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Almond storage
• Almond production is seasonal, making storage necessary for delivery of 

high-quality product to consumers.

• ~36% of U.S. almond shipments remain in North America .

– Shipping almonds worldwide requires additional protection from environmental 
conditions. 

• Almonds exhibit a relatively high oxidative stability for their fat content, 
due in part to a high concentration of vitamin E (Sanchez-Bel et al. 2011).

– Yet, off-flavors will still develop over time, as a consequence of unsaturated fatty 
acid oxidation.

• Almonds can absorb odors of other materials and from the environment.

ABC (2004) Raw almond shelf-life  up to 2 yrs <5 °C, <65% RH

Quality  Moisture < 6%, aw 0.25-0.35, Free fatty acids < 1.5%, Peroxide < 5 meq/kg



Almond shelf-life
• Giménez et al. 2012 defined shelf-life as the time 

during which a food product: 
– Remains safe;
– Complies with label declaration of nutritional data; and
– Retains its sensory, chemical, and physical

characteristics. 

• Shelf-life is a function of time, environmental 
factors, and susceptibility of product to change.

• Analytical and sensory methods complement each 
other in determining shelf-life, a fact which is often 
overlooked.

– In most cases, instrumental measurements cannot 
indicate consumer acceptability or rejection.

Major factors influencing almond
quality and shelf-life

Product
characteristics Environment Package

-Nutrient 
composition

-Water activity
-Form

-Temperature
-Humidity
-Oxygen

-Processing
conditions
-Insects, 

pests, 
microorganisms

-Physical 
protection
-Moisture 

barrier
-Gas barrier

Rancidity is the chief complaint in almonds rejected by consumers! 



California almond nutritional composition

3.3 – 5.6 
g/100 g of 

water*

19.3 – 21.3 
g/100 g of 
protein*

10.5 – 14.1 
g/100 g of 

total dietary 
fiber*

*/100 g kernels, 
fresh weight 
(n=9) for 
California almonds 
of the ‘Butte’ and 
‘Nonpareil’ 
cultivars

The range 
represents 
minimum to 
maximum values 
obtained for all 
samples (including 
SD)

110 – 152 
mg/100 g of β-

Sitosterol*

47.7 – 52.5 
g/100 g of total 

lipids

• 3.7 – 4.4 g/100 g 
saturated fatty acids

• 27.2 – 33.6 g/100g MUFA
• 10.4 – 15.1 g/100g PUFA

(Yada, Huang & Lapsley, 2013)



Lipid 
oxidation



Crude almond oil extraction



Lipid oxidation
Peroxide Value (AOAC 965.33)

• Measures lipid hydroperoxides, a direct marker of lipid 
autoxidation

• Oxidative stability

• Industry standard (ABC, 2014): 5.0 meq. active O2/kg of 
oil

%Free Fatty Acids (AOCS Ca 5a-40)

• Modified method, used 7.05 ± 0.1 g of crude almond oil 
and 75 mL neutralized ethanol

• Hydrolytic stability of almond oil

• Industry standard (ABC, 2014): 1.5% FFA, as oleic acid



Moisture 
migration



Moisture migration
• The transfer of moisture to and from an almond and its storage 

environment (ABC, 2014)

• Adsorption of ‘excess moisture’ from storage environment  disrupts 
texture; lose desired crunchiness that consumers like

– In addition to increasing aw, deteriorative reactions in the almonds can accelerate 
(i.e., lipid hydrolysis and auto-oxidation)

• Moisture migration continues until achieving an equilibrium with its storage 
environment

• Whether almonds adsorb or desorb moisture depends on almond moisture 
content (MC) and the storage environment’s percent relative humidity 
(%RH)



• TA.XT Plus texture analyzer to measure crunchiness following 
method from Varela, Chen, Fizman and Povey (2006)

• Crunchiness was measured by the area under force 
displacement curves (kg • s)

• Analyses were performed on 10 almonds from a sampling

Instrumental textural analysis to measure crunchiness



Materials and 
methods



Study 1: Packaging of Nonpareil 
raw and roasted almonds

Raw Roasted
Unlined carton (UCs) 

(600 ± 5 g) X

Polypropylene bag (PPBs) 
(300 ± 5 g) a X X

High barrier bag (HBBs) 
(300 ± 5 g) b,c X

a Bags were flushed with food-grade N2 and sealed, providing a “pillow-
pack” design. The headspace was analyzed in multiple samples, and the 
initial O2 level was < 0.5%. 

