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ABSTRACT

The objective of this study was to measure the effect
of different milk cooling rates, before entering the bulk
tank, on the microbiological load and composition of
the milk, as well as on energy usage. Three milk pre-
cooling treatments were applied before milk entered 3
identical bulk milk tanks: no plate cooler (NP), single-
stage plate cooler (SP), and double-stage plate cooler
(DP). These precooling treatments cooled the milk to
32.0 +£ 1.4°C, 17.0 + 2.8°C, and 6.0 + 1.1°C, respec-
tively. Milk was added to the bulk tank twice daily for
72 h, and the tank refrigeration temperature was set at
3°C. The blend temperature within each bulk tank was
reduced after each milking event as the volume of milk
at 3°C increased simultaneously. The bacterial counts
of the milk volumes precooled at different rates did not
differ significantly at 0 h of storage or at 24-h intervals
thereafter. After 72 h of storage, the total bacterial
count of the NP milk was 3.90 + 0.09 log;, cfu/mL,
whereas that of the precooled milk volumes were 3.77
+ 0.09 (SP) and 3.71 £ 0.09 (DP) logy, cfu/mL. The
constant storage temperature (3°C) over 72 h helped
to reduce bacterial growth rates in milk; consequently,
milk composition was not affected and minimal, if any,
proteolysis occurred. The DP treatment had the high-
est energy consumption (17.6 + 0.5 Wh/L), followed by
the NP (16.8 + 2.7 Wh/L) and SP (10.6 + 1.3 Wh/L)
treatments. This study suggests that bacterial count
and composition of milk are minimally affected when
milk is stored at 3°C for 72 h, regardless of whether
the milk is precooled; however, milk entering the tank
should have good initial microbiological quality. Con-
sidering the numerical differences between bacterial
counts, however, the use of the SP or DP precooling
systems is recommended to maintain low levels of bac-
terial counts and reduce energy consumption.
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INTRODUCTION

Milk cooling and refrigerated storage are necessary af-
ter milking to reduce bacterial growth rates. Milk leaves
the udder at approximately 35°C, which is a favorable
temperature for bacterial growth (Walstra et al., 2006).
Thus, the microbial load could increase rapidly if milk
is maintained at that temperature. According to Holm
et al. (2004), cooling milk rapidly (below 6°C) is neces-
sary to avoid the multiplication of microorganisms, es-
pecially psychrotrophs, which can grow at refrigeration
temperatures but have optimal and maximal growth
temperatures at >15 and 20°C, respectively (Moyer and
Morita, 2007). Thus, the precooling of milk (before it
enters the bulk tank) could further reduce the bacterial
growth rate. A further possible benefit of precooling
milk is the reduction of energy costs on-farm (Murphy
et al., 2013).

The equipment used to precool milk consists of plate
heat exchangers incorporating stainless steel plates in a
sandwich arrangement, in which milk and cooling water
flow in opposite directions through the spaces between
alternate plates (Wang et al., 2007). This system may
have 1 or 2 cooling stages, in which well water and
well and chilled waters are used in the first and second
stages, respectively. O’Connell et al. (2016) observed
only a minimal increase in milk bacterial count over
time when fresh milk from each milking event was pre-
cooled using a single-stage plate cooler before being
added to the bulk milk tanks twice daily.

Total bacterial count (TBC) is the main test used by
milk processors to assess milk microbiological quality
and it quantifies aerobic mesophilic bacteria in milk.
In conjunction with TBC, the psychrotrophic bacterial
count (PBC) is used to assess the hygiene quality of
milk and is an indicator of hygiene conditions on-farm
(Harding, 1995; Robinson, 2002). Milk cooling reduces
the growth rate of mesophilic and psychrotrophic bac-
teria, the optimum growth temperatures of which are
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between 20 and 45°C and <7°C, respectively (Frank
and Yousef, 2004; Willey et al., 2008). Thermoduric
and thermophilic bacteria are the other relevant groups
of bacteria that are measured in milk. These bacte-
ria are important because they can survive thermal
treatments such as those frequently applied in dairy
processing to reduce bacterial numbers (e.g., pasteuri-
zation; Murphy et al., 1999; Robinson, 2002). The main
sources of those bacteria are in the cows’ environment,
because their vegetative cells and spores can be present
in feed, forage, bedding material, dust, feces and soil
(Scheldeman et al., 2005; Gleeson et al., 2013). Clos-
tridium perfringens and Clostridium botulinum are the
pathogenic thermoduric bacteria of most relevance to
the dairy industry because of their heat-resistant spores
and toxins (Wrigley, 1994; Fernandes, 2009).

