among all present food item suppliers



of required nutrients to minimize total diet cost while meeting specified requirement
constraints. As the food basket can change in response to availability and prices, the metric
reveals how well the food system delivers continuous access to healthy diets (Dizon and
Herforth 2018; Masters et al. 2018). Improving the affordability over time can be achieved
through numerous policy and private sector actions as well as by income growth and
provides a useful benchmark to guide policy action and track outcomes. Furthermore, we
show in this paper how nutrient shadow prices, identified from the least-cost diet linear
optimization model, can guide priorities by illuminating the nutrients driving the cost, in
other words, those that are the costliest to obtain in the food system.

Most Malawians are at risk of micronutrient deficiencies at some point in their lives and
overall diet quality is poor. A recent national micronutrient survey, which measured
nutrient status directly with biological samples, showed high prevalence of zinc deficiency!,
moderate prevalence of anemia (low hemoglobin), iron deficiency in certain subpopulations,
widespread folate deficiency among women of reproductive age and B12 deficiency in the
rural population. Household survey data has repeatedly shown food expenditures heavily
biased towards maize and to a lesser extent other staples (Aberman, Meerman and Benson
2018; Gilbert, Benson and Ecker 2019). The most recent (Fourth) Integrated Household
Survey (IHS4), found that 64% of Malawians reported inadequate food to meet household
needs. This percentage had risen slightly from 57% observed in the previous survey (IHS3)
conducted in 2010 and other measures also suggest a decline in diet quality over this period,
though at the same time, the prevalence of under-5 stunting decreased (Koppmair, Kassie
and Qaim 2016; Gelli et al. 2017, 2019; National Statistical Office (NSO) [Malawi] 2017a;
Aberman et al. 2018; Gilbert et al. 2019; Hjertholm et al. 2019; Kang et al. 2019).

In this paper, we calculate the cost of a nutritionally adequate diet for entire households
of observed (varying) composition, assess its affordability relative to food spending, and
identify the costliest nutrients driving the total diet cost. Most research on nutritionally
adequate least-cost diets have focused on a few representative individual types, however
information at the level of subpopulations is not salient to policymakers whose instruments
focus on households, sectors, value chains and markets. Our approach is unique in focusing
on the household as the unit that procures food together and eats shared meals. We argue

this is not only realistic, but also serves the policy information need of decision-makers

1 Researchers have contested the methodology of zinc deficiency calculation and estimated the national prevalence to be
slightly lower, though still widespread (Likoswe et al. 2020).



beyond the health sector who are generally concerned with households. Households are an
economic unit and household data underly the population poverty and welfare statistics
most often used to make decisions; therefore a household diet cost and affordability metric
is consistent with the other information commonly used for food, agriculture, and social
protection policy.

This paper proceeds as follows. Section 2 summarizes the related literature. Section 3
presents the data, methods, and linear optimization model. Section 4 presents the results.

Section 5 concludes.

2 Related literature

Our study is motivated by and extends several existing bodies of literature. The first
uses least-cost diet methods to identify the lowest cost diet that meets specified nutrition
requirements or food-based dietary guidelines to track the cost of those diets or develop
recommended cost-minimizing diets for low income consumers (Stigler 1945; Mian 1978;
O’Brien-Place and Tomek 1983; Faiferlick 1985; Leung et al. 1992; Lancaster and Taj 1994;
Conforti and D’Amicis 2000; Darmon, Ferguson and Briend 2002; Chastre et al. 2009;
Aravindhakshan 2011; Temple and Steyn 2011; Frega et al. 2012; Darko 2013; Wiggins et
al. 2015; Biehl et al. 2016; Parlesak et al. 2016; Omiat and Shively 2017; Arimond et al.
2018; Dizon and Herforth 2018; Nykénen et al. 2018; Masters et al. 2018; Hirvonen et al.
2019; Kaiyatsa et al. 2019; Mahrt et al. 2019). The second line of research aims to
understand the importance of food markets to food security and nutrition under non-
separability, and to assess the implications of market participation and food prices on
household welfare and nutrition (Benson, Mugarura and Wanda 2008; Le 2010; LaFave and
Thomas 2016; Pittore 2016; Kaminski, Christiaensen and Gilbert 2016; Headey and Martin
2016; Stifel and Minten 2017; Hirvonen et al. 2017; Sibhatu and Qaim 2017; Gelli et al.
2019; Headey et al. 2019). The final body of literature focuses on the shadow price of
individual nutrients. The majority of this literature is focused on the demand side and aims
to estimate complete demand systems or identify shadow prices from observed behavior
(Dréze and Stern 1990; Beatty 2007). We contribute to the small but growing literature on
shadow prices in the market relative to nutrient needs or other dietary constraints calculated
using linear and non-linear programming (Darmon et al. 2002; Hakansson 2015; Parlesak et
al. 2016).



