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The aim of this study was to examine the electric energy consumption of milking process on dairy farms and to eval-
uate the methods to improve the energy efficiency. The electricity consumption of the milking process was meas-
ured on three dairy farms in Southern Finland, and it varied between 37-62 Wh kg™ milk. The largest energy sav-
ing potential was identified in milk cooling and the heating of cleaning water. Even simple methods, such as placing
the condenser of the refrigeration system outside, may reduce the energy consumption of milk cooling by 30%. Ef-
ficient milk pre-cooling can reduce the energy consumption of the whole milking process by more than 25%. Even
larger energy savings are possible with a sophisticated milk cooling — water heating systems. It was concluded that
there is a significant potential to reduce the energy consumption and energy costs of the milking process, and thus
to improve the profitability and sustainability of the sector at the same time.
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Introduction

The share of energy costs of the total costs in agriculture has increased during recent decades mainly due to the
rise in energy prices, but also due to increased mechanisation and automatization on farms. In 2000, energy costs
in Finnish agriculture accounted for 4.8% of the total costs, while in 2013 the corresponding figure was 7.3% (Luon-
nonvarakeskus 2016). The prices of electricity and light fuel oil have roughly doubled during the same time frame
(Finnish Energy Authority 2016, Petroleum & Biofuels Association — Finland 2016).

Dairy farming is a particularly intensive consumer of electric energy (Tike 2010). Large amounts of electricity are
used in milking, milk cooling and heating of cleaning water (Hérndahl 2008). In 2010, dairy farming was respon-
sible for ca. 30% of the total direct energy consumption of the Finnish agriculture and horticulture sector. Direct
energy consumption includes heating and electricity consumption of farm buildings, grain drying and machinery
fuel consumption. Furthermore, it was the second largest electric energy consumer after greenhouse production
(Tike 2010). Total direct energy consumption on Finnish dairy farms was 3.08 TWh in 2010 and electric energy
consumption was ca. 0.46 TWh (15% of total direct energy consumption). While the national milk production in
the same year accounted to 2202 million kilograms (Tike 2013), the specific electric energy consumption was 0.20
kWh kg milk, when the total electricity consumption (3.08 TWh) of dairy farms is considered. The energy savings
are, however, essential in all industry sectors in order to achieve the commonly agreed energy saving targets, and
in farming sector in particular to improve the profitability of the sector.

Several studies have indicated that the major electric energy consuming processes in cow houses are milking,
milk cooling and heating of cleaning water, together referred as the “milking process” (Brooks 1989, Peebles et
al. 1993, Horndahl 2008, Murgia et al. 2008, Upton et al. 2013). Peebles et al. (1994) noted that these operations
also offer the most significant potential for electric energy savings and cost reductions. The electricity consump-
tion of the milking process varied between studies. Horndahl (2008) measured detailed energy consumption on
two dairy farms in Sweden. He observed that milking and milk cooling were the largest electricity consumers in
the milking process. Upton et al. (2013) measured electricity consumption on 22 Irish dairy farms, concluding that
milk cooling and water heating were the largest electric energy inputs. Peebles et al. (1994) reported that the rela-
tive proportions of electric energy consumption in water heating and milk cooling vary according to the farm size.
Cleaning of the milking system requires roughly the same amount of hot water regardless of the number of cows
or amount of milk produced, while the electricity demand of milk cooling increases proportionally with the milk
yield. Therefore the relative share of energy consumption in milk cooling increases with respect to water heating
when the amount of milk produced increases (Peebles et al. 1994).
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Another significant energy consumers in cow houses are lighting, ventilation and feeding (Neuman 2009). Accord-
ing to Neuman (2009), on some farms, lighting may consume as much or even more electricity than milking. This
situation will, however, probably change as the LED lights gradually replace less energy efficient lighting systems.
Electricity consumption of ventilation will also become less significant, as natural ventilation has already become
common in newly constructed Finnish cow-houses (Heimonen et al. 2012). Energy consumption of feeding, as
well as the form of energy used (diesel or electricity), varies greatly between farms due to the large number of
different available technologies. Other processes, such as manure removal, form usually relatively small part of
energy consumption (Neuman 2009).

Improved energy efficiency offers possibilities to simultaneously reduce the GHG emissions and energy costs of
production, creating benefits for both farmers and the environment. In order to improve the energy efficiency of
the dairy system, energy consumption and its distribution between subsystems must be examined. Based on this
information, improvements in energy efficiency can be planned and realized. This study focused on the electric
energy consumption of the milking process, which is usually the largest, and also the most constant energy con-
sumer in cow houses (Neuman 2009). The objective of the study was not only to examine the electricity consump-
tion of milking process but, based on the results, to find and evaluate concrete methods to improve the electric
energy efficiency of the dairy farming sector for more profitable and sustainable milk production.

