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During storage, cereals and legumes are vulnerable to insects, rodents, and fungi, which

can cause loss of weight, damage or discoloration of products, and/or toxin formation.

Hermetic bags can prevent excessive insect infestation, and toxin formation. This paper

presents an analysis of the effects of hermetic bags for the storage of maize on food loss

reduction by insects and on net greenhouse gas (GHG) emissions, based on practical

data from field trials. Their economic feasibility, by optimizing the total income in markets

with different price seasonalities in different Sub-Saharan African countries, is analyzed.

The data of five field trials were combined and put in classes of 50 days of increasing

storage time to get a realistic loss of produce during storage using regular bags (with or

without the use of pesticides) and hermetic bags. The maize for storage trials were used

as is, bought locally or used direct from the field. Scenario studies with standard storage,

standard storage combined with pesticides and hermetic bag storage show significant

losses by insects after 100 storage days for standard and standard with pesticides

storage, whereas with hermetic bags, product losses are kept to a minimum of 2%.

The economic analysis shows less clear-cut outcomes: the interventions’ effectiveness

depends largely on the rate of seasonal price fluctuation of the commodity. For farmers’

personal consumption, when the quality is less critical, the use of hermetic bags is only

more economical compared with other methods of storage for produce kept over 100

days. Since the quality of maize is well-preserved by the hermetic bag, the return on the

investment is shorter when the maize is sold at the market. However, for countries with a

low seasonal price gap, the investment cannot be recouped. As the use of hermetic bags

is a good intervention for preventing food loss, it is best promoted not only for providing

direct profits to farmers but also for health benefits, as bag use implies a lower need for

pesticides and a possible reduction in aflatoxin intake.
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INTRODUCTION

Post-harvest losses (PHL) of dry food crops are a large problem
in the Sub-Saharan region, especially for smallholder farmers.
Globally, more than 500 million smallholder farmers grow crops
on<10 hectares of land, with most of them located in developing
countries (FAO, 2014). Most of the dry food crops (80%) in Sub-
Saharan Africa are produced by smallholders. Post-harvest losses
by smallholder farmers can be divided into three categories: in the
field, during processing, and during storage (Abass et al., 2014).
During storage, insect infestation is a significant cause of losses in
developing countries (Kamanula et al., 2010; Ndiso et al., 2017).
For instance, 11% of maize is lost due to weevil infestation in
Ghana (Nabila and Kumah, 2018), which is almost half of the
total post-harvest loss reported. In Kenya, comparable results are
recorded for maize losses due to insects (Ognakossan et al., 2016).

Weevils, grain borers, red flour beetles andmoths are the most
common infestation insects (Manandhar et al., 2018), of which
the larger grain borer (LGB) has had an increasing impact on
PHL. The first outbreak in African countries was in the 1970s
and resulting losses have been increasing since then. One report
found that some products’ weights have reduced by 34%, with
80% of the grain damaged by the LGB (Boxall, 2002).

The problem persists if the crop is planted or stored near old
granaries, which is the case with most of Africa’s smallholder
farmers. The infestation can easilymove to and from storage sites.
Moreover, using the same bins year after year without proper
hygiene measures provides a continuous chain of infestation.
Insects can hibernate or even continue to feed on the wooden
structures of storage facilities or can hide between holes and
cracks in the walls. They can then re-infest the new crop in the
same storage facility and resume feeding (Sallam, 1999).

The storage of smallholder farms is still done in traditional
canaries or more often in polypropylene (PP) woven bags. To
reduce insect-induced PHL, farmers can use insecticides and/or
improve their farms’ storage facilities. One possibility is the
introduction of hermetic storage facilities, such as metal silos,
plastic drums or hermetic bags. Hermetic bags require relatively
low capital investment, suiting smallholder farmers’ capabilities.

The mechanism for reducing storage loss with a hermetic
storage system involves reducing the oxygen and increasing
the carbon dioxide levels inside the system. This controls the
activity and the number of live insects in the product. The
oxygen reduction is partly caused by the oxygen use of the insect
themselves (Murdock et al., 2012; Njoroge et al., 2018), oxidation
of the product, and some fungi growth (H. De Groote et al.,
2013). Insecticides appear less effective than using appropriate
bags (Kimenju and Groote, 2010); however, they are commonly
used despite the health risks associated with them (De Bon et al.,
2014).