2.1 Least-cost Diets

Least-cost diets that meet minimum nutrition requirements calculated using linear
programming are commonly employed to track the cost of foods and nutrients and make
dietary recommendations for low-income populations. Originally developed to minimize
costs and provide sufficient nutrients for military readiness during World War II (Stigler
1945), the US still uses this method to calculate the “Thrifty Food Plan” — the foundation
of the household entitlement program benefits calculation (Wilde 2013; van Dooren 2018).
Least cost diets have been used for a number of purposes, including to track the cost of
foods and nutrients, plan institutional menus, and guide food, development and nutrition
assistance programs (Calkins 1981; Chastre et al. 2007; Optifood 2012; Deptford et al. 2017;
Akhter et al. 2018; van Dooren 2018; Masters et al. 2018). They are relatively
straightforward to compute, requiring data on the available food items, their nutrient
composition (or food group for dietary diversity- or dietary guidelines-based constraints),
market prices, and nutrition constraints (needed amounts of each nutrient or food group).
Nutrition constraints can be specified as the quantity of each essential nutrient needed
according to international standards or according to other standards of diet quality such as
dietary diversity or food-based dietary guidelines (Chastre et al. 2007, 2009; Optifood 2012;
Daelmans et al. 2013; Dizon and Herforth 2018; Akhter et al. 2018; Masters et al. 2018).
Statistical or basic spreadsheet software can solve the mathematical minimization problem
(Chastre et al. 2007; Optifood 2012; Dizon and Herforth 2018; Masters et al. 2018).
Several studies have used least-cost diets to track the cost of food and nutrients over
time, across countries, or in comparison with observed consumption patterns or incomes.
O’Brien-Place and Tomek (1983) measured food price inflation in the US from 1970-1980
based on least-cost diets meeting minium nutrient requirements for 12 population
subgroups, including adults and children, both with an without palatability constraints.
They found inflation in the least-cost diet to be lower than that of the consumer price index
by 10-20%. Omiat and Shively (2017) calculate least-cost diets that meet the minimum
nutrient needs of adult men and women from 2000-2011 finding that the cost grew 3-9% in
real terms over the period. Accounting for cultural preferences increased the lowest cost at
which nutrient and preference constraints could be met, resulting in a cost above the poverty

line for most of the time. Hirvonen et al. (2019) identify the lowest cost combination of food



items that meet the EAT-Lancet Commission guidelines for sustainable diets across 159
countries based on 2011 retail food prices. The authors found that the diet cost more than
per capita household income for at least 1.58 billion people worldwide (Willett et al. 2019).
In France, Maillot et al. (2017) found that most consumers could move from an inadequate
to adequate diet without increasing total food budgets, but that the shifts required for the
lowest income consumers would be practically difficult. Masters et al. (2018) show that in
Ghana, the monthly cost of meeting dietary diversity recommendations increased 10% faster
than inflation from 2009-2014, while the cost of meeting nutrient adequacy doubled over
that same period. In the same study, the authors found that seasonal fluctuations in
Tanzania were pronounced but that the the change in total cost changed only slightly.
Other studies have used least-cost diets as a planning tool. Calkins (1981) uses a
comnination of scenarios and linear modeling to identify the optimal crop and livestock mix
to maximize both profit and nutrition for a representative Nepalese household. The study
found shifting from existing cropping practices (predominantly paddy-fallow lowlands,
wheat-millet or -radish then fallow in uplands) towards greater production of potatoes,
radishes, rape and a variety of other vegetal crops would provide increased nutrition and
greater profit opportunity. Using Save the Children UK’s Cost-of-the-Diet tool in
Bangladesh, Myanmar, Ethiopia and Tanzania, Chastre et al. (2009) calculate least-cost
diets that meet the needs of a representative household. The household nutrient
requirements were defined as the summation of the individuals’ minimum needs and upper
bound limits placed on food items to impose palatability constraints. They found that the
adequate diet is unaffordable for a large proprotion of the population in all 4 countries and

that there is a large fluctuation in costs by season.

2.2 Role of Markets for Nutrition

Even in smallholder agriculture contexts where families produce a large share of their
annual food consumption, markets play an important role in food security and nutrition
(Koppmair et al. 2016; Gelli et al. 2019; Headey et al. 2019). Households in rural Africa
typically rely on purchased food to increase the diversity, stability and quality of diets
above what they can produce on their own farms — in other words, even smallholder
producers are mostly net purchasers of food (Hirvonen et al. 2017; Sibhatu and Qaim 2018a;

Headey et al. 2019). Furthermore, policymakers and development programs often focus on



increasing incomes as the pathway to improve nutrition, which additionally implicates the
role of markets and requires that nutritious foods be available year-round. The combined
effect of retail market food prices and the availability of various items, often driven by
seasonality due to few options for storage as well as poor market integration, may mediate
the impact of increasing income on diet quality and nutrition (Herforth and Ahmed 2015;
Gelli et al. 2019).

The alternative to market-based solutions to improve diet quality is to focus on the
farm, and much attention has focused on the role of own production to improve diet quality
and increase micronutrient intakes (Leroy and Frongillo 2007; Talukder et al. 2010; van den
Bold, Quisumbing and Gillespie 2013). Findings from this literature have been mixed,
however, with small impacts where positive effects have been found and a clear mediating
role of markets (Jones 2017; Sibhatu and Qaim 2018b; Ruel, Quisumbing and Balagamwala
2018). It is becoming increasingly clear that markets are as important, or sometimes more
important, as a source of nutrient-dense foods than own production (Hirvonen and
Hoddinott 2017; Sibhatu and Qaim 2018b; Headey et al. 2019). Yet much remains to be
understood about the way markets promote access to high quality diets and consumption
of nutrients currently lacking. Among the evidence gaps, the availability and affordability
of nutrient dense foods is of high priority if policies are to be made more nutrition-sensitive

and promote access to higher quality diets.