Material and methods
Information on the cow houses of the case farms

Electricity consumption measurements were conducted on three dairy farms in Southern Finland (latitudes 60°-
61°N) under practical operating conditions. Background information on the cow houses is presented in Table 1.
Farm |, Il and Il had 72, 83 and 91 cows, respectively. In 2014, the average number of cows on Finnish dairy farms
was ca. 31 and the average annual milk yield was 8200 kg per cow (Luonnonvarakeskus 2016), which means that
the case farms were considerably larger compared to the Finnish average. However, they were fairly representa-
tive sample of modern Finnish dairy farms.

Table 1. Background information on the cow houses

Farm | Farm Il Farm 1lI
Type of house Freestall Freestall Freestall
Number of cows ¥ 72 83 91
Total milk yield (kg) per year 701500 874400 N.A.
Milk yield 10400 10535 9108
Milking system Robot (single-stall, Lely Milking parlour, Delaval, Milking parlour, Westfalia
Astronaut A3) herrigbone 2x6 autotandem 1x4
Cleaning system Delaval C200 Delaval C200
Milking events per day 2.3 2 2
Model and capacity of bulk Wedholms, 5000 Wedhoms 5000 with heat Wedholms 6000
milk tank (litres) recovery system
Measuring period October 2011 —July 2014 March 2013 — February 2014 June 2014 — November
2014

Y Approximate average number of lactating cows; ? Kilograms per cow per year.

Farm | had an automatic milking system (AMS), while farm Il had herringbone and farm Il autotandem milking
stations. The vacuum pumps of milking stations in farms Il and Il did not utilize variable-frequency drives. Cows
were milked 2 times per day on farms Il and Il and on average 2.3 times per day on farm I.

The bulk milk tanks on all of the farms were direct expansion tanks. Milk was cooled to a temperature of around 4
°C from the initial temperature of ca. 32 °C. None of the case farms utilized milk pre-cooling system. Heat recovery
from the milk cooling system was only used on farm Il. The heat recovery system collected heat from milk cooling
for heating the cleaning water. The bulk milk tanks were owned by the dairy cooperative and maintenance of the
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refrigeration system was included in the contract. The condensers of the refrigeration system were cleaned during
annual maintenance if it was necessary. Milk was collected by the dairy every second day.

Cleaning water was heated in electric boilers on all farms. Farm Il generated part of the energy for water heating
with the heat recovery system from the milk cooling process. On farm |, the electricity used to heat the cleaning
water of the milking system is included in the electricity consumption of the AMS system, and it is therefore pre-
sented under “milking”. Therefore only the cleaning water of the bulk milk tank was heated in an electric boiler
on farm I. Farm | had three main cleanings per day, while two cleanings occurred on farms Il and IIl.

Measurement setup and data analysis

The electricity consumption of milking, milk cooling, and water heating was measured on all three case farms. On
farm I, the total energy consumption of the cow house was also measured. Instrumentation of measurements
is presented in Table 2. The electricity consumption measurements were continuous and data were recorded as
the cumulative energy consumption (kWh) from the power meter pulses with a HOBO Pendant event data log-
ger (Onset, USA). The measured electricity consumptions were converted to specific electric energy consumption
(Wh kg™ milk), which is a good indicator for the energy efficiency of the production.

The ambient temperature of the tank room was only measured on farm I. Linear correlation analysis was per-
formed to determine the relationships between the specific electric energy consumption (Wh kg milk) of the
examined tasks and variables such as the milk yield, number of cows and temperature of the tank room. The cat-
egorization of Dansey and Reidy (2004) (1 perfect, 0.7-0.9 strong, 0.4-0.6 moderate, 0.1-0.3 weak) was used to
classify the degree of correlation.

Table 2. Instrumentation used in measurements

Measured value Instrumentation Logging interval

Electricity consumption CTSCM40-100/5 current transformer Continuous measurement
(Howard Butler Ltd, England)
3-phase Entes EPR-04S digital power
meter (Entes, Turkey)
HOBO Pendant event data logger
(Onset, USA)

Temperature of tank room HOBO Pendant data logger (Onset, USA) 10 minutes

Data were collected from October 2011 to July 2014 on farm |, from March 2013 to February 2014 on farm Il and
from June 2014 to November 2014 on farm Ill (Table 1). The monthly milk production data was received from the
bookkeeping of each farm, and by combining this information with the measured electric energy consumption,
the specific electric energy consumption (Wh kg* milk) of the milking process was calculated. The measuring pe-
riod on farm Ill was relatively short due to upcoming renovation and extension, which would have distorted the
results. The data collected from the farm Ill should however be valid, since the measuring period contained both
summer and winter months.