For smallholder farmers, hermetic bags are the simplest low-

cost way to make a hermitic storage facility. A few different types
of bags have been tested in the field, such as the Supergrainbags

(GrainPro Inc. of Concord, Massachusetts, USA) and the Purdue

Improved Crop Storage (PICS) bags (Bern et al., 2013). The latter
has been introduced on a large scale, and has been promoted and
supported by the Bill & Melinda Gates Foundation. Although the

Supergrainbags have a higher barrier for oxygen, the resulting
oxygen levels for both systems are comparable as well as their
insect infestation reduction performance during storage (Baoua
et al., 2013). According to Baoua et al., (Baoua et al., 2013)
PICS bags have the advantages of lower cost, wider accessibility,
and greater durability. Therefore, the PICS bags can be used for
multiple seasons, effectively lowering their cost per unit stored
substantially. A PICS bag consists of three layers: two liners of
80µm high density polyethylene plastic (HDPE) fitted inside a
woven sack. The two liners form the oxygen and moisture barrier
between the bag and the environment. A third, woven PP layer
provides the mechanical strength. Besides the reduction in insect
activity, the hermetic bags can also reduce the growth of fungi
and the production of aflatoxin, especially when the grain is not
completely dry at the start of the storage period (Busso et al.,
2016; Tubbs et al., 2016). The working mechanism is also based
on reducing the oxygen in the sealed bag. Fungi respiration in
maize with 18% or 20% moisture can reduce the oxygen level to
almost zero within an hour.

The rollout of an intervention is most easy in the case of
a positive business scenario in which the required investments
balance the economic benefit of the intervention. In Sub-
Saharan Africa, smallholder farmers produce a median of 730 kg
maize/farm. A total of 49% of smallholder farmers sells their
maize, and a total of 23% of all maize is sold (Jirström et al.,
2018). Besides the direct need for cash, the risk of economic
devaluation over time can be a large driver for farmers to sell
their products directly after harvest. The commonest argument
heard to convince farmers to adopt hermetic bags is that they can
ensure the safe storage of grain without economic devaluation,
and therefore gain more money for their crops as they can sell
them later in the season when the prices are higher than during
the harvest period (NCBA CLUSA, 2016). The second benefit for
the farmers is related to health issues, as the use of pesticides can
be reduced and the development of mycotoxin in the maize can
be avoided (Ng’ang’a et al., 2016a).

This study focuses on the first argument in order to estimate
the additional profit that a farmer can expect to gain by using
hermetic bags. This is calculated by taking into account the
PHL, market price and quality discounts. In formal trade,
national or regional authorities or trading organizations dictate
quality grades. Batches with defect percentages above predefined
thresholds will be rejected or discounted, resulting in large
economic and product loss. Jones et al. (Jones et al., 2018)
concluded that beans with levels of 5–10% insect damage can
generally be sold with a moderate discount, whereas beans
with over 20% insect damage are largely unmarketable. Rejected
batches may still be used for farmers’ personal consumption or
animal feed.

Both arguments are also convincing on a wider environmental
level; for one, reducing PHL can contribute in turn to the
reduction in greenhouse gas (GHG) emissions. PHL contribute to
GHG emissions due to the emissions associated with agricultural
production and post-harvest operations. Consequently, reducing
PHL may be an efficient strategy for the reduction in food-
related GHG emissions. However, PHL reduction interventions
also induce additional emissions. Adequate decision making
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TABLE 1 | Studies used for the estimation of PHL during field trials of stored maize grain in Sub-Saharan African countries.

Reference Country Weight loss method Storage time (days) Number of households

Baoua et al., 2013 Ghana, Benin, Burkina Faso 100 grain weight 0–198 12*

Likhayo et al., 2016 Kenya count and weight 90–270 32

Mlambo et al., 2017 Zimbabwe count and weight 0–224 4

Ndegwa et al., 2016 Kenya count and weight 0–122 540

Ng’ang’a et al., 2016b Kenya count and weight 0–245 33

*maize obtained from local markets, others obtained directly from the field.

on PHL-reducing interventions should therefore take into
consideration their net effect on GHG emissions. Analyzing
this trade-off is essential to improve in a nett positive direction
(Vagsholm et al., 2020).