2.3 Shadow Value of Nutrients

Identifying shadow prices from mathematical programming models of market prices
relative to nutritional needs are rarely used in human nutritional studies, but could
potentially help track the cost and affordability of specific nutrients and adequate diets
(Hakansson 2015). Only a few similar studies have examined the shadow price of individual
nutrients using observed market prices to understand the contribution of each nutrient to
the total cost of a nutritious least cost diet. Hakansson (2015) estimated the cost of adhering
to Nordic nutrition recommendations in Sweden for only adult men and non-pregnant adult
women. The authors found that the cost of meeting nutrient requirements had not increased
more than food prices overall from 1980 to 2012 in Sweden, but that at an individual
nutrient level the cost of meeting vitamin D, iron and selenium recommendations had

increased faster than general food prices (Hékansson 2015). Earlier, Faiferlick (1985)
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estimated least cost nutritionally-adequate diets® for adult men and women based on retail
prices from 4 grocery stores in Ames, lowa. In that study, the author reports the shadow
prices in dollars, noting that they are difficult to interpret as such since the nutrient
requirements are specified in different units and are required in different amounts relative
to one another.

Similar approaches are more commonly used outside of human nutrition. Estimating the
shadow price and marginal value of each nutrient to the total diet cost with respect to an
animal’s requirements is regularly used in livestock nutrition for sensitivity analysis in feed
formulation (Saxena and Khanna 2014). More generally, shadow prices from linear
programming are frequently used in operations research and environmental management
(Balakrishnan and Hung Cheng 2000; Liu, Chen and Wang 2009). To the best of our
knowledge, this is the first study to analyze the shadow price of nutrients in a low income
country’s rural markets to understand the relative efficiency with which the food system
provides access to each of the essential nutrients necessary for optimal health and long-term
growth.

With only two prior studies both in higher income countries, this method is arguably
underexploited in human nutrition and development economics. Of note, this study differs
from a related, though still small, literature focused on understanding household demand
for nutrients where estimated shadow prices reveal relative preferences for nutrients
(Shonkwiler, Lee and Taylor 1987; Athanasios, Bezuneh and Deaton 1994; Huang 1996;
Chen et al. 2002; Coondoo et al. 2004; Shogren 2006; Beatty 2007; Akinleye and Rahji 2007;
Richards, Mancino and Nganje 2012; Shrader et al. 2014). Our objective departs from this
literature in that we do not aim to explain consumer behavior, but to develop a systematic
indicator to track the cost of nutrients in the food system that can be monitored over time

to guide policy decisions and evaluate impacts.

2 Defined by the recommended daily allowance (RDA), the amount necessary to meet the needs for nearly all people and
no longer considered the appropriate nutrient requirement to use for populations and groups (Beaton 1999; Institute of
Medicine 2000; Institute of Medicine of the National Academies 2006; Schneider and Herforth 2020).
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3 Data & Methods

3.1 Data

We use household survey panel data matched with newly compiled local food composition

data for Malawi, human nutrient requirements, and monthly market food prices.

3.1.1 Household Survey

The household data come from the Integrated Household Panel Survey (IHPS),
conducted in 2010, 2013 and 2016/17, which includes, for the purposes of our analysis,
information to identify individual nutrient needs (age and sex for all household members,
occupational data), geographic identifiers which allow us to match households to markets,
and all requisite expenditure information to calculate annualized household food spending
and total expenditure following the methods used for poverty calculation in Malawi
(National Statistical Office (NSO) [Malawi] 2017b; National Statistical Office (NSO)
[Malawi] and World Bank Poverty and Equity Global Practice 2018). We use only the latter
two rounds of the household survey data since the food price dataset contains more nutrient-
dense food items beginning in January 2013. We convert the food and total expenditures
into 2011 US purchasing power parity (PPP) dollars, smoothing the annual conversion
factors provided by the World Bank’s International Comparison Project over our monthly
time series using the Denton method (Denton 1971; World Bank 2015; International
Monetary Fund 2018).

Households can be matched to the nearest district central market where the NSO collects
price data based on district of residence. Where multiple markets are monitored in a single
district, households are matched by the administrative unit below the district level,
traditional authority (National Statistical Office (NSO) [Malawi] 2011b, 2012, 2018). We
include all households in the panel study who are categorized as living in a rural area.
Households in the panel survey reside in the districts of 25 of the 29 markets in the price
dataset. We exclude all households categorized as urban even if living in a district with
market price data, as well as those categorized as rural but living in the same district as
Malawi’s four major urban centers (Blantyre, Lilongwe, Zomba and Mzuzu), as we have no

price data for those districts’” markets (N=126). The survey was designed to be
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representative of urban and rural strata nationwide at the household level, so our results
can be considered representative of the rural population.

We also use the food consumption module to estimate household nutrient consumption,
as well as the source of nutrient acquisition (own production, purchase, gift/other).
Reported quantities were converted to kilograms using region-specific conversion factors
provided in the THS3 supporting data documentation (National Statistical Office (NSO)
[Malawi| 2011a; Oseni, Durazo and Mcgee 2017), supplemented by volume to weight and
density conversion factors from the USDA National Nutrient Database for Standard
Reference, Legacy (US Department of Agriculture 2018). We recoded any “other” items

wherever possible and converted all units wherever sufficient information was provided.

3.1.2 Nutrient Requirements

We use individual nutrient requriements from the Dietary Reference Intakes (DRI)
(Institute of Medicine of the National Academies 2006, 2011). We apply the estimated
average requirement (EAR) as the appropriate requriement level for studies of populations
and groups, inlcuding all nutrients for which the EAR has been defined and measured in
foods (vitamins A, C, E, B6, and B12, thiamin, riboflavin, niacin, folate, calcium, copper,
iron, magnesium, phosphorus, selenium and zinc). We apply upper limits (UL) where they
have been defined and can be reached with food sources (C, B6, calcium, copper, iron,
phosphorus, selenium, zinc, and retinol given its use in fortified foods) and limit
macronutrients (carbohydrates, protein, lipids) to within the acceptable range (AMDR).
(Institute of Medicine of the National Academies 2006, 2011). We also include the Chronic
Disease Risk Reduction (CDDR) as an upper limit on sodium intake (National Academies
of Sciences Engineering and Medicine 2019).