Some mesophilic, psychrotrophic, thermoduric, and
thermophilic bacterial strains have the ability to pro-
duce lipases and proteases. These enzymes hydrolyze fat
and protein, resulting in sensorial defects and altering
the physico-chemical properties and processability of
milk (Chen et al., 2003; Deeth, 2006). Lipolytic activity
produces flavors described as rancid and bitter (Deeth,
2006) and could, for example, result in loss of foam-
ing and creaming ability during butter manufacture
(Shelley et al., 1987). Celestino et al. (1997) reported
that reconstituted UHT milk powder manufactured
using 4-d-old raw milk had rancid and bitter flavors
compared with UHT milk powder produced using fresh
raw milk, probably due to bacterial protease and lipase
activity. Therefore, the control of bacterial numbers in
milk helps to preserve milk functionality, allowing the
production of a range of dairy products in accordance
with specific quality parameters.

The aim of this study was to investigate the effect of
precooling milk at different rates on the microbiological
quality and composition of milk, as well as on energy
usage. This study was conducted in a manner that
mimicked on-farm milk production conditions: morning
and evening milkings, similar milk storage conditions,
and use or not of precooling systems.

MATERIALS AND METHODS
Experimental Design

This experiment was carried out in the dairy parlor
at the Teagasc Animal and Grassland Research and
Innovation Centre, Moorepark, Cork, Ireland. Spring-
calving dairy cows (n = 210) were milked in a 30-unit
side-by-side milking parlor, twice daily over two 3-wk
periods, with milking commencing at 0700 and 1430 h.
Period 1 extended from June 13 to July 2, 2016, and
period 2 extended from July 25 to August 13, 2016.
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Before milking, cows’ teats were washed and disinfected
with chlorhexidine foam teat cleaner (Deosan Teat-
foam Advance AG104, Sealed Air, Johnson Diversey
Ltd., Dublin, Ireland) and dried using individual paper
towels. The milk was transferred from clusters through
16-mm (internal diameter) milk tubes to a mid-level
milk line (72 mm, internal diameter), with a milk lift
of 1.5 m. The milk was collected in a receiver jar and
pumped through a 48-mm stainless steel pipe, using
a variable speed milk pump, to the bulk milk tanks
(Figure 1). Once the milk flow rate dropped to 0.2 kg/
min, clusters were automatically removed, with a delay
time of 20 s. A system to individually wash and disin-
fect each cluster between each individual cow milking
(Cluster Cleanse, Dairymaster, Causeway, Kerry, Ire-
land) was used. After each milking, the milking equip-
ment was rinsed with water (14 L per milking unit),
followed by a hot (75°C) liquid detergent sterilizer wash
(Liquid Gold, Dairymaster) circulated for 8 to 10 min
in the milk line. Following this, the milking equipment
was rinsed twice, and the final rinse contained peracetic
acid (0.3-0.5% concentration). An acid-descale (Extra-
strong descaler, Dairymaster) was incorporated into
the wash regime before the detergent cycle once a week.

The volume of milk collected during each milking
was distributed equally into 3 identical bulk milk
tanks. The milk line for each bulk tank was fitted with
shut-off valves, which were used to control the milk
flow rate and guarantee an equal distribution of milk
to the tanks. Each bulk tank had capacity of 4,000 L
(Swiftcool, Dairymaster) and was fitted with a 5.5-Hp
condensing unit. A screen on the front of each tank
displayed the milk temperature, time, and milk volume.
The milk was cooled to 3°C within the tanks and stored
for up to 72 h from once the first milking entered the
tank. Approximately 800 and 500 L of milk were added
to each bulk milk tank during the morning and after-
noon milkings, respectively. At the end of each 72-h
storage period, the milk was collected and the bulk
milk tanks were washed using a hot detergent/steril-
izer wash (50°C). This was followed by a cold-water
rinse and an additional rinse containing peracetic acid.
An acid-descale wash product was used at every third
wash.

