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Figure	3:	Common	produce	shipping	containers	utilized	in	this	study.		
A	-	Eco	Pack	Green	Box.	B	-	Wax	corrugated	box.	C	-	Reusable	Plastic	Container	(RPC).	
The	lid	for	the	Eco	Pack	Green	Box	is	of	similar	food	grade	plastic	material	as	the	base	
bag	of	the	container.	
	

	

Loggers	were	added	to	4	wax	corrugated	boxes	(the	standard	packaging),	4	

RPC,	3	Eco	Pack	with	a	lid,	and	4	Eco	Pack	without	a	lid.		Once	packed,	all	the	packages	

that	were	going	to	be	on	the	pallet	(with	and	without	the	loggers)	were	stacked	onto	a	

truck	bed	and	drove	to	the	distribution	warehouse	that	was	about	a	2	hour	drive	

away.		Once	at	the	warehouse	the	four	package	types	were	stacked	on	the	same	pallet	

with	the	location	of	each	of	the	15	loggers	within	the	pallet	recorded	to	show	any	

variance	due	to	pallet	location.	There	were	about	30	total	packages	stacked	6	rows	

high	on	the	pallet.		
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Figure	4:	Location	of	loggers	in	the	stacked	pallet	of	broccoli.	The	table	on	the	left	
shows	the	location	of	the	15	loggers	within	the	pallet	(+),	which	is	pictured	on	the	
right	just	before	being	put	in	cold	storage	after	hydrocooling.		
	

After	the	pallet	was	assembled	at	the	distribution	warehouse,	it	was	put	into	

a	hydrocooler	(mixture	of	ice	and	cold	water)	for	5	minutes	to	quickly	remove	field	

heat	before	the	pallet	was	transferred	to	an	on	site	cooler	for	holding	before	

shipment.	Once	removed	from	the	hydrocooler	the	pallet	was	briefly	unpacked	to	take	

microbiological	samples	then	stacked	and	wrapped	as	all	pallets	are	and	put	in	the	

cold	storage	for	about	2	hours	until	it	was	loaded	on	to	the	refrigerated	truck.	After	

being	loaded,	the	packed	broccoli	was	transported	to	St.	Paul	MN.		The	shipment	took	

about	100	hours	(4	days)	to	reach	St.	Paul	including	a	stop	at	the	Mexico	and	U.S.	

border	where	the	containments	of	the	truck	were	checked.	Once	the	shipment	arrived	

in	St.	Paul,	the	pallet	was	unloaded	at	a	produce	distribution	center	in	Minnesota	and	

the	data	from	the	loggers	was	saved	onto	an	Apple	Ipad.			

3.2.4 Microbiological	analysis	

Broccoli	samples	and	swab	samples	of	the	each	package	were	taken	before	
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and	after	the	shipment.	The	broccoli	samples	were	cut	and	put	into	stomacher	bags	

and	sealed.	They	were	cut	large	enough	so	that	the	EIH	lab	in	Mexico	could	get	a	

useable	10	g	piece	of	broccoli	out	of	it.	The	broccoli	was	stomached	in	a	stomacher	

bag	full	of	90	ml	of	sterile	Butterfields	buffer	and	diluted	and	plated	in	order	to	

conduct	the	bacterial	counts.	The	swab	samples	were	taken	of	a	10	cm	by	10	cm	area	

of	each	package	type.	Swab	samples	were	taken	before	and	after	hydrocooling	but	

only	one	was	taken	for	each	package	type	and	due	to	a	lack	of	samples	for	either	

circumstance,	it	was	not	enough	for	statistical	analysis.	The	microbial	analysis	

(standard	plate	counts,	coliform	counts,	and	E.	coli	counts)	for	both	broccoli	and	swab	

samples	taken	in	Mexico	were	performed	by	EIH	Laboratories	and	Consulting	Group	

(Gajio,	Guanajuato,	Mexico)	utilizing	Butterfields	buffer	as	the	diluent,	and	plating	on	

3M	petri	film.		