Theoretical assessments

When the energy consumption of the milking processes on the case farms had been investigated by measure-
ments, theoretical assessments were made in order to examine the achievable energy saving potential. These
assessments were made in milk cooling and water heating, including efficiency of the refrigeration system, pre-
cooling of milk with well water and heat recovery from the milk cooling process for water heating. For a compre-
hensive analysis, a detailed simulation of these dynamic systems would be required, which would be a topic for
another paper. The aim of the analysis accomplished here was to gain a rough estimation of the achievable energy
savings with the examined methods.
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Performance of the refrigeration system

In milk cooling, the essential key figure is the coefficient of performance (COP) of the refrigeration system. This
can be determined from the heat energy that needs to be extracted from milk and the electric energy consump-
tion of the refrigeration system:

e=2 [1]
where € = COP of the refrigeration system (dimensionless); Q = heat energy extracted from milk (kJ); W = electric
energy consumption of the refrigeration system (kJ).
The heat energy that needs to be extracted from milk (Q) can be calculated with Equation 2:

Q=cm, AT [2]

where ¢ = specific heat capacity of milk (3.93 k) kg* K*); m = amount of milk (kg); AT = temperature difference
in cooling process (typical value 33 K).

The effect of the tank room temperature on the energy efficiency of the milk cooling process can be theoretical-
ly evaluated with the aid of the Carnot process, which sets the theoretical limits for the COP of any heat pump
application. A Carnot heat pump cannot be built in practice, and the COP of practical heat pump applications is
significantly lower compared to the Carnot process, but it helps to understand the factors influencing the perfor-

mance of actual heat pumps (Perttula 2000). According to the Carnot theorem, the maximum COP (€_ ) for any
refrigeration system is:
€ _ Tsource 3
carnot —
Tsink _Tsource [ ]
where T = temperature of heat source (milk) (K); T = temperature of the heat sink (tank room or other en-

source

vironment of the condenser) (K).

It must be noted that € can only be calculated when T is lower than T__, since the heat pump is expect-
ed to transfer heat against the temperature gradient. If T_ is higher than T__, the heat transfer would occur
naturally, and no heat pump would be needed. In the milk cooling process, the initial milk temperature is usually
higher than the tank room temperature, and the COP for the Carnot process can only be calculated for the period
when the milk has been cooled below the surrounding room temperature.

Milk pre-cooling with well water

The effect of pre-cooling on the energy efficiency of the milk cooling process can be evaluated by the tempera-
ture drop of milk in the heat exchanger of the pre-cooler, which reduces the energy requirement of the refrigera-
tion system in final cooling. An average value of 36 °C can be used as the temperature of milk and 6 °C as the tem-
perature of well water (Turunen 2013). Efficiencies of heat exchangers in the pre-cooling systems vary from 60%
to 85%, according to the information provided by manufacturers (Sanford 2003, DeLaval 2016). The benefit from
pre-cooling is, however, complicated to calculate accurately, since the COP of the refrigeration system constantly
changes during the final cooling process, depending on the temperature difference between the heat source and
sink. The latter part of the cooling process, when the temperature difference between milk and the tank room
air is at the largest, consumes relatively more energy, and the cooling energy saved by the pre-cooling is thus not
directly proportional to the temperature drop of milk in the pre-cooler. On the other hand, when pre-cooling is
utilized, less heat energy is released to the air of the tank room, which lowers the tank room temperature and
improves the COP of the refrigeration system. Due to the several variables and interactions in the process, only a
rough estimation of the energy saving potential by pre-cooling of milk can be given.

Heat recovery from milk cooling

The energy saving potential of water heating using heat recovery from the milk cooling process can be estimated
from the recoverable heat energy. The recoverable energy is often limited by the demand for hot water. Moreo-
ver, the economically achievable temperature limits the heat recovery potential, since the COP of the refrigeration
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system decreases when the temperature of the condenser increases. Therefore, heat recovery systems usually
heat the water to a temperature of ca. 50-52 °C, and the heat recovery efficiency from the refrigerant to water
is around 50% (Turunen 2013). The rest of the extracted heat energy is released into air, and the final heating of
water, depending on the intended use, is carried out by electrical resistors. The net amount of extracted heat en-
ergy can be calculated with Equation 2. In addition to energy savings in water heating, the heat recovery system
reduces the energy consumption of the refrigeration system by lowering the temperature in the tank room, as
part of heat energy extracted from milk is transferred into water instead of the tank room air.