UC: No WV or O2 barrier
PPB: WVTR = 8 g/m2/day; OTR = 860 cm3/m2/day
HBB: WVTR <0.5 g/m2/day; OTR < 1 cm3/m2/day



Study 1 Design
Raw Only

UCs 
T and %RH 

Ambient RH
• 4 oC

50% RH
• 15 oC
• 25 oC
• 35 oC

65% RH
• 15 oC
• 25 oC
• 35 oC

Raw and Roasted  
PPBs

T and %RH

Ambient RH
• 4 oC

50% RH
• 15 oC
• 25 oC
• 35 oC

65% RH
• 15 oC
• 25 oC
• 35 oC

Roasted only      
HBBs

T (No %RH)

4 oC

15 oC

25 oC

35 oC

The effects of environmental 
storage conditions on 
roasted and raw almond 
quality characteristics were 
investigated with an 
incomplete factorial design 
(n = 25) over 16-mo and 24-
mo, respectively.

Samples were analyzed at 2-mo intervals until consumer rejection or 
conclusion of the study and compared to baseline values.



Study 1: Breakdown of sampling plan used at 
each 2-mo interval

Chemical and instrumental analysis
Day 1 Day 2

HS-SPME GC/FID Peroxide Value (PV)
Moisture Analysis 

(MC)
Free Fatty Acid Value 

(FFA)

Water Activity (aw)
Spectrophotometric 

determination of 
conjugated dienes (CD)

Instrumental 
Texture Analysis Vitamin E analysis

Trigger: 2.0 meq/kg PV or notable rancidity 
evaluated by three sensory experts

Chemical test Chemical association

aws Below 0.25 or above 0.35 
↑ rate of lipid oxidation

MCs ↑ MC ↑ texture changes, oxidation

FFAs ↑ FFA  ↑ oxidation

CDs ↑ CD  ↑ oxidation

PVs Primary products of autoxidation

HS-SPME 
GC/FID Measure of volatiles found in almond sample

Instrumental 
Texture Analysis Measure of characteristic texture

Vitamin E 
analysis

↓ Vitamin E  ↑ oxidation
*Ground almond powder, whole almonds, and cold-
pressed oil were used for analysis based on color



Sensory evaluation
Sensory evaluation

(If sample “triggers”)
Day 3-9

Roasted Samples
Roasted Screening 

Panel (n = ~35)
Roasted Confirmatory 

Panel (n = ~120)
Raw Samples

Raw Screening Panel
(n = ~35)

Raw Confirmatory 
Panel (n = ~120)

9-Point hedonic scale 
• Odor
• Flavor
• Texture
• Overall 

acceptability

Rejection Question
If you had purchased this product, would you eat it?
≥25% - No; sample is deemed “unacceptable” 



Results



Rejection timeline for raw & roasted almonds
Rejection timeline (mo) for all samples

A 
(Raw 
PPB)

35/65 35/50 25/65 15/65

B 
(Raw 
UC)

35/65 35/50
4/90

25/65
15/65*

25/50
15/50

Mo 0 2 4 6 8 10 12 14 16 >> 24
C 

(Roast 
PPB)

35/65 35/50 25/65

D 
(Roast 
HBB)

35

Samples which were not 
rejected

Sample Rejection Rate

A 25/50 22.5%

A 15/50 10.0%

A 4/90 12.7%

C 25/50 18.6%

C 15/65 20.6%

C 15/50 8.9%

C 4/90 9.8%

D 25 2.9%

D 15 7.9%

D 4 5.9%



Summary for Study 1
• In terms of shelf-life:

HBB > PPB > UCs
• At 35 °C, roasted > raw

• Concerning raw almond samples … 
• Samples displaying aws > 0.580 and significantly 

lower texture measurements, compared to the 
baseline values collected, will likely fail consumer 
panels. 

• Concerning roasted almond samples … 
• Samples displaying aws > 0.430, MCs > 2.7%, and 

a significant decrease in texture measurements, 
compared to baseline values collected, will likely
fail consumer panels. 

• So, if %RH is low during storage {typical California 
conditions in the almond growing regions}, then aws
should also stay well below the values listed above.



Study 1 Conclusions
• For both raw and roasted almonds, an 

interaction of chemical and textural 
parameters predicted the eventual shelf-life of 
stored almonds.