Before entering the bulk tanks, the milk underwent 1
of 3 precooling treatments: no precooling (NP), single-
stage (SP), or double-stage (DP) plate cooling (Figure
1). In the NP treatment, the ground water line was
closed; therefore, no precooling was undertaken in that
treatment. In the SP treatment (37 plates), the milk
exchanged heat with ground water at approximately
15°C. In the DP treatment (45 plates), the milk was
cooled in 2 stages; in the first stage, ground water was
used (at approximately 15°C) and in the second stage,
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ice water (at approximately 0°C) was used. Ice water
was produced in an ice bank, a system with external
melting ice on a coil thermal storage unit with an in-
line coil array. In the NP, SP, and DP treatments, the
milk entered the bulk tanks at average temperatures
of 32 £ 1.4°C, 17 + 2.8°C, and 6 + 1.1°C, respectively.
The temperature and volume of milk in each tank was
recorded by an integrated system (Swiftcool, Dairy-
master) and transmitted via Global System for Mobile
communications (GSM) technology to a computer over
the two 3-wk trial periods.

Milk Sampling

During each milking, a milk sample was collected
from the milk line using a sterile Durham flask sur-
rounded by ice to assess the quality of milk entering the
tanks. After the initial morning milking, duplicate milk
samples (30 mL) were collected from each bulk tank
once the milk temperature within each tank reached
3°C, corresponding to 0-h samples (one milking). The
subsequent samples (24, 48, and 72 h) were collected
before the addition of each subsequent morning milk on
subsequent days, when the bulk tanks contained milk
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from 2, 4, and 6 milkings, respectively. Before sample
collection, the milk was agitated at 24 rpm for 1 min,
and samples were collected from the top viewing inlet
using sterilized sample dippers. Samples were trans-
ported to the laboratory in ice boxes, delivered within
30 min of collection, and analyzed. One sample from
each tank was used for microbiological analysis and the
other for compositional analysis and SCC.

Microbiological Analysis

Immediately on delivery to the laboratory, raw milk
samples collected every 24 h were tested in duplicate
for a range of bacteria. All the microbiological analyses
were performed according to the Standard Methods for
the Ezxamination of Dairy Products (Wehr and Frank,
2004). The TBC, PBC, thermoduric (laboratory pas-
teurization count, LPC), and thermophilic (THERM)
bacterial counts were estimated using Petrifilm aerobic
count plates, a ready-to-use medium (3M, Technopath,
Tipperary, Ireland). Samples tested for LPC were
pasteurized at 63°C for 30 min, with an additional 5
min that allowed time for the samples to reach the
required temperature (Frank and Yousef, 2004); after
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Figure 1. Experimental setup using 3 precooling systems: no plate cooler, single-stage plate cooler, and double-stage plate cooler. GW =

ground water.