The aim of this work is to analyse whether introducing
hermetic bags for a relatively low-cost commodity crop such as
maize leads to increases in farmers’ incomes and food security,
and, more widely, a positive effect on total GHG emissions.
The study will not analyse the possible health effects. The
net effectiveness of the interventions will be based on realistic
estimates of the hermetic bags’ performance, which will be
compared with standard woven polypropylene (PP) bags, with
and without the use of insecticides. Furthermore, the influence of
maize price and country dependent seasonal price variations on
economic benefits for the farmers are analyzed.

METHODS AND DATA

Postharvest Loses
The results of different field trials for maize were used to
estimate the benefits of the hermetic bags for food security, GHG
emissions and the economic outlook in different Sub-Saharan
countries. The average effects of hermetic bags and the use of
insecticides on PHL reduction during field trials involving stored
maize grain were calculated based on data from five different
field studies of the storage of maize in Sub-Saharan Africa: Baoua
et al. (2014), Likhayo et al. (2016), Ndegwa et al. (2016), Ng’ang’a
et al. (2016b), and Mlambo et al. (2017). Table 1 shows some
of the characteristics of these studies. These data were used to
determine the PHL, quality and economic value of the maize
during storage. In these studies, the weight loss measurements
were mostly done indirectly, since weighing the total stored grain
is impossible due to sampling and the use of the stored grains
for consumption. Therefore, to calculate weight losses, indirect
methods were used in the used studies (see Table 1), count and
weight, or 100 gram weight describe by (Harris and Lindblad,
1978; Boxall, 1986), and (Bbosa et al., 2017).

The experimental setup differs between the studies but had at
least two things in common to be able to extrapolate the results
to normal practice. In contrast to lab experiments the maize was
not disinfected and contaminated with specific number of insects
prior to the test. So the maize has at the start of the trail a natural
fluctuating contamination. Secondly, the maize was stored locally
and under local conditions.

TABLE 2 | Post-harvest average weight loss in % of different storage periods in

different storage scenarios in field trials of maize storage.

Storage period Use of standard

bags

Use of

pesticides

Use of hermetic

bags

49–99 days 4.2 ± 0.3 a 2.5 ± 0.5 b 1.2 ± 0.5 c

100–149 days 15.4 ± 2.8 d 8.2 ± 2.2 e 2.6 ± 0.6 b

150–200 days 20.9 ± 1.9 f 8.2 ± 3.2 e 1.2 ± 0.3 c

>200 days 36 ± 6.2 g 12.9 ± 3.8 de 1.5 ± 0.6 bc

The averages and 95% confidence limits are weighted to the number of samples.

Means followed with the same letter are not significant different (LDS 0.05).

To be able to use the data for the calculation of the GHG
emission as well as the economic evaluation the PHL the data
were combined in classes of 50 storage days, as the lowest storage
time was 49 days, starts the first class here. The last class is
numbers of storage days above 200 as there were only a limited
number of data points between 250 and 300 days.

GHG Emissions Analysis
The effect of PHL on GHG emissions was determined with
the use of the Agro-Chain Greenhouse Gas Emissions (ACGE)
calculator (Broeze et al., 2019). Next, the GHG emissions of the
primary production and storage solutions used by the studies
referenced in Table 1 were used as inputs.

The primary production of maize in Sub-Saharan Africa has
a GHG emissivity of 1.56 kg CO2-equivalent per kg harvested
maize (Porter et al., 2016). We focused on production for
local markets, therefore, transport is neglected. Energy use for
drying is also neglected, and the use of sun-drying is assumed
when needed. In cases where product losses occur during the
production, collection or drying stages, they are equal for the
three scenarios; therefore, those losses were not taken into
account. The storage bags have a capacity of 90 kilograms,
dimensions of 1,370 x 700mm, and can be used for 3 years/cycle.
Standard bags and the outer layer of PICS bags are made of
one layer of PP of 100µm thickness, with a 919 kg/m3 density.
The PICS bags’ inner layers consist of two layers of HDPE
of 80µm thickness, with a 955 kg/m3 density. The pesticide
assumed was Actellic 50CE, dosed at 8 ml/MT. GHG emissions
related to pesticide production were estimated at 9 kg CO2-eq.
per kg Actellic 50CE (Heimpel et al., 2013).The resulting GHG
emissions in CO2-eq. were outcomes of the ACGE calculator.
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Economic Evaluation: In-house Price and
Market Price
In the economic evaluation, two scenarios were calculated for
the products: home use, and their sale at local markets for the
current market price. The value of the maize at the beginning of
storage was calculated as the market price at the harvest period in
addition to the costs of the storage system. This is referred to as
“In-house price” in USD/kg.