• Both temperature (T) and % relative humidity 
(%RH) are important to regulate during 
storage

– Almonds stored at higher Ts degraded more 
rapidly than counterparts at lower Ts.

– Almonds stored at higher %RH degraded more 
rapidly than counterparts at lower %RH.

• MAP (nitrogen-flush) HBB can substantially 
offset the effects of environmental conditions 
on product quality.



Study 1 Conclusions
• Raw samples stored in MAP (nitrogen-flush) 

PPBs exhibited anywhere from 4 mo. (35/65) 
to 18 mo. (4/90) shelf-life extension compared 
to UCs.

– It is not recommended to store almonds in UCs, 
as samples stored in this manner displayed 
shortened shelf life compared to samples 
stored in PPBs.

– using a plastic liner in the cartons should 
provide several month extension in warehouse.

Packaging preserves shelf-life: MAP PPB are 
adequate storage materials for roasted & raw 

Nonpareil almonds for up to 16-mo and 24-
mo, respectively, at 25 °C/ 50% RH, and below. 



Study 2
• Almonds are predominantly shelled prior to 

shipping, storage, or processing.

• Classical way of storing almonds was inshell

storage.

• This begs the questions … do the shells provide 

a barrier to oxygen and moisture migration, 

thereby extending shelf-life of raw almonds?



Study design

Quality 
measurement Quality association

aw
< 0.25 or > 0.35 

↑ rate of lipid oxidation (ABC, 2014)

MCs MC textural changes (ABC, 2014)

FFAs ↑ FFA  ↑ lipid oxidation (Shahidi & Zhang, 
2010)

PVs Assessing progression of lipid autoxidation
(Shahidi & Zhang, 2010)

HS-SPME-GC-FID Secondary products of lipid autoxidation 
(Shahidi & Zhang, 2010)

Texture analysis Measure of characteristic crunchiness

Randomly selected 
and sampled every 
2 mo to take quality 
measurements

Measured at day-0 to 
establish baseline 
values for comparison



Packaging & storage environments
• Eight storage 

environments varying in 
temperature and %RH

• Stored in woven 
polypropylene bags (10 
x 10 weave, 1000 
denier)

• Dataloggers used for 
uncontrolled conditions

Condition Temp. Humidity
Controla 10 °C 65% RH

15/55a 15 °C 55% RH

15/70a 15 °C 70% RH

25/55b 25 °C 55% RH

25/70a 25 °C 70% RH

Referenceb 4 °C No control

California Ambient No control

Georgia Ambient No control
astored in environmental 
chamber
bstored in walk-in cooler



2 4 6 8 10 12 14 16 18 20 22 24

Reference
(4/ high
%RH)

NPS
NPI
BTS
BTI

Control
(10/65)

NPS
NPI
BTS
BTI

15/55

NPS
NPI
BTS
BTI

15/70

NPS
NPI
BTS
BTI

25/55

NPS
NPI
BTS
BTI

25/70

NPS
NPI
BTS
BTI

Georgia
(ambient)*

NPS
NPI
BTS
BTI

California
(ambient)

NPS
NPI
BTS
BTI

C
O
V
I
D
-
1
9
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Modeled PV linear regression slopes

• PVs of Inshell < Shelled {further extension 
in shelf-life of raw almonds}

• PVs of Shelled ‘Butte’ > Shelled ‘Nonpareil’
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Statistical analysis of PVs & %FFAs after 10-mo of storage

By Cultivar
Peroxide Value (meq. active O2/kg of oil) % FFA (as oleic acid %)

‘Butte’ 1.22 A 0.275 A
‘Nonpareil’ 1.09 B 0.243 B

By Shelling Status
Peroxide Value (meq. active O2/kg of oil) % FFA (as oleic acid %)

Inshell 0.896 B 0.186 B
Shelled 1.41 A 0.332 A

Three-way ANOVA + Tukey’s test (α = 0.05)

Three-way ANOVA + Tukey’s test (α = 0.05)



Conclusions (over 24 months of storage)
Effect of inshell storage on raw almond quality
Inshell storage
• Instills a higher degree of oxidative and hydrolytic stability in raw almonds, relative to shelled almond 

storage

• Does not disrupt moisture migration experienced by the encased kernel, nor does it alter the kernel’s 
crunchiness

• There’s a considerable natural variability in the oxidative stability between ‘Butte’ and ‘Nonpareil’ almonds, 
stemming from the significant difference in their PUFA contents, but inshell storage can overcome this 
variability



Thank you!

Questions?
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