In	Minnesota,	broccoli	and	swab	samples	were	taken	from	each	package	type,	

and	placed	on	ice.	Standard	plate	counts,	coliform	counts,	and	E.	coli	counts	were	

conducted	at	the	University	of	Minnesota	-	Food	Science	Department	utilizing	

Butterfields	buffer	and	3M	petrifilm	(plate	count	and	E.	coli/coliform),	within	6	hours	

of	collecting	the	samples	

3.3 Results	

3.3.1 Preliminary	Logger	Experiments	

Preliminary	experiments	were	performed	to	evaluate	the	suitability	of	the	

loggers	under	a	variety	of	conditions	(various	temperatures,	relative	humidity’s,	and	

levels	of	water).		During	exposure	to	running	water,	one	of	the	loggers	died,	which	

prompted	the	use	of	a	waterproof	silicone	sealant	around	the	edges	of	the	loggers	to	
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provide	added	protection.	None	of	the	loggers	that	were	caulked	with	waterproofing	

silicone	solution	died	during	any	of	the	preliminary	tests.	Bumpy	road	conditions	

had	no	effect	on	the	loggers	ability	to	record	temperature	and	relative	humidity	but	

the	loggers	did	show	a	large	variance	or	interference	in	the	relative	humidity	while	

in	the	walk-in	incubators.	

	 The	initial	two	loggers	tested	in	the	magnesium	nitrate	and	sodium	chloride	

saturated	salt	solution	desiccators	showed	an	average	relative	humidity	of	61.75%	

and	59.77%	for	the	MnNO3	desiccator	and	74.95%	and	74.69%	for	the	NaCl	

desiccator.	As	said	before,	magnesium	nitrate	has	a	relative	humidity	of	58.86%	+-	

.43	and	sodium	chloride	is	75.65%	+-	.27	at	5°	C.	This	shows	that	either	the	loggers	

were	slightly	off,	the	loggers	have	trouble	with	accuracy	at	lower	relative	humidity,	

or	the	difference	was	due	to	being	close	to	the	high	disruption	from	the	large	

compressor	in	the	walk-in	coolers.					

The	data	collected	from	logger	calibration	was	exported	to	a	computer	and	

organized	in	excel.	It	showed	that	the	largest	average	difference	in	temperature	for	

all	the	loggers	was	0.2°	C	with	the	largest	single	point	difference	being	-0.73°	C.	The	

largest	average	difference	in	percent	relative	humidity	for	all	of	the	loggers	was	-

1.59%	with	the	largest	single	point	difference	being	5.79%.	The	data	from	each	

logger	during	the	study	was	then	adjusted	accordingly.	
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Figure	5:	Preliminary	logger	experiment	results:	Relative	humidity	accuracy,	
waterproof,	cooling,	and	drying	experiments.		
A)	Logger	temperature	and	B)	relative	humidity	during	water	treatment	under	a	
showerhead	faucet	followed	by	cooling	in	a	4°	C	refrigerator	and	drying	in	a	37°	C	
incubator.	The	light	blue	portion	on	the	left	represents	the	time	spent	under	the	
showerhead,	the	darker	blue	region	in	the	middle	represents	the	time	spent	at	4°	C	
and	the	red	region	on	the	right	represents	the	time	spent	at	37°	C.		
Graphs	C	and	D	represent	the	Relative	humidity	data	from	a	logger	in	the	(C)	
magnesium	nitrate	(58.86%	+-	.43	at	5°	C)	and	the	(D)	sodium	chloride	(75.65%	+-	
.27	5°	C)	saturated	salt	solution	desiccators	both	in	the	4°	C	walk	in	cooler.		
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3.3.2 Preliminary	Broccoli	Experiments	

It	was	found	that	using	mostly	the	head	of	the	broccoli	with	little	stem	

stomached	and	appeared	to	mix	better	in	the	paddle	blender	than	stems	alone	

and	was	selected	for	the	study.	Also,	these	initial	experiments	had	standard	

plates	counts	averaging	3.3	x	105	CFU/g	(data	not	shown).		The	plating	scheme	

in	St.	Paul	was	based	upon	this	level.				

3.3.3 Results	of	Cold	Chain	Monitoring	in	different	packages	

The	truck	containing	the	pallet	of	the	different	packaging	types	and	loggers	

successfully	arrived	at	the	secondary	distribution	warehouse	in	St.	Paul,	Minnesota	

just	short	of	4	days.	The	logger	data	showed	that	the	rate	of	cooling	was	different	

between	different	packaging.	The	hydrocooler	blasted	the	pallet	with	an	ice	water	

and	chlorine	mix	and	was	very	effective	at	lowering	the	temperature	of	the	pallet	as	

shown	by	the	loggers	but	there	was	also	a	very	noticeable	difference	in	some	of	the	

cooling	rates,	mainly	that	of	the	wax-corrugated.	The	temperature	and	relative	

humidity	profiles	of	the	first	15	hours	of	the	loggers	being	active	are	shown	in	figure	