Journal of Dairy Science Vol. 101 No. 3, 2018



1924

heating, the samples were cooled to 10°C in iced water
before testing. Samples tested for TBC and LPC were
incubated for 48 h at 32°C (Laird et al., 2004; Pantoja
et al., 2009; O’Connell et al., 2016), whereas samples
tested for PBC and THERM were incubated at 7 +
1°C for 10 d and at 55°C for 48 h, respectively (Frank
and Yousef, 2004). We are aware that using Petrifilm
plates at 7°C or 55°C is outside the validated range.
However, a pretrial experiment for THERM indicated
that, at the same dilution, plate count agar plates were
uncountable due to bacterial colonies spreading over
the surface of agar plates, whereas Petrifilm plates were
countable (data not shown). In other studies, Petrifilm
plates have been used for PBC at 7°C (Ramsahoi et al.,
2011). The number of bacterial colonies was assessed
using a Petrifilm Plate Reader (3M, Technopath).
The lipolytic bacterial count (LIP) was performed by
spread-plating 100 pL of the appropriate dilutions on
tributyrin agar with added glyceryl tributyrate (0.01
mL/mL of agar prepared; Sigma Aldrich, Dublin, Ire-
land). The proteolytic bacterial count (PROT) was es-
timated by spread-plating 100 pL of the diluted sample
on calcium caseinate agar with added skim milk powder
(2.5 mg/mL of agar; Merck, Darmstadt, Germany). For
both methods, samples tested were incubated at 37°C
for 48 h. Lipolytic bacteria colonies were identified as
colonies surrounded by a clear zone in a turbid medium,
whereas proteolytic bacteria colonies were identified
as colonies surrounded by a clear zone in an opaque
medium.

The sulfite-reducing Clostridia count (SRC) was
assessed by pour-plating 1 mL of diluted sample in
iron sulfite agar and incubating plates under anaerobic
conditions for 72 h at 37°C, in accordance with ISO
standard 15213 (ISO, 2003). Presumptive SRC colonies
were identified as black colonies.

Composition and SCC

Raw milk samples collected every 24 h had their
composition (fat, protein, lactose, and TS contents)
and SCC determined using a Fossomatic FC (Foss
Electric, Hillergd, Denmark) within 24 h after arrival
in the laboratory.

Peptide Profiles

Milk samples were collected from the bulk milk tanks
at 0 and 72 h to obtain the peptide profiles. Trichloro-
acetic acid (TCA) was used to extract the nonprotein
fraction of the milk samples, according to the extrac-
tion procedure described in IDF method 20-4 (IDF,
2001). The extracts were not diluted but were filtered
using 0.45-pm syringe cellulose filters (25 mm diameter,
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Chromafil Xtra RC-45/25, Macherey-Nagel, Dublin,
Ireland). The HPLC equipment used was an Agilent
1200s system (Agilent Technologies, Santa Clara, CA),
with quaternary pump and multi-wavelength detector.
A Zorbax 300SB column (4.6 mm internal diameter x
150 mm; Agilent Technologies) was used to perform
the separation of milk peptides. The gradient elution
and peak detection methodology was an adaptation of
the methodology of Rohm et al. (1996). Samples were
injected onto the column (50 pL) in duplicate and the
flow rate was 0.50 mL/min.

Assessment of Electricity Consumption

The energy consumption of each treatment, expressed
in Watt-hours (Wh), was measured as the energy usage
of each bulk milk tank when each of the precooling
treatments was applied. For the DP treatment, the en-
ergy usage of the ice bank was also considered. Energy
usage was assessed using energy analyzers (EM24 DIN)
and Digi Connect wireless WAN cellular routers (Carlo
Gavazzi Automation SpA, Lainate, Italy), which mea-
sured and transmitted the energy data, respectively.
The cumulative energy usage was recorded every 1 min
using the software program Powersoft (Carlo Gavazzi
Automation SpA).

Statistical Analysis

This study was carried out following a Latin square
design with repeated measures, in which samples were
collected every 24 h, and each bulk tank (n = 3) re-
ceived a different precooling treatment (NP, SP, DP) in
each week (n = 3). Each Latin square was conducted
over two 3-wk periods.

Least squares means for the main effects of period,
week, storage time, and precooling system, as well as
the interaction between storage time and precooling
system, were calculated using the MIXED procedure in
SAS 9.3 (SAS Institute Inc., Cary, NC). The fixed ef-
fects included in each model were period (1 and 2), week
(1, 2, and 3), precooling system (NP, SP, and DP), and
storage time (0, 24, 48, and 72 h). Repeated-measures
models were used to account for correlations between
time points. Tank within week was considered the
experimental unit. The response variables were TBC,
PBC, LPC, THERM, PROT, LIP, SRC, SCC, and fat,
protein, lactose, and TS contents. Residual checks were
made to ensure that the assumptions of the analysis
were met. Where appropriate, log-transformation was
used to correct distributional issues. The Tukey test (at
5% error probability) was used to compare the means
for all variables.
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RESULTS AND DISCUSSION
Microbiological Analysis