During storage, products will be consumed by insects and
may loss or gain moisture, which changes the calculated in-house
price in time. For home use, it was assumed that only the weight
loss over time increases the in-house price as the number of
kilograms decreases. For the weight loss, the weighted data of
the studies from Table 1 are taken and aggregated into different
storage periods. The quality lost in damaged grain, molds, or the
production of mycotoxins are not taken into account. However,
when the farmers need to buy from the local market, the maize
they purchase will be of a good quality, whereas when they use
their own maize, it can be of a lower quality.

In the second scenario, the maize is sold at a local market.
For this scenario, weight losses as well as negative effects on the
market price due to the lower quality of the maize being sold
(Table 3) were taken into account.

The maize samples were graded with a quality classification
system based on the fraction of damaged grains, and were
classified as either a good product (<10% damage), poor

quality product (10–20% damage) or unmarketable for human
consumption product (>20% damage). To determine the quality
lost, the amount of damaged grain with the standard deviation of
every point was used taken from the five field studies. Assuming
a normal deviation of the data points, the exceedance chances
of 10 and 20% damaged grain were calculated. All the chances
of exceedance were added in a weighted form to determine the
average amount of exceedance in a certain period.

Only discounts for damaged grain were taken into account.

Moldy grain contamination, which can also have a price
reduction effect when it exceeds 5% (Jones et al., 2016), and any

health effects of improved quality, e.g., aflatoxin reduction, were
not taken into account.

The market price of maize fluctuates during the year

depending on supply and demand. During harvest time, the
price drops and normally increases again until the next harvest.

This price fluctuation is called the seasonal gap and is the main

driving force behind the storage of grain. A high seasonal gap
makes storagemore profitable. This seasonal gap, however, differs

for every country (Gilbert et al., 2017; Kornher, 2018). For
the economic cost and benefit analysis, three different seasonal
patterns that exist in Africa were evaluated, represented by
Uganda, Malawi and Zambia. Malawi has a high seasonal gap,
Uganda harvests twice a year and has a moderate seasonal gap,
and Zambia records small variations in price during the year.
The typical price fluctuations in the three countries are given in

TABLE 3 | GHG emissions for packaging (90 kg) for the different scenarios (kg CO2-eq. emissions per kg food-grade maize).

Weight PP [g/bag] Weight HDPE [g/bag] Pesticide [g/bag] CO2 impact pesticide CO2 impact packaging

[g/bag] [g/kg maize] [g/bag] [g/kg maize]

Standard bag 176 176 1

Pesticide 176 0.8 7 0.08 176 1

PICS bag 176 293 469 2

FIGURE 1 | Seasonal price fluctuations of maize, below and above the average year price (30 $c/kg maize) in different countries, data from (Gilbert et al., 2017;

Kornher, 2018).
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FIGURE 2 | Post-harvest weight loss in % in different storage scenarios [standard bags (circles), standard bags combined with pesticides (diamonds) and hermetic

bags (crosses)] in field trials of maize storage, based on data from Likhayo et al. (2016), Ndegwa et al. (2016), Mlambo et al. (2017), Ng’ang’a et al. (2016b), and

Baoua et al. (2014). The points are averages from a number of different samples, error bar represent the standard deviation. The regression lines are corrected for the

underlying number of samples of the points.

Figure 1. The average yearly market price of 30 $c/kg Maize was
considered the same for every country. The penalties due to 10
and 20% damaged grain were combined with the exceedances
and the market price at that period to obtain an average sales
price for the three selected countries.