6	below.	These	first	hours	show	the	greatest	variance	between	the	package	types.		
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	 The	almost	2.5	hours	postharvest	and	pre-hydrocooling	showed	differences	

between	the	each	container	type	with	Eco	Pack	without	a	lid	showing	the	lowest	

temperatures	and	Eco	Pack	with	a	lid	at	the	highest.	However,	the	Eco	Pack	lids	

were	not	added	until	after	arriving	at	the	initial	distribution	warehouse	so	the	

temperature	data	during	pre-hydrocooling	for	the	two	Eco	Pack	boxes	should	be	

combined.	When	combined	and	averaged	during	the	pre-hydrocooling	time	period	

the	Eco	Pack	boxes	together	averaged	21.1°	C,	the	RPC	averaged	22.1°	C,	and	the	

wax-corrugated	averaged	21°	C	(Figure	6).	The	variation	in	temperature	during	pre-

hydrocooling	can	most	likely	be	attributed	to	how	the	boxes	were	stacked	on	the	

truck	that	transported	them	to	the	initial	distribution	warehouse.	

Figure	6:	Rate	of	cooling	of	each	packing	type	during	the	first	15	hours	postharvest.	
This	graph	is	the	temperature	of	each	packing	type	during	the	first	15	hours	after	
harvesting.	This	outlines	the	rate	of	cooling	for	each	container.	The	yellow	shaded	
region	is	the	time	the	broccoli	and	loggers	spent	traveling	from	the	field	to	the	
warehouse.	The	blue	shaded	region	represents	the	time	the	pallet	of	packaged	
broccoli	spent	in	the	hydrocooler	and	the	tan	shaded	region	represents	the	time	the	
pallet	spent	in	the	on	site	cooler	before	being	loaded	into	the	shipping	truck.		
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Once	inside	the	hydrocooler	the	temperature	profiles	dropped	significantly	

for	each	package	type	except	the	wax-corrugated	boxes.	During	the	hydrocooling	

process	the	Eco	Pack	with	a	lid	was	cooled	from	22°	C	to	4°	C,	Eco	Pack	without	a	lid	

from	17.3°	C	to	2.5°	C,	RPC	from	20.8°	C	to	6.2°	C,	and	the	wax-corrugated	from	

21.4°	C	to	17.5°	C	(Figure	6	and	7).		

The	slow	rate	of	cooling	for	the	wax-corrugated	is	likely	due	to	how	these	

boxes	are	enclosed	with	not	many	openings	for	the	ice-cold	water	to	get	inside	the	

package	to	the	broccoli.	The	amount	of	time	taken	to	reach	a	steady	temperature	of	

<5°	C	varied	by	packaging	type	(Figure	7).	It	took	the	Eco	Pack	without	a	lid	6.8	±	3.8	

hours	to	get	to	<5°	C,	Eco	Pack	with	a	lid	took	13	±	7	hours,	RPC	took	5.8	±	0.25	

hours,	and	wax-corrugated	57	±	7.5	took	hours	(Figure	6	and	7).	The	RPC	got	below	

5°	C	that	fastest	but	was	also	the	only	package	to	arrive	in	St.	Paul	with	ice	still	

packed	inside	the	container,	which	is	not	allowed	in	the	warehouse	that	it	was	

shipped	to	and	therefor	would	have	been	sent	back	

	

	

	

	

	

	

	

	

Figure	7:	Temperature	change	and	relative	humidity	data	of	each	package	
type.	This	table	shows	the	time	each	package	took	to	get	below	5°	C,	the	temp	
drop	during	hydrocooling	and	the	average	relative	humidity	after	
hydrocooling	for	each	container		
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The	relative	humidity	showed	the	greatest	variance	in	the	hours	post-harvest	

before	hydrocooling	but	does	not	show	a	large	difference	during	and	after	the	

hydrocooling	(figure	8).	However,	as	previously	said,	the	Eco	Pack	lids	were	not	

added	until	after	arriving	at	the	initial	distribution	warehouse	so	the	relative	

humidity	data	during	pre-hydrocooling	for	the	two	Eco	Pack	boxes	was	combined.	