We calculate energy needs using the DRI Estimated Energy Requirement (EER)
equations using WHO growth standards (children 0-5) and growth references (all others,
taking the end growth median as the adult reference). We recalculate any nutrient
requirements that are weight-specific using the WHO reference values. We assume an active
level of physical activity for all individuals except for any men 14-59 engaged in manual
labor such as agriculture, day labor, or construction (Schneider and Herforth 2020). We
assume all children 6-23 months are continuing to breastfeed and include only their needs
from food sources (Dewey 2005) and within observed households we assume their mothers

are lactating. Of note, we do not make any adjustment to the bioavailability assumption in
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the constraints to calculate the least-cost diets because these diets are, by definition,
adequate and therefore contain a balance of foods with more favorable bioavailability in the
overall diet (Institute of Medicine of the National Academies and Institute of Medicine 2001;
WHO and FAO 2004; Institute of Medicine of the National Academies 2006).

Further discussion of the nutrient requirements specification can be found in Schneider
and Herforth (2020).

3.1.3 Food Prices

We use monthly food prices systematically collected by the National Statistical Office
(NSO) to calculate the Consumer Price Index (CPI) and monitor inflation. The data include
a standardized list of 51 items from January 2013 through August 2017 in 29 market centers,
excluding Malawi’s four largest cities. The monitored food items include anything that
accounted for more than 0.02% of total household expenditure in 2010, and include foods
from all food groups, though not all foods are available in all markets and all months.
Kaiyatsa et al. (2019) describes the NSO data collection, imputation, and cleaning process
in detail. While some of the values in the dataset have been imputed by the NSO, these
records are not identified. Remaining missing data can be interpreted as seasonally
unavailable or items that are never available in the given market. We do not carry out any
further imputation of prices and least-cost diet solutions have chosen from among the food

items where a price was observed in the given market and month.

3.1.4 Food Composition

We match all the foods available in the markets and reported to have been consumed by
households to their food composition using the recently compiled Malawi Food Composition
Table (MAFOODS 2019) supplemented by the USDA National Nutrient Database for
Standard Reference food composition data for edible portions, foods not contained in the
Malawi table, and to replace missing retinol and vitamin A content (in RAE units) only
where a food item match can be confidently made (US Department of Agriculture 2018).
From the food price dataset Maheu (a fermented maize, milk and sugar beverage) and 3
types of tea (conferring no essential nutrients) were excluded for lack of food composition

data.
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3.2 Household Nutrient Requirements, Adequacy and Sources
Since nutrition needs differ by age, sex, reproductive status, and physical activity level, the
lowest cost method for a family to secure a nutritionally adequate diet would be to eat
tailored diets that meet each individual member’s own unique needs. However, families in
Malawi and around the world commonly eat together from a shared meal and social norms
strongly favor food sharing in Malawi (Gelli et al. 2019; Hjertholm et al. 2019). For that
shared meal to meet all members’ needs, it must be of higher diet quality than any one
member needs alone, to accommodate the variation in nutrient density requirements over
different types of individuals. Nutrient density refers to the quantity of a given nutrient per
unit of energy in the diet and is a measure of diet quality.

We define the nutrient requirement for the shared household diet using a nutrient
density approach. The member with the highest nutrient density need defines the level of
nutrient density in the shared diet, defined separately for each nutrient, and with total
household energy equal to the sum of all individual energy needs. That diet will then be
dense enough in each individual nutrient to meet the needs of all members, as long as each
individual gets a share sufficient to meet their energy needs. The diet is adequate in energy
and all nutrient-dense items by definition, and therefore this is not an assumption about
intrahousehold allocation under scarcity.

Formally, the household nutrient requirements under the presumption of family food
sharing are defined by the nutrient density needs of individual members (subscripted m) for
nutrients (subscripted n), summed to the household level (superscript h), the constraints
are specified over the household's total dietary energy (E) using the most restrictive of their

nutrient density requirements for upper bound tolerance:

EAR_Share!l = > B, xmaz, {FAR, ;/E, },j=1,..,16 (1)
AMDRS,LWUPW;‘ = Y E,, «min, { AMDRy,,0..i /| E, } (2)
l = protein, fat, carb
AMDR_Share_Lower) = > E., xmaz,{ AMDR Lower,,, /E,,}, (3)
[ = protein, fat, carb
UL_Sharey = Y Em * ming{ULnyy /En}, k=1, .., 10 (4)

For carbohydrates, the AMDR is identical for all individuals but for protein and lipids,

the range varies slightly by age and sex group and therefore the household-level range takes
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the narrowest range to satisfy all individuals’ needs (highest of the lower bound and lowest
of the higher bound of all individuals present in the household). For the household UL and
CDDR, the constraint is defined by the minimum nutrient density upper limit of any given
member so that the household diet does not exceed any individuals’ safe intakes. We specify
the shared diet needed by all members aged 4 and above and add the requirements of
children 3 and below to the household total under the assumption that they are fed an
individualized diet. Within this group, children are assumed to be continuing to breastfeed
to two years of age in line with WHO recommendations and their requirements are limited
to those needed from food sources.

We compute total nutrient intakes by converting all reported consumption to kilograms
and matching with food composition, as described above, then compare reported household
consumption relative to the shared nutrient requirement to assess adequacy. Adequacy
ratios are calculated as reported total nutrient quantity divided by the nutrient requirement.
Estimating survey-weighted ratios to adjust for survey design provides an estimate of the
percent of the population estimated to have inadequate intakes. We also identify the
percentage of total nutrient intakes from each source to estimate the proprotion of the
nutrient intake coming from the market, a proxy for the extent to which the household

relies on the market to meet the given nutrient need.