During the first milking occasion on the first day of
each trial week, a milk sample was collected from the
milk line before distribution of the milk to each bulk
tank. The average (+ SD) TBC of those milk samples
was 3.35 + 0.29 log;, cfu/mL, indicating that milk of
good microbiological quality was produced. The TBC
least squares means of milk samples from each bulk
tank collected at 0 h (after first milking) was 3.54 +
0.05 logyy cfu/mL. The similarity between the 2 TBC
levels for those samples indicated that the precooling
treatments did not affect the microbiological load and
that milk of good microbiological quality entered each
tank. The average (+£SD) TBC of the milk line over
72 h of storage and the 2 trial periods was 3.55 £ 0.26
log cfu/mL. Good hygiene practices (e.g., teat prepara-
tion, individual cluster cleaning between milkings, and
equipment wash routines) contributed to the high qual-
ity of the milk entering the bulk milk tanks.

The TBC levels at 0 h for NP, SP, and DP were
3.55, 3.57, and 3.50 £ 0.09 log;, cfu/mlL, respectively;
the PBC least squares means were 3.11, 3.04, and
3.07 £ 0.11 log,, cfu/mL; the LIP least squares means
were 3.24, 3.26, and 3.28 + 0.10 log;y cfu/mL; and the
PROT least squares means were 3.20, 3.14, and 3.24
+ 0.07 logyy cfu/mL, respectively (Figure 2). The dif-
ferences in the time required to cool the milk to 3°C
(within the bulk tanks) were expected to affect those
initial bacterial counts of the milk volumes; however,
the bacterial counts were not significantly different (P
> 0.05). The NP, SP, and DP treatments precooled the
milk to average (£SD) temperatures of 32.0 + 1.4°C,
17.0 &+ 2.8°C, and 6.0 + 1.1°C, respectively; and the
average time taken to cool milk to 3°C within the bulk
milk tanks on the first morning milking on each week
was approximately 2 h, 1 h, and 20 min, respectively.
Given the low initial bacterial counts, the difference
in these bulk tank-cooling times was not sufficient to
result in different bacterial levels at 0 h.

The different precooling treatments also did not af-
fect any of the bacterial counts over the storage time up
to 72 h (P > 0.05, Table 1). The volume of milk stored
at 3°C increased in each bulk tank after each milking,
resulting in a decrease in the blend temperature within
the tanks over time. After the first 2 milking occa-
sions, the milk volume produced at subsequent milk-
ings blended with a higher volume of milk previously
cooled to 3°C; consequently, the milk was cooled faster
than that from the first 2 milking events. Therefore, the
maintenance of low temperatures within the bulk tanks
did not allow for significant increases in bacterial num-
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Figure 2. Effect of storage time and different precooling systems
(® no plate cooler; B single-stage plate cooler; and A double-stage
plate cooler) on (A) total, (B) psychrotrophic, (C) lipolytic, and (D)
proteolytic bacterial counts (£SD) in milk stored for 72 h.
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Table 1. Significance of the main effects of period (2 x 3 wk), week (6 wk), storage time (72 h), and precooling
systems (no plate cooler, single-stage plate cooler, and double-stage plate cooler), as well as the interaction
between storage time and precooling system on bacterial counts of milk samples

P-value
Storage Precooling Precooling system
Bacterial count Period Week time system X Storage time
TBC 0.23 0.02 0.004 0.61 0.93
PBC 0.002 0.18 <0.001 0.68 0.99
LIP 0.08 0.005 0.05 1.00 0.96
PROT 0.30 0.05 0.03 0.77 0.92
LPC 0.82 0.42 0.20 0.71 0.38
THERM 0.79 0.08 0.70 0.12 0.69

'TBC = total bacterial count, PBC = psychrotrophic bacterial count, LIP = lipolytic bacterial count, PROT
= proteolytic bacterial count, LPC = thermoduric (laboratory pasteurization) bacterial count, and THERM