When	combined	and	averaged	the	two	Eco	Pack	containers	averaged	63%	relative	

humidity	pre-hydrocooling	while	the	RPC	averaged	63%	and	the	wax	corrugated	

averaged	68%.	The	variations	in	relative	humidity	can	be	attributed	to	how	the	

boxes	were	stacked	on	the	truck	bed	during	initial	transportation.	During	the	

hydrocooling	process	the	Eco	Pack	without	a	lid	went	from	64%	to	94%,	Eco	Pack	

with	a	lid	from	70%	to	96%,	RPC	from	69%	to	93%,	and	the	wax	corrugated	from	

75%	to	87%.		

	

	

	

	

	

	

	

	

	

	

	

Figure	8:	Relative	humidity	profile	of	each	packing	type	during	first	15	hours	
postharvest.	This	graph	is	the	relative	humidity	(%)	of	each	packing	type	during	
the	first	15	hours	after	harvesting	The	yellow	shaded	region	is	the	time	the	broccoli	
and	sensors	spent	going	from	the	field	to	the	warehouse.	The	blue	shaded	region	
represents	the	time	the	pallet	of	packaged	broccoli	spent	in	the	hydrocooler	and	
the	tan	shaded	region	represents	the	time	the	pallet	spent	in	the	on	site	cooler	
before	being	loaded	into	the	shipping	truck.		
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Three	of	the	recovered	loggers	were	not	operating;	we	assume	it	may	have	

been	due	to	water	from	the	hydrocooler	breaking	the	silicone	seal.		Data	from	

another	of	the	loggers	was	not	used	in	calculations	since	it	was	recovered	from	a	

RPC	container,	which	was	encased	in	ice.	Overall	the	useable	data	came	from	3	wax-

corrugated	boxes,	2	RPC	containers,	2	Eco	Pack	boxes	with	a	lid,	and	4	Eco	Pack	

boxes	without	a	lid.	The	shipment	of	broccoli	was	stopped	at	the	borders	of	the	U.S.	

and	Mexico	where	the	doors	were	opened	so	they	could	check	the	containments	of	

the	truck.	When	they	did	this	a	very	clear	spike	is	shown	on	our	temperature	graphs	

along	with	a	much	less	noticeable	drop	on	the	relative	humidity	graphs	(Figure	9).	It	

did	not	take	long	for	the	truck	to	get	back	to	temperature	once	closed	however	but	it	

did	impede	on	the	cooling	of	some	of	the	packages	especially	the	wax	corrugated.	

The	average	temperatures	after	hydrocooling	for	Eco	Pack	w/o	lid,	Eco	Pack	w/	lid,	

wax	corrugated,	and	RPC	were	3.28°C,	4.69°C,	5.86°C,	and	2.63°C,	respectively	

(Figure	9).	The	relative	humidity	was	not	as	variant,	but	the	average	humidity	after	

hydrocooling	for	the	RPC	was	2.63%	lower	than	wax	corrugated	while	the	Eco	Pack	

without	a	lid	and	the	Eco	Pack	with	a	lid	were	2.08%	and	0.14%	higher	than	the	wax	

corrugated,	respectively	(Figure	7	and	9).	
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3.3.4 Microbiological	Results	

There	were	not	many	statistically	significant	differences	in	the	microbial	

count	data.	The	standard	plate	counts	and	coliform	counts	of	the	swab	samples	did	

not	show	a	significant	difference	for	any	of	the	packaging	types	before	or	after	

shipping.	The	highest	standard	plate	count	after	shipping	was	seen	in	the	RPC	

[Figure	11],	which	was	3.6	±	0.7	(log	CFU/cm2	±	Std	Dev)	and	the	lowest	standard	

plate	count	was	seen	in	the	wax	corrugated,	which	was	2.0	±	1.3	(log	CFU/cm2	±	Std	

Dev).	No	E.	coli	were	detected	on	any	of	the	surfaces	before	or	after	shipping.	The	

broccoli	samples	also	did	not	show	significant	differences	in	standard	plate	counts,	

coliform	counts,	and	E.	coli	counts	between	packaging	types	after	shipping	[Figure	

10].	However,	the	counts	were	significantly	higher	for	each	package	type	after	

shipping	with	the	exception	of	E.	coli	counts.	The	broccoli	samples	shipped	in	wax-

Figure	9:	Average	temperature	and	relative	humidity	of	each	package	type	
throughout	the	duration	of	the	shipment.	
A)	Average	temperature	profile	for	each	packaging	type	from	field	to	delivery.	
B)	Average	percent	Relative	Humidity	from	field	to	delivery.	The	shaded	
region	represents	the	time	when	the	truck	was	opened	during	the	border	
crossing	from	Mexico	to	the	US.			
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