3.3 Least-cost Diets

Using linear programming, we attempt to identify a diet that meets the household
nutrient requirements, as specified above, at the lowest total cost, minimizing cost subject
to the nutrient requirement upper and lower bounds and meeting total energy requirements.
Formally, the linear optimization model® minimizes total cost over all foods (7) while
meeting minimum requirements (EAR) for 16 micronutrients (), does not exceed the
maximum limits (UL, CDDR) (%), stays within the acceptable range (AMDR) for
macronutrients (/), and meets the specified energy budget E, where the jth (kth, Ith)

nutrient in food 7 and is denoted a; (ax, aa):

3 Solved using the R package “IpSolve” (Buttrey 2005).
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CoNA:minimize C =} p; x q; (5)

Subject to:
Y a;xq > BAR;, j=1,..,16
> g xq; <ULy k=1,..,10

Ziail x q; < AMDR _Upper,, | = protein, fats, carbs
2.0y *q; > AMDR Lower, , | = protein, fats, carbs
Ziaie *q, =FE

g, 20,9, >0,... g; > 0,for all foods 7 =1,...51

We calculate the total cost of the diet given the combination and quantities of each food
specified in the linear programming results at the prevailing price in that market and month.
Least-cost diets identify specific food items and the quantities thereof that provide the
requisite nutrients. The total cost of the diet in each month is one cost observation, specific
to each household, its composition, and market. We convert all costs into 2011 US
purchasing power parity (PPP) dollars, smoothing the annual conversion factors provided
by the World Bank’s International Comparison Project over our monthly time series using
the Denton method (Denton 1971; World Bank 2015; International Monetary Fund 2018).
To calculate annual diet cost, we take the average daily cost over all months for which the
linear programming converges on a solution multiplied by 365 days.

We produce a monthly time series for every household allowing composition to change
in January 2016 and forward, based on the observed composition of the household at the
second survey observation, and for new households observed in the 2016/17 round to enter
the sample in 2016. Individuals in the baseline are tracked forward into new households
should they leave the baseline household and all members of the new household are brought
into the sample resulting in an unbalanced panel of households and individuals by design.
Furthermore, since a change in composition changes the nutrient requirement parameters
of the diet cost model, we treat the data as two separate cross-sectional samples, each with
a monthly time series that is specific to the survey round, forming two sequential panels.
As a result, the data form a pseudo-panel, whereby the households observed in the 2013
data round have a monthly time series from January 2013 to December 2015 and those
households at the new composition observed in the 2016/17 round plus any new households

observed in the second round have a time series from January 2016 to July 2017.
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3.4 Nutrient Shadow Prices

The nutrient shadow prices are calculated as the dual result of the linear programming
solution for each of the constraints specified in the optimization problem. Formally, the
shadow prices are identified as the Lagrangian multiplier in the corresponding (dual)
solution to the optimization problem (Hakansson 2015). Rewriting equation (5) to define
all constraints as negative by rearranging so the right-hand side value is equal to 0, the

problem becomes:

CoNA:minimize C =} p; * q; (6)
Subject to:

—(Ziaij *q;) + FAR; <0, j=1,...,16

>0y *xq; — UL, <0, k=1,..,10

>0y *q; — AMDR Upper; <0, | = protein, fats, carbs
—(22,ayq *q;) + AMDR _Lower, <0, | = protein, fats, carbs
Ziaie*Qi_E:O

g, > 0,9, >0,... g; >0,for all foods 7 =1,...51

Next, defining a non-negative dual variable for the inequality constraints and an

unrestricted variable for the equality constraint gives:

)‘1<_<ZZ~ Q;; * q;) + EARj) (7)
AQ(Ziaik *q; —ULy,) (8)
As(X2, ay * ¢; — AMDR Upper;) 9)
(=22, ay * ¢;) + AMDR_Lower,) (10)
A5 (22, e ¥ ¢; — E) (11)

Where each A is the Lagrangian multiplier indicating the incremental amount that the
objective function changes for a one-unit increase in the nutrient requirement (FAR, AMDR
lower bound, E) or upper bound limit (UL, AMDR upper bound). A non-zero Lagrange
multiplier means that the constraint is binding, meaning a change in the right-hand side
value would change the result. A zero-value multiplier means the opposite, that the

constraint is met automatically when meeting others and would not change the total cost
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result if it were to move up or down on the margin (Lahaie 2015; Hakansson 2015). In the
case of least-cost diets, it is expected for most nutrients that there will be a non-zero shadow
price. The shadow price is then interpreted as the amount that the total diet cost increases
for a 1 unit increase in the minimum constraint (EAR, AMDR lower bound) or the amount
that it decreases for a 1 unit increase in the maximum constraint (UL, CDDR, AMDR upper
bound).

Because measurement units vary, we transform each marginal cost into elasticities.
Nutrient elasticities are interpreted as the percentage change in the total diet cost for each
percentage change in the amount of that nutrient required. Lower bounds are interpreted
as a percentage change in cost for a percentage increase in the requirement, which will have
a positive sign for all nutrients whose minimum constraints are binding on the margin.
Upper bounds are interpreted as a percentage change in cost also for a percentage increase
in the limit, or in other words relaxing the upper bound constraints, and are expected to
have a negative sign for all upper limits that are binding on the margin. We convert the
shadow costs into 2011 US purchasing power parity (PPP) dollars following the same

method described above.