RESULTS

PHL Effect on Food Security
Figure 2 shows the weight losses over time for maize stored in
standard bags, hermetic bags, and for when pesticides are used.
Through hermetic storage technology, average weight losses of
grain were found to be significantly (LDS 5%) reduced between
49 and 99 days of storage (standard bag 4.2 ± 0.3%, hermetic
bag 1.2± 0.5%),ensuring the increased availability of food-grade
grain throughout the year. Table 2 show that hermetic bags can
help to reduce losses caused by insects and/or evaporation till an
average loss of 1.5 ± 0.4% after more than 200 day of storage. In
the reference situation (with polypropylene (PP) woven or jute
bags), the average weight losses for small farmers’ stored maize at
the end of the storage season (>200 days) rose to 36.0 ± 6.2 %.
The use of pesticide was also, on average, beneficial compared to
the standaard bag, between 49 and 99 days of storage 2.5 ± 0.5%
weight loss, and after more than 200 days of storage 12.9± 3.8%.
Especially for longer storage times, the results of the individual
measurements for the standard bag and even more for the use of
pesticides were very scattered. And although the average weight
loss of the hermetic bag was lower for both the normal bag and
the use of pesticides after a storage period of 49 days, data points
below the average of the hermetic bag in the same period can still
be found, in 6% and 41% for resp. the normal bag and the use of
pesticides.

Depending on the storage location the moisture content of
maize stored in the PP or Jute bags could change. Up to 2.5%wb
loss and 3.5%wb increase was reported, However, the moisture
content did not increase above 14%wb. Maize stored in the
Hermetic bags did not show any change in moisture content.

PHL Effect on GHG Emissions
The effect of using any measure to reduce the impact of PHL on
GHG emissions required taking into account two aspects. Firstly,
any GHG emissions related to the production of the bags and
pesticides must be taken into account, which contributes to the
GHG emissions associated with the commodity. In the case of the
hermetic bags, the PICS bags were taken for GHG calculations.
The two HDPE liners of the PICS bag attribute additional GHG
emissions compared with a traditional woven polypropylene bag.
Secondly, the lost produce must be taken into account, as it
increases the GHG emissions per kilogram of maize available
for consumption. The impact on GHG emissions was calculated
for three scenarios: storage in standard bags, storage in hermetic
bags, or in-bag treatment with a pesticide in combination with
storage in standard bags. Table 3 gives the GHG emissions for
the packaging systems used in the three scenarios. The impact of
the packaging system was <0.1% compared with the impact of
the primary production per kilogram of maize.

The GHG emissions were calculated for the whole lifespan and
full capacities of the bags, using the storage loss fits presented
in Figure 2. The results of the GHG emission analysis for the
reference case (storage in standard bags) and the interventions
are shown in Figure 3.

Economic Effect on Costs and Benefits
For the economic calculation of the interventions analyzed in this
study, both the home use of maize and its sale at local markets
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FIGURE 3 | Specification of calculated GHG emissions along the supply chain for the scenarios over time (kg CO2-eq. emissions per kg maize remaining for

consumption). Error bars represent 95% confidence limits.

were considered. These calculations took into consideration three
aspects: (1) the direct loss of economic value caused by the actual
weight loss of maize (see Figure 2), (2) the effect of revenue
losses due to quality reductions, and (3) price fluctuations during
the year.

Quality of the Grain
The ratios between good, poor and unmarketable maize varies
during the storage period and depends on the packaging system
used. Based on the quality ratios inside the bags, it can be
determined to what extent the full sales price can be obtained.
Figure 4 shows that the use of pesticides or hermetic bags leads
to much higher market values due to the reduced quantity of
damaged grain. In the case of maize stored for shorter than 5
months, the use of the hermetic bag yielded close to zero damage,
resulting in full economic benefits from the maize sales. Even
after 7 months, for >60% of the volume, the full market price
applied. The use of the pesticides also had a clear economic
benefit compared with the use of the standard bags, with a close
to 80% good product share recorded for maize stored for up
to 3 months. In comparison with the hermetic bags, a faster
decline in the economic value of the pesticide-treated maize
was observed for intermediate storage periods of 3–6 months. A
striking reduction in market value was observed for the use of the
standard bags during the first 150 days of storage, with <5% of
the volume classed as being of a good quality, and >90% assessed
as being of an unmarketable quality. The slight improvement in
quality observed between 150 and 200 days of storage was due to
a number of good quality samples in this period coming from the
study of Baoua et al. (Baoua et al., 2014), which were explained by
a low infestation rate and very dry product. Storage in standard

TABLE 4 | Parameters used to calculate in-house price during storage.