= thermophilic bacterial count.

bers in the milk; consequently, the precooling system
had no significant effect on bacterial counts over time.
However, after 72 h, we observed a numerical differ-
ence between the bacterial counts in milks subjected to
different precooling treatments (Figure 2). After 72 h,
TBC and PBC (least squares means) in milk that was
not precooled were 3.90 + 0.09 and 3.38 + 0.11 log;,
cfu/mlL, respectively. The SP milk precooled had TBC
and PBC (least squares means) of 3.77 + 0.09 and 3.28
=+ 0.11 logyy cfu/mL, and that precooled using DP had
similar TBC and PBC: 3.71 £+ 0.09 and 3.25 £+ 0.11
log;y cfu/mL, respectively.

Storage time affected TBC, PBC, and PROT (P =
0.004, P < 0.001, and P = 0.03, respectively, Table
1), which were 3.54 + 0.05, 3.07 £+ 0.06, and 3.19 +
0.04 log,, cfu/mL at 0 h; and 3.79 + 0.05, 3.30 4 0.06,
and 3.36 + 0.04 log;, cfu/mL after 72 h, respectively
(least squares means across precooling treatments).
The increases in TBC and PBC were not considered
biologically relevant because both were well below the
European thresholds determined in document EC no
853/2004 [European Commission, 2004; TBC: 5.00
log;, cfu/mL (1.00 x 10° cfu/mL); PBC: 4.22 log;, cfu/
mL (16,666 cfu/mL)] and typical TBC limits applied
by some milk processors [e.g., 4.70 log;, cfu/mL (5.00
x 10" cfu/mL)]. The least squares means of PROT
and LIP levels at 72 h (3.36 4+ 0.04 log;y cfu/mL and
3.34 £+ 0.06 log;, cfu/mL, respectively) were also not
considered relevant as both were well below the limit
suggested by Vyletelova et al. [2000; 4.65 log;, cfu/
mL (44,668 cfu/mL), for each]; those authors suggested
that LIP and PROT should be below this level to avoid
the production of heat-resistant hydrolytic enzymes
when milk is destined for dairy product manufacture,
because such enzyme activities could result in loss of
milk functional properties and sensory defects.

The PBC was different between the 2 trial periods
(1 and 2; P = 0.002, Table 1), whereas TBC and LIP
varied between weeks (P = 0.02 and P = 0.005, respec-
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tively, Table 1). Variations in bacterial population in
milk at different periods could be related to the cows’
health status (e.g., mastitis) or different bacteria strains
present in the cows’ environment (e.g., feed; Lafarge et
al., 2004).

The LPC and THERM counts did not differ between
periods and weeks, and storage time and precooling
systems did not affect their levels (P > 0.05, Table 1).
At 0 and 72 h, the least squares means of LPC were 0.80
and 0.83 + 0.11 logy, cfu/mL, whereas THERM counts
were 0.85 and 0.64 £+ 0.13 log;, cfu/mL, respectively.
A typical industry LPC specification can range from
2.70 to 3.00 log;, cfu/mL (500 to 1,000 cfu/mlL), al-
though there are no European legislation thresholds or
dairy processor specifications for thermophilic bacteria
in milk. According to Byrne and Bishop (1991), some
species of Micrococcus do not grow well on Petrifilm, al-
though those authors concluded that Petrifilm aerobic
count plates are a suitable alternative to agar plates for
determination of LPC. The SRC levels varied between
0 and 1 logyy cfu/mL (10 cfu/mL), indicating a low
level of contamination with those organisms. Because of
the low incidence, we could not determine the influence
of storage and production conditions on these bacteria.