4 Results

Table 1 presents the characteristics of the households included in our sample. We
exclude all households identified as urban in the IHPS, regardless of district of residence.
Our remaining sample includes 1,424 households from January 2013 — December 2015 and
1,693 households from January 2016 — July 2017. Of these, 1,062 are unique households are
observed at both time points, however the composition of those households changes in
January 2016, so these are best thought of as two consecutive, but separate panels of

households and individuals.
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Table 1. Household and Individual Characteristics

Household size
Number of adult (>18) members
Number of child (£18) members
Dependency Ratio (<15 or >64 defined as
dependent)
Female-to-Male working age (15-64) ratio
Under 5 stunting (%)
Head Education (Years)
Spouse Education (Years)
Observations
Households
Individuals
Excluded’
Rural households unmatched to market

Rural individuals unmatched to market”

Infants (rural) '
Urban households

2013 2016/17 Overall
Mean (SE) Mean (SE) Mean (SE)
496 (0.14) 498 (0.15) 498 (0.14)
2.16 (0.04) 223 (0.04) 2.20 (0.04)
3.66 (0.09) 3.74 (0.10) 3.71 (0.08)
0.85 (0.05) 0.75 (0.04) 0.79 (0.04)
1.03  (0.03) 1.05 (0.03) 1.04 (0.02)
0.27 (0.03) 0.28 (0.02) 0.28 (0.02)
542 (0.28) 551 (0.24) 548 (0.22)
333 (0.25) 3.61 (0.22) 351 (0.20)

1,424 1,693 3,117
7.153 8221 15,374
4 0 4
16 0 16
120 140 260
554 666 1,220

Population statistics corrected using sampling weights. Under 5 stunting defined as >2 standard deviations below

median, combines moderate and severe.

f We exclude from the analysis infants under 6 months who are assumed to be exclusively breastfeeding.

* Households unmatched to a market reside in Neno district, no households were found in this district in other rounds

and no price data exist.

Table 2 presents our least-cost diet results. We find that a diet sufficient in total

quantity and in terms of nutrient density to meet the needs of the entire household when

sharing meals costs $6.66 per household per day, at the median, over the entire period 2013

—2017. This amounts to a median $1.47 per person per day, slightly below the international

poverty line of $1.90 for the median household. Given that the median household already

spends the majority of its budget on food (74%) and that the adequate diet costs almost

50% more than current household food budgets, a nutritionally adequate diet is clearly

unaffordable. Though the diet costs less than observed total spending for the median
household, we estimate that 49% of households in 2013 and 53% in 2016/17 could not afford

an adequate diet even if spending their entire budget on food.
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Table 2. Affordability of Nutritionally Adequate Diet
2013 2016/17 Overall
Median (SE) Median (SE) Median (SE)
Annual Food Expenditure 2,588.47 (113.63) 2,292.84  (94.08) 2,429.85  (91.74)

(2011 US$)
Per day (household) 709  (0.31) 6.28  (0.26) 6.66  (0.25)
Per day per person 1.60 (0.10) 1.42 (0.06) 1.47 (0.05)

Annual Total Expenditure 3,460.88 (155.13) 3,319.20 (149.13) 3,353.18 (139.83)
(2011 USS)

Per day (household) 9.48 (0.43) 9.09 (0.41) 9.19 (0.38)
Per day per person 2.29 (0.14) 1.98 (0.09) 2.10 (0.09)
Food as % Total 0.76 (0.01) 0.73 (0.01) 0.74 (0.00)
Expenditure
N 1,424 1,693 3,117
Household cost per day (2011 9.47 (0.40) 9.80 (0.29) 9.74 (0.29)
USS$)
Per person 230 (0.07) 219 (0.04) 222 (0.04)
Household Cost/ 1.37 (0.06) 1.54 (0.05) 1.49 (0.05)
Food Expenditure
Household Cost/ 0.98 (0.05) 1.07 (0.05) 1.04 (0.04)
Total Expenditure
Households spending less on 0.65 (0.04) 0.73 (0.02) 0.70 (0.02)
food than adequate diet
cost (%)
Households that cannot 0.49 (0.03) 0.53 (0.03) 0.51 (0.03)
afford the adequate diet
at all (%)
N* 1,137 1,470 2,707

Population statistics corrected using sampling weights. Heteroskedasticity robust standard errors clustered at the
enumeration area level.

* Number of observations of households with shared CoNA solution in at least one month in year of survey. Extreme
outliers excluded.

Turning to the nutrient-specific results, we find households are net buyers of nearly half
of all nutrient requirements (Table 3, column 1) and that most households report consuming
a diet with insufficient nutrient density of several nutrients (Table 3, column 4). Table 3,
columns 2 and 3 show the elasticities of the diet cost with respect to each nutrient
requirement. Bolded nutrients demonstrate those nutrients where a 1% increase in the
requirement causes the diet cost to rise over 1%; empty cells reflect that that the constraint

was not binding. The elasticities are interpreted as the percent change in the diet cost for
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a 1% change in the nutrient requirement. Semi-elasticities interpreted in 2011 US dollars
are provided in Appendix 1.