Combined pre-cooling and heat recovery

Milk pre-cooling and heat recovery from milk cooling offer a quite similar energy saving potential, pre-coolingin the
milk cooling process and heat recovery in heating of cleaning water. The use of both of these systems at the same
time is not necessarily rational, since pre-cooling reduces the amount of economically recoverable heat energy in
milk. If heat recovery would be applied after pre-cooling, the COP of the refrigeration system would be poor and
the amount of heat energy would not necessarily be sufficient. Corscadden et al. (2014) developed a theoretical
model for milk pre-cooling and heat recovery for water heating and validated the model results with measure-
ments from farms. They concluded that the combination of milk pre-cooling and heat recovery was only slightly
more energy efficient than either of these systems used alone, and for smaller farms (milk yield < 700000 | a%)
the most profitable option was to use the heat recovery system alone. Also Peebles et al. (1994) noted in their
study with transient computer model of milk cooling and water heating, that heat recovery alone is more suit-
able for smaller farms. The crucial factor is the ratio between the energy consumption of milk cooling and water
heating: if milk cooling uses more energy than water heating, the greatest energy savings can be achieved by milk
pre-cooling, and vice versa. However, Peebles at al. (1994) concluded that on large farms (200 or 400 cows) the
best option considering the energy savings is combined pre-cooling and heat recovery.

Results and discussion
Electricity consumption of milking, cooling and water heating

The specific electric energy consumption of milking, milk cooling and water heating (milking process) on the case
farms is presented in Table 3. The total specific electric energy consumption varied from 37 to 62 Wh kg* milk.
Milk cooling was the largest energy input of the milking process on farms Il and IIl. Farm Il was the most energy
efficient considering the whole milking process, mainly due to the lower electricity consumption in water heating
and milking. The monthly variation in the total electricity consumption of the milking process was moderate, as the
relative standard deviation (RSD) was 13%, 5.4% and 9.6% on the farms |, Il and Ill respectively. Monthly variation
was largest on farm |, which utilized AMS, and milking was responsible for major part of this variation (Table 3).

Table 3. Specific energy consumption of the examined tasks on the case farms, including
the standard deviation (SD) of the monthly variation. It must be noted that these figures
cannot be directly compared due to the differences in the systems.

Specific electric energy consumption, Wh kg?* milk

Farm | Farm Il Farm IlI
Milking mean 29.3Y 9.1 14.9
SD 6.3Y 0.5 2.7
Milk cooling mean 21.9 18.5 24.9
SD 1.8 1.6 15
Water heating mean 2.2 9.7 22.8
SD 0.6 1.3 2.3
In total mean 54.3 37.3 62.6
SD 7.1 2.0 6.0
YEnergy consumption of milking includes also water heating of robot milking machine cleaning

on farm I.

Total electric energy consumption in the cow house was only measured on farm Il. Figure 1 presents the total month-
ly electric energy consumption in the cow house and the electricity consumption of the milking process on farm II.
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The milking process accounted on average for approximately 48% of the total electric energy consumption in the
cow house. The total energy consumption was lowest in summer, when the cows were grazing for part of the
time. However, the electricity consumption of the milking process remained relatively constant throughout the
year. This indicates that, in addition to the milking process, also other tasks, such as lighting the cow house and
heating of social- and office premises and the milking parlour during the cold and dark periods of the year, form
a significant part of the total electricity consumption. In winter months, this other energy consumption was actu-
ally ca. 1.5 times greater than that of the milking process.
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Fig. 1. Monthly electric energy consumption in the cow house and electric
energy consumption of the milking process on farm Il

Electric energy consumption of milking

The specific electric energy consumption of milking varied from 9.1 to 29.3 Wh kg* milk. Kraatz and Berg (2007,
2009) noted that automatic milking systems often use more electricity compared to conventional systems. Vari-
ation in the electricity consumption of milking was largest on farms | and Ill (RSD 22% and 18%, respectively). On
farm |, the main reason for the large variation in the specific energy consumption of milking is that the heating
energy of the AMS system cleaning water was included in the electricity consumption of milking, and it was not
possible to separate it in the measurement setup of the study. The cleaning water requirement remains relatively
constant, irrespective of the milk yield, which causes the specific energy consumption to vary alongside the milk
yield. Previous studies (e.g. Lindgaard Jensen 2009) have shown that water consumption of AMS (Lely A3) was
ca. 0.3 | per kg of milk.