Value Unit Reference

Base price maize 0.30 $/kg Kornher, 2018

Bag size 90 kg

Discount 10–20% damaged 8 % Jones et al., 2018

Discount >20% damaged 16 %

PP woven bag 90 kg 0.47 $/90 kg Ndegwa et al., 2016

Pesticide cost 0.70 $/90 kg

PICS bag 90 kg 3.37 $/90 kg

Life time PP woven bag 3 Year

Life time PICS bag 3 Year

bags for more than 200 days led to so much damaged grain that
all the maize was assessed as being of an unmarketable quality.

Profit for the Farmers
To estimate the economic benefits of different storage strategies
for farmers, an in-house price was calculated during the season.
The in-house price starts with themarket price during the harvest
period (Malawi, Zambia:May, Uganda: January and August). The
planting, growing and harvest phase cost prices were not taken
into account, since the focus was on the effect of the storage
method on the farmers’ profits. To the market price, the costs
of storage are added (depreciations of the bags and pesticide
use, Table 4). It was assumed that the bags were used once per
year, and the cost of pesticides were determined directly after the
harvest and were independent on the storage time. This resulted
in the in-house price of the maize at the start of the storage
period. During the storage period, some of the maize was lost
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FIGURE 4 | Post-harvest maize quality based on the amount of damaged grain by insects during different storage scenarios. Based on field data from Baoua et al.

(2014), Ng’ang’a et al. (2016b), Mlambo et al. (2017). (A) % of full sales price when damaged grain level is <10%. (B) % Unmarketable for human consumption,

>20% damaged grain. Error bars represent 95% confidence limits.

according to the best-fit curves in Figure 2. This loss resulted
in an increase in the in-house price per kilogram. Thus, when a
50% weight loss is recorded at a specific storage period, the in-
house price will be twice the price of that at the beginning of
the season. The resulting in-house prices per kilogram of maize
during storage for the three countries and the different storage
methods are presented inTable 5, together with themarket prices
of the same period. Independent of the country, the in-house
price of maize stored in standard bags started lower than for the
other storage systems (because these bags have the lowest cost
price); however, the in-house price increased for every storage
period (because of the high losses suffered). The hermetic bag
method started with a higher in-house price, but the price was
stable through the whole storage period. Further, for the use of
pesticides, some benefits were found compared with the standard
bag method for a period of more than 150 days.

When the market price is higher than the in-house price in the
same period, it will be cheaper for farmers to use their own maize

instead of buying maize from the market to feed their families.
In Table 6, the savings for farmers using their own harvest rather
than buying from the market are calculated. This table shows that
it is not so evident that hermetic bags are beneficial at all storage
times. Compared with standard bag storage, hermetic bag storage
only resulted in lower cost prices after 100 days. For storage times
of up to 3 months, the use of a standard bag seems preferable.
In the case of Zambia, it is better not to store the maize at all.
For this country, only after long storage times with the hermetic
bag can a slightly lower in-house price than the market price
be expected.

Since poorer quality maize results in lower sales prices,
the quality of the maize is relevant for the profit obtained
when a farmer decides to sell maize in a certain period.
In Table 7, discounts for damaged grain are taken into
account. It shows the extra profit (or losses) farmers
can make from the storage of maize by selling it in a
certain period.
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TABLE 5 | Calculated in-house price/kg maize during different types of storage and in different African countries.

Storage period

(days)

Uganda Malawi Zambia

Market price

[$c/kg]

Price stored grain [$c/kg] Market price

[$c/kg]

Price stored grain [$c/kg] Market price

[$c/kg]

Price stored grain [$c/kg]

Standard

bags

Pesticides Hermetic

bag

Standard

bags

Pesticides Hermetic

bag

Standard

bags

Pesticides Hermetic

bag

Harvest 27 27 28 28 26 26 26 27 30 30 31 31

49−99 29 28 29 28 28 26 27 27 28 31 32 31

100–149 33 29 30 28 29 28 28 27 29 32 33 31

150–199 30 32 30 28 29 30 29 27 29 35 34 31

200-299 27 35 31 28 34 34 30 27 33 39 35 31

Bold numbers: average cost price was lower than the market price at that period.