We find the limiting nutrients to meet minimum requirements to be vitamin E, niacin,
riboflavin, vitamin B12, and selenium. The least cost diet rises 325% for a 1% increase in
riboflavin requirements. This is equivalent to about $2.33 per household per day, just
slightly more than the diet cost per person and therefore about as expensive to a household
as adding an entire additional family member. Riboflavin is found in animal-source and
plant-based foods, but dairy is a particularly good source and most of the vegetal sources
are not commonly eaten in Malawi. The next most costly nutrient pales in comparison to
riboflavin; the least cost diet rises a mere 28% ($0.20) for 1% increase in the requirement
for vitamin B12, 6% ($0.04) for vitamin E, 2.5% ($0.02) for selenium, and 2% ($0.02) for
niacin. Regarding the upper bound constraints, we find that copper and to a lesser extent
zinc and iron are binding constraints, meaning that a lower total cost could be achieved if
the upper limits on these minerals were relaxed. In other words, taking copper as an
example, in the process of solving the linear optimization, the copper upper bound is reached
before other nutrient requirements have been satisfied, which then reduces the food item
options to provide those remaining nutrients to include only those that have no copper.
Allowing 1% more copper into the diet would decrease the total cost 144% ($0.89) per
household per day.

Table 3. Nutrient Source, Shadow Cost & Prevalence of Inadequate Intakes, 2013 — 2017
Elasticity (% A)

% From Minimum Maximum Probability of Inadequate
Market Required Limit Intakes (% Population)
Energy! 40.97 -0.00101 37.61
(18.84) (-4.09) (18.26)
Carbohydrate 38.36 0.0160 -0.000503 15.08
(16.39) (3.19) (-4.24) (9.75)
Protein 40.10 0.0521 26.89
(18.58) (2.18) (13.63)
Lipids 50.01 0.195 -0.0951 66.63
(24.25) (3.80) (-1.04) (31.71)
Vitamin A 64.38 0.00794 67.17
(40.07) (3.06) (30.23)
Retinol 66.33
(30.38)
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Vitamin C 55.70 0.0141 -0.00000111 38.83

(33.01) (1.27) (-1.42) (14.18)
Vitamin E 51.06 6.369 57.00
(26.39) (2.06) (25.42)
Thiamin 38.60 14.53
(17.25) (11.47)
Riboflavin 44.84 325.3 75.54
(23.09) (11.22) (44.48)
Niacin 41.36 2.569 55.71
(19.60) (5.64) (22.71)
Vitamin B6 44.53 26.17
(21.72) (14.41)
Folate 47.91 50.34
(28.04) (21.88)
Vitamin B12 82.15 28.12 89.67
(56.51) (6.04) (78.85)
Calcium 57.63 0.0000434 -0.000298 60.76
(35.88) (4.62) (-3.33) (27.96)
Copper 56.39 -144.4 0.680
(33.83) (-2.13) (2.30)
Iron 49.54 -1.919 5.726
(23.09) (-5.64) (6.27)
Magnesium 42.98 3.719
(23.27) (5.81)
Phosphorus 43.22 64.64
(22.45) (34.81)
Selenium 58.44 2.683 94.42
(33.20) (4.12) (107.79)
Zinc 47.78 -1.071 58.59
(23.89) (-3.87) (34.19)
Sodium 93.22
(109.58)
N 1,580

Population statistics corrected using survey weights. Standard error in parentheses.
t Energy constraint imposed as a binding single value, elasticity interpreted indentically to the minimum
requirements.
In comparison with the percent of households’ current consumption sourced from
markets and the percent of the population estimated to have inadequate intakes, this

analysis demonstrates that riboflavin and vitamin B12 present the most urgent case for

policy intervention. For B12, households source the majority of what they consume from
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the market (82%), only 10% of households currently consume diets sufficiently dense in
B12. Vitamin B12 is only found in animal source foods. The last nutrient bearing mention
is selenium; however, we note that many food items have no food composition data for this
nutrient. That being said, existing evidence has shown that Malawian soils are very low in
selenium, and plant selenium content is largely driven by the soil mineral content (Hurst et
al. 2013; Joy et al. 2014, 2015a; b; Phiri et al. 2019). Most of the population consumes a
diet insufficient in selenium, and over half of the sources consumed are purchased. A 1%

increase in selenium requirement increases the diet cost by 2.7% ($0.02).

4.1 Robustness

To understand the implications of the data limitations and methodologies, we assess the
robustness of our results in two ways. First, ask whether the 51 food items in the food price
list covers enough of the food items available to and commonly consumed by households.
To do this, we estimate the percentage of household expenditure on and total calories from
food items that are captured in the market price list. In total, 84% of food item observations
are comprised of foods included in the market price list. Items not included that were
reportedly consumed by more than 5% of households include sorghum, millets, orange-
fleshed sweet potato, soybean flour, other wild greens, smoked fish, wild fruit, yeast, chips,
samosa, and alcohol. We estimate that approximately 90% of household expenditure is spent
on items that are present in the food item list over both survey rounds. In terms of nutrient
shares, roughly 94% of all energy and macronutrients consumed in the household come from
items for which prices are collected in the market. Items not collected in the market price
data account for at most 22% of household nutrient consumption for vitamin A, and
between 11-17% for vitamins C and B12, calcium, iron, and phosphorus.

Second, to account for the fact that estimated total household expenditures are likely to
vary depending on the season in which the household was surveyed, we repeat our
affordability analysis (Table 2) using only the subsample of households with a diet cost
solution in the month of survey. Instead of annualized expenditure, we compare the cost in
that month to food expenditure in that month. Since food expenditure comprises the vast
majority of household spending, as shown above, and the recall period for many items in
the remainder of the total expenditure calculation is longer than one month, our robustness
analysis concentrates on the diet cost relative to food spending. We find slightly higher

daily food spending results for this subsample of households, with a median daily
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expenditure on food at $7.09 compared to $6.66 for the full sample. Comparing spending to
diet cost, we find that accounting for the month of survey has an effect on the estimated
affordability, the shared diet cost is only 1.34 times food spending compared to our earlier
finding of 1.49 times food expenditure when calculated on the annualized basis. However, it
bears noting that there were fewer households with a least-cost diet solution at all in the
month of survey and therefore the difference could be explained by the different composition

of the sample.