The milk volumes stored in the 3 tanks had low
bacterial growth rates, indicating that the storage
temperature was effective in preventing an increase in
bacterial numbers in the milk over the storage period.
O’Connell et al. (2016) stored milk in bulk milk tanks
for over 96 h at 2 or 4°C and observed similar results to
this study. In that study, milk stored at 2 or 4°C for over
72 h had average TBC, PBC, PROT, and LIP of 3.58,
3.11, 2.94, and 2.91 log;, cfu/mL, respectively. As well
as the storage temperature, the initial microbial load of
the milk will influence the microbial load over storage
(Guinot-Thomas et al., 1995). Therefore, milk entering
the tank has to be of high microbiological quality to ob-
tain bacterial counts similar to those obtained after the
storage period in the present study. Thus, to minimize
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bacterial growth in milk during storage, it is important
that appropriate cleaning practices (for milking equip-
ment and cows) be carried out during milking.

Composition and SCC

The average (+£SD) fat, protein, lactose, and T'S con-
tents of the sample collected from the milk line after
the first milk occasion (first day of each trial week)
were 4.52 £+ 0.26, 3.58 £ 0.09, 4.76 £+ 0.18, and 13.36
+ 1.93%, respectively. After the first morning milking,
the milk samples (0 h) precooled at different rates had
average (+SD) fat, protein, lactose, and TS contents
similar to those in the milk line sample: 3.49 + 0.09,
3.63 + 0.06, 4.81 4 0.06, and 12.53 £+ 0.10% (NP treat-
ment); 3.48 + 0.16, 3.62 + 0.05, 4.82 + 0.06, and 12.52
+ 0.17% (SP treatment); and 4.14 £+ 0.22, 3.59 £+ 0.07,
4.76 + 0.08, and 13.12 £+ 0.21% (DP treatment), re-
spectively. These results, compared with the milk line
results, indicate that the precooling treatments did not
affect the milk composition as would have been ex-
pected. The differences in the fat contents noted could
be due to fat distribution when sampling.

The precooling treatments had no effect on milk
composition (P > 0.05), and storage time did not affect
fat, protein, or TS content (P > 0.05). After the 2
milking occasions on the first day, the contents of fat,
protein, lactose, and TS (least squares means) were 4.41
+ 0.06, 4.59 + 0.08, 5.78 + 0.05, and 13.35 + 0.07%,
and after 72 h (6 milkings) were 4.44 4+ 0.06, 4.58 +
0.08, 5.79 + 0.05, and 13.41 + 0.07%, respectively. The
protein contents (least squares means) were different in
the 2 periods (period 1: 3.55 + 0.002%; period 2: 3.63
=+ 0.002%, P = 0.0001) and between weeks (P = 0.02),
ranging from 3.54 to 3.72%. The lactose content was
also different between periods (period 1: 4.82 + 0.002%;
period 2: 4.74 + 0.002%, P = 0.007). As fresh milk
was transferred to the tanks every day, the composition
of milk stored within the bulk tanks may have varied
according to the content of components in the fresh
milk added to the tank on each milking occasion. Those
variations in milk composition could be related to cows’
physiology or days in milking (Linn, 1988). Also, the
interval between milkings can affect milk composition,
influencing the TS content of milk collected during the
morning and afternoon (Ayadi et al., 2004).

The SCC between periods were statistically different
(P = 0.003); however, there was a marginal difference
of 36.6 x 10° cells/mL between periods 1 and 2, which
is probably not biologically relevant. Furthermore, SCC
in both periods (period 1: 115.9 x 10* cells/mL; pe-
riod 2: 152.5 x 10° cells/mL) were below the European
Union legislation threshold (400 x 10” cells/mL).

1927
Peptide Profiles

High-performance liquid chromatography was per-
formed to determine whether precooling treatments
would result in different peptide profiles after 72 h of
storage, thus indicating proteolysis. The chromatograms
presented in Figure 3A, B, and C are an average of the
chromatograms obtained for all milk samples precooled
using the NP, SP, and DP systems, respectively, over
the 2 periods. The chromatograms indicated no dif-
ference between the initial peptide concentrations in
milk volumes precooled at different rates (0 h), no in-
crease in concentrations over time, and no appearance
of peaks that characterize proteolysis. We also noted
in those chromatograms the absence of peaks after
20 min, indicating the lack of plasmin action, which
hydrolyses (3-, ag-, and ags-caseins into peptides and
proteose-peptones (Crudden et al., 2005). Therefore,
the application of different precooling treatments did
not affect proteolysis levels in the milk.