Storage and use of grain for own consumption was profitable.

Underlined numbers: Lowest in-house price for that storage time and country.

TABLE 6 | Calculated savings for farmers consuming their own maize instead of purchasing maize from local markets during storage with different types of storage

methods and in different African countries with a bag lifespan of 3 years.

Storage period

(days)

Uganda Malawi Zambia

Profit use own grain [$c/kg] Profit use own grain [$c/kg] Profit use own grain [$c/kg]

Standard bags Pesticides Hermetic bag Standard bags Pesticides Hermetic bag Standard bags Pesticides Hermetic bag

Harvest 0 −1 −1 0 −1 −1 0 −1 −1

49-99 2 1 1 2 1 1 −3 −3 −3

100-149 4 4 5 1 0 2 −4 −4 −2

150-199 −2 0 2 −1 0 2 −6 −5 −3

200-299 −8 −4 −1 0 4 7 −7 −2 1

Positive number: Storage and use of grain for own consumption was profitable.

Underlined numbers: Best choice for that storage time and country.

TABLE 7 | Calculated profit for farmer selling their maize during storage with different types of storage methods and in different African countries with a bag lifespan of 3

years.

Storage period

(days)

Uganda Malawi Zambia

Profit at sales [$c/kg] Profit at sales [$c/kg] Profit at sales [$c/kg]

Standard bags Pesticides Hermetic bag Standard bags Pesticides Hermetic bag Standard bags Pesticides Hermetic bag

Harvest 0 −1 −1 0 −1 −1 0 −1 −1

49–99 0 1 2 0 1 2 −4 −3 −2

100–149 0 2 6 −3 −1 2 −7 −4 −2

150–199 −4 −2 2 −3 −1 2 −8 −6 −2

200–299 −9 −6 −2 −4 1 6 −8 −4 1

DISCUSSION

Only data from literature describing practical field trials were
used for a realistic comparison. In these studies the bags are used
in normal circumstances. The maize was stored without specific
predefined storage conditions. Studies on bags’ effectiveness
under laboratory conditions were excluded. Although these

studies, like the study fromAffognon et al. (Affognon et al., 2016),
give exact results for the possible PHL reduction for applied
circumstances and types of infections, they do not provide the
expected losses when the grain has been naturally infested. As
for maize, several studies with a practical approach are available,
and they give a good estimation of the contribution of hermetic
bags to PHL reduction in the field. Additionally, field studies that
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only measured the amount of damaged grain were excluded from
the PHL estimations. Weight loss cannot be estimated from the
percentage of damaged grain, since the ratio between weight loss
and the percentage of weight loss is not uniform (Boxall, 1986).
It varies with the type and variety of the grain, insect species, and
applied storage time, as can be derived from the data from Jat
et al. (Jat et al., 2013).

The recorded weight losses showed a very large scattering
(see Figure 2). This is noticeable in case of the use of pesticides,
where in some scenarios higher weight losses were recorded
than for untreated maize at the same storage times. This
is not uncommon, and has been reported by other authors
(Stathers et al., 2008; De Groote et al., 2013): some farmers
use pesticides in an attempt to save their harvests when
their products are showing clear infestations. Despite these
efforts, often high recorded weight losses for the pesticide-
treated maize resulted, which were originally attributed to
the reference maize storage method. However, since this is
common practice, these numbers were not removed from
the data.

The used field studies do not provide data on visible molded
grain during the storage time. Therefore, it was assumed that
the grains were well-dried and that no increase in molded grain
occurred during storage. This is confirmed by the relatively low
percentage of PHL due to mold found in most Sub-Saharan
countries, as reported by Shiferaw et al. (Abdoulaye et al., 2016).

The GHG emissions related to PICS bags production were
significantly smaller than the impact related to product losses.
Thus, the PICS bags contribute to a net reduction in GHG
emissions per unit of maize marketed for consumption after a
storage time of 30 days and longer.