5 Conclusions

Intentional efforts by policymakers beyond the health sector such as those focused on food
policy, agriculture, and poverty reduction are necessary to achieve nutrition-sensitive policy
coherence across the food system. In this paper, we demonstrate how food prices and the
availability of food items can be used to diagnose how well a food system currently facilitates
access to a healthy diet for all and guide the selection of policy options. We calculate the
cost of an adequate diet for rural Malawian households in their nearest district central
market, accounting for the higher nutrient density required when families share food. We
find the diet costs an average $9.74 per day for the median household, or $2.22 per person
per day. When compared to current household food and total spending, we find the adequate
diet costs 1.49 times food spending and just above (1.04 times) total expenditure. Seventy
percent of households spend less on food than it would cost to purchase adequate nutrients
and 51% could not afford that diet even if spending all of their resources on food. A few
nutrients drive this cost. Riboflavin is by far the costliest nutrient to obtain in rural
Malawi’s food system. The cost of an adequate diet increases 325% for a 1% increase in
riboflavin requirement. Vitamin B12 is the next most costly, increasing the diet cost by
28% ($0.20) for a 1% increase in the requirement.

Our study contributes to a large body of research on least-cost diets, however makes
the unique contribution that we estimate the requriements for whole households who
commonly eat together from shared meals. We argue this is not only realistic, but also
serves the policy information need of decision-makers beyond the health sector who are
generally concerned with households. Furthermore, we demonstrate how the shadow price
of individual nutrients identified from the linear programming calculation can be used to

understand which nutrients drive the total cost results or limit the options when upper
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limits are easily reached. This is arguably an underutilized tool in the human nutrition and
food policy domain, though it is commonly used to plan animal diets in commercial livestock
production.

We hope our study demonstrates a salient and useful metric to diagnose the needs of
the population and the ability of the food system to meet those needs. One clear policy
implicaiton emerges that rural households are not able at present to afford a nutritionally
adequate diet. Tackling malnutrition in all its form therefore requires intentional policy
effort to increase access to affordable, nutritious diets. We found that the nutrients driving
this cost are above all riboflavin and vitamin B12. In future research, we will model specific
policy scenarios that could reduce the cost of foods rich in these nutrients to determine the
most effect ways to increase availability and reduce the cost of nutritionally adequate diets

for households in rural Malawi.
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Table A-1. Nutrient Source, Shadow Cost & Prevalence of Inadequate Intakes

Energy'

Carbohydrate

Protein

Lipids

Vitamin A

Retinol

Vitamin C

Vitamin E

Thiamin

Riboflavin

Niacin

Vitamin B6

Folate

Vitamin B12

Calcium

Copper

Iron

Magnesium

Phosphorus

Semi-Elasticity (2011 US$)

% From Minimum Maximum Probability of Inadequate
Market Required Limit Intakes (% Population)
40.97 37.61
(18.84) (18.26)
38.36 0.000120 -0.00000325 15.08
(16.39) (3.05) (-4.32) (9.75)
40.10 0.000403 26.89
(18.58) (2.08) (13.63)
50.01 0.00144 -0.000905 66.63
(24.25) (3.57) (-1.04) (31.71)
64.38 0.0000605 67.17
(40.07) (2.61) (30.23)
66.33
(30.38)
55.70 0.000127 -6.61e-09 38.83
(33.01) (1.21) (-1.42) (14.18)
51.06 0.0422 57.00
(26.39) (2.08) (25.42)
38.60 14.53
(17.25) (11.47)
44.84 2.330 75.54
(23.09) (11.14) (44.48)
41.36 0.0191 55.71
(19.60) (5.00) (22.71)
44.53 26.17
(21.72) (14.41)
47.91 50.34
(28.04) (21.88)
82.15 0.201 89.67
(56.51) (6.34) (78.85)
57.63 0.000000309 -0.00000209 60.76
(35.88) (4.94) (-3.43) (27.96)
56.39 -0.892 0.680
(33.83) (-2.43) (2.30)
49.54 -0.0126 5.726
(23.09) (-6.71) (6.27)
42.98 3.719
(23.27) (5.81)
43.22 64.64



(22.45) (34.81)

Selenium 58.44 0.0178 94.42
(33.20) (4.76) (107.79)
Zinc 47.78 -0.00820 58.59
(23.89) (-3.49) (34.19)
Sodium 93.22
(109.58)
N 1,580

Population statistics corrected using survey weights. Standard error in parentheses.
T Energy constraint imposed as a binding single value, elasticity interpreted indentically to the minimum requirements.

Table A-2. Affordability of Nutritionally Adequate Diet in Month of Survey

2013 2016/17 Overall
Median (SE) Median (SE) | Median (SE)
Monthly Food Expenditure 238.04 (10.28) | 205.53 (8.46) | 219.03 (8.89)
(2011 US$)

Per day (household) 7.68  (0.32) 6.67 (0.27) 7.09 (0.28)
Household Cost /Food Expenditure 1.22 (0.09) 1.39 (0.09) 1.34  (0.06)
Households spending less on food 0.58  (0.04) 0.68 (0.03) 0.64 (0.03)
than adequate diet cost (%)

N Household CoNA in month of
survey 791 956 1,747

Population statistics corrected using sampling weights. T Number of observations of households with individual diet cost
for all members in the month of survey.

* Number of observations of households with shared CoNA solution in the month of survey. Extreme outliers excluded.
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