The peptide peak at 15 min (unknown) is the only
peptide whose concentration varied over 72 h and we
observed only small differences between treatments for
that peak. However, the variation in the concentration
of this peptide could be caused by the addition of fresh
milk to the tanks, the composition of which could vary,
as previously mentioned. The low levels of proteolysis
observed might be due to the low levels of proteolytic
bacteria in the milk, which did not reach a level suf-
ficient for significant production of proteolytic enzymes
(4.65 logyy cfu/mL; Vyletelova et al., 2000). The low
storage temperature applied over the storage period
could have been effective in reducing the growth rate
of proteolytic bacteria and is far from the optimum
temperature for most enzymes (Kelly and Fox, 2006).

Energy Consumption

When the NP and SP treatments were used, the av-
erage energy usage (£SD) of the bulk tanks was 16.8
+ 2.7 and 10.6 £ 1.3 Wh/L of milk, respectively. The
energy usage for the NP treatment was higher than
that for the SP treatment because milk entered the
bulk tank at a higher temperature (32.0 = 1.4°C) and
the compressor running time was longer to achieve the
required storage temperature. For the DP treatment,
the average energy usage (+SD) of the bulk milk tank
and ice bank was 4.0 & 0.5 and 13.6 £ 0.2 Wh/L of
milk, respectively (total energy usage was 17.6 + 0.5
Wh/L of milk).

Considering the similar bacterial counts between the
precooling treatments and the energy usage of each
treatment over the 72-h storage period, the SP system
would achieve low levels of bacterial counts over storage
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Figure 3. Separation of bovine milk peptides by reversed-phase
HPLC (measured in absorbance units, AU). Chromatograms of sam-
ples precooled using (A) no plate cooler, (B) single-stage plate cooler,
and (C) double-stage plate cooler and stored at 3°C are shown. Solid
line = 0 h; dashed line = 72 h.
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time and lower energy usage rates compared with the
DP treatment. Energy usage was higher for the DP
system than for the SP system because of the energy
requirements to produce ice. However, this system
could be recommended for farms in which an ice bank
system is already being used for cooling milk within the
bulk tank.

The energy consumption of each treatment is within
the ranges reported by Shine et al. (2018), who sur-
veyed 58 Irish commercial dairy farms regarding energy
consumption at milking. In that study, the average
(£SD) energy usages reported were 12.68 + 5.20, 10.54
+ 2.55, and 14.94 + 5.45 Wh/L for NP, SP, and DP
systems, respectively. The variation in results between
studies could be due to the age of the bulk tanks, the
size of the tanks, and how they were installed. The ice
bank energy usage in the present study was similar to
average usage reported in a survey of 25 Irish com-
mercial dairy farms (13.0 Wh/L; Murphy et al., 2013)
and similar to the average value reported by Upton et
al. (2013; 19.2 Wh/L, range: 16.0-21.8 Wh/L).

CONCLUSIONS

The microbiological load of milk precooled at dif-
ferent rates did not differ statistically at 0 h or over
the 72 h of storage, indicating no significant difference
between the precooling treatments. No technologically
relevant variations were observed in milk composition,
and no considerable enzymatic activity was observed,
possibly because of the good microbiological quality of
the milk. This study suggests that the bacterial count
and composition of milk are minimally affected when
milk is stored at 3°C for 72 h whether the milk is pre-
cooled or not; however, milk entering the tank should
have good initial microbiological quality. Regarding
energy usage, the SP treatment required less energy
than the other treatments to maintain an equivalent
microbiological load in milk. Considering that the milk
volumes undergoing the SP and DP treatments had the
lowest bacterial counts over 72 h of storage, it may be
beneficial and economical to incorporate the DP system
on farms that already use an ice bank bulk milk tank
and SP system on other farms. Precooling good quality
milk with an SP or DP system and subsequent stor-
age at 3°C for 72 h can maintain good microbiological
and compositional quality of milk with reduced energy
consumption.
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