Using hermetic bags is the best way to make a profit
for farmers in Uganda or Malawi to commercialize their
maize. Large margins can be realized when the market value
is at its highest point. Already after 2 months of storage
the reduction in quality loss due to hermetic bags makes
this type of storage profitable in Uganda and Malawi. For
a Zambian farmer, storing maize is not beneficial at all due
to the country’s low seasonal gap. When storing maize in
a standard bag, it is not likely that a Zambian farmer can
make more profit by waiting for increased market prices. The
use of pesticides can result in higher profits if the storage
time is kept below 150 days in Uganda and below 100 days
in Malawi.

The investment costs of hermetic bags are still quite high
(see Table 4). Combined with the high variation in quality
and weight losses, investments in hermetic bags will not be
profitable every year. The cash flow of a farmer, as well as his or
her experience with the losses suffered with traditional storage
methods, will probably be decisive in their willingness to invest
in hermetic bags.

This becomes even more relevant if the lifespan of the bags
is reduced from 3 years to 1 year. After one harvest, the
hermetic bags showed already some holes in the liners, mostly
made by the insects (De Groote et al., 2013; Baoua et al.,
2014). Although hermetic bags are still functional with a small
number of holes in the liner, they will be more vulnerable to

disruptions, thereby losing their efficiency over time. None of the
included studies used the bags more than two times; therefore,
their lifespan is not exactly known. On the other hand, maize
is a relatively cheap product. Using hermetic bags for more
expensive crops, like cowpeas, might make the use of hermetic
bags for either farmers’ own use or for sale more profitable than
for maize.

Furthermore, additional profits can be expected if the
benefit of reduced mycotoxins can be marketed. Aflatoxin
production can be prevented in hermitic storage (Ng’ang’a
et al., 2016a), and rural households are prepared to pay
up to 38% more for certified aflatoxin-free maize according
to De Groote, et al. (De Groote et al., 2016). However,
the economic benefits are difficult to calculate as the cost
of aflatoxin measurement is high, especially for relatively
small harvested quantities. Contamination, especially in high
moisture stored maize, is still common, when hermetic bags
are repeatedly opened during (Tubbs et al., 2016). If aflatoxin
is present before storage it will be maintained during storage
(Ng’ang’a et al., 2016a). Furthermore, when storage starts
with dry, good quality maize, aflatoxin can already be under
control. If the starting contamination is low and the maize
is dried to below 14%, the aflatoxin level seems not to
cause problems in regular PP bags (Mutambuki and Likhayo,
2021).

CONCLUSIONS

From the perspectives of food security and greenhouse gas
emissions, use of hermetic bags for maize storage in Sub-
Saharan Africa works out positively compared with standard
bags or standard bags combined with a pesticide. Up to 99
days of storage, this becomes already significant (LDS 5%). The
difference with a standard bag increases to 9% and higher after
100 days of storage.

Differences in maize quality were notable after shorter storage
times and onwards. At 49–99 days, 44% ± 7.3 of the maize
stored in standard bags was unmarketable, and only 31 ±

7.3% would have been sold at the full market price, while
maize stored in hermetic bags did not show any reduction
in quality. For storing maize to sell it later in the season,
quality is essential, next to minimization of weight loss. Since
hermetic bags maintain quality during storage very well, these
bags are most suitable for this strategy. In countries with
high or moderate seasonal price fluctuations, hermetic bags
can already be profitable for a commodity crop after 50 days
of storage.

The net economic effect for farmers depends on storage time,
seasonal price variations, weight losses and quality. Seasonal
price variability differs considerably amongst African countries,
affecting the results significantly.Whenmaize is used for farmers’
own consumption, standard bags are the best choice until 100-
−149 days of storage, while hermetic bags are preferable for
longer storage times.

It is most likely that farmers will be more open to investing
after having negative experience with insect infestations.
Furthermore, uptake will increase if investments are made in
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education regarding the expected health effects, based on their
limitation of insecticides and their possible lowering of aflatoxin
daily intake.

Future research could include additional field studies to
further validate the results, as well as verification of the findings
for other crops and countries. The hurdles of adaptation, and
their mitigation, of improved storage methods need further
investigation as well.
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