Variation in the specific energy consumption of milking was also quite large on farm Ill. One reason for this could
be variation in the milk yield. The milk yield itself should not have a significant effect on the specific energy con-
sumption in conventional milking system, but if the duration of the milking event remains approximately constant
as the milk yield decreases, the vacuum pump will run for longer time per milk unit, causing the specific energy
consumption to increase. On farm Il, the milk yield was quite constant, which may have been the reason for the
small variation in the specific electricity consumption of milking.

According to Rasmussen and Pedersen (2004), frequency controlled vacuum pumps consume usually less elec-
tricity compared to conventional, non-frequency controlled systems. Vacuum pumps of the milking systems on
farms Il and Il did not utilise variable-frequency drives, and it was thus not possible to examine the effect of this
method in this study. Even theoretical assessment could not be made, as there was no information about the av-
erage load of the motors of the vacuum pumps.

The monthly electricity consumption of the AMS system was quite constant even when the milk yield varied

(Fig. 2). Electricity consumption had three peaks (in April 2013, January 2013 and January 2014), which remained
unexplained. Electricity consumption of the AMS correlated weakly with the milk amount produced (r =0.28) and
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the number of cows (r = 0.24). This indicates that basic functions (e.g. primary cleaning of the AMS system three
times per day) consumed roughly the same amount of energy, irrespective of the number of cows or amount of
milk produced. However, the specific energy consumption of milking was lower when the AMS worked at full ca-
pacity and it increased when number of cows (and milk yield) decreased. The monthly electricity consumption
of milking was lower on farm Il than on farm lIl. The correlation between the milk yield and energy consumption
was moderate (r = 0.43) on farm Il and weak (r = 0.24) on farm Il
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Fig. 2. Monthly electric energy consumption of the milking robot and milk yield with the robot

Electric energy consumption in milk cooling

The average specific electric energy consumption of milk cooling varied between the farms from 18.5 to 24.9 Wh
kg milk. The monthly variation in the specific electricity consumption of milk cooling was relatively equal on all
farms with the RSD of 6.0% — 8.6%. One reason for the lowest energy consumption in milk cooling on farm Il was
heat recovery from the refrigeration system. The heat recovery system transfers part of the heat energy to the

water boiler, instead of the tank room air, which lowers the temperature in tank room and allows the refrigera-
tion system to work more efficiently.

Figure 3 presents the electric energy consumption by the refrigeration system of the bulk milk tank, together with
the heat energy extracted from milk and the tank room temperature on farm I. The amount of heat energy ex-
tracted from milk is directly proportional to the milk yield (see Equation 2), which is, in turn, nearly directly pro-
portional to the temperature of the tank room, unless pre-cooling, heat recovery, extra ventilation or some oth-
er method is applied to lower the tank room temperature. In January 2014, some event led to a decrease in the
temperature of the tank room from 35 °C to 17 °C; the doors had possibly been left open during maintenance.
This reduced the electricity consumption of the milk cooling system by nearly 40%, from a peak value of 64 kWh
d!to 40 kWh d?, while the milk yield remained nearly constant during the same period.

The average total COP (cooling & retaining the temperature) for the refrigeration system on farm | was 1.7. This is
relatively poor value for a COP of the milk refrigeration system, as for example Corscadden et al. (2014) reported
the COP of 2.17 as an average of measured values from several farms. The low average COP value on farm | was
most likely caused by the high temperature in the tank room, which also increases heat conduction from the room
into the tank, causing an additional cooling requirement. In January 2014, during the sudden drop in the tank
room temperature, the total COP of the cooling system was at highest 2.3. The milk yield varied during the year
and was lowest in the summer months, when the cows were on the pasture (Fig. 3). The energy consumption of
the bulk milk tank was obviously lowest during this period.
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Fig. 3. Daily electricity consumption of the milk tank refrigeration system, amount of heat
energy extracted from milk and temperature of the tank room on farm | from May 2013
to June 2014

Figure 4 presents the correlation between the temperature of the tank room and the COP of the bulk milk tank
refrigeration system. The COP of the cooling system and temperature of the tank room had a strong negative cor-
relation (r =—0.79). When the milk yield increased, more heat was released to the room and more electricity was
needed to cool the milk. This caused an increase in temperature of tank room, and the energy required by the
refrigeration process consequently increased, causing a reduction in the COP. The temperature of the tank room
on farm | was high (>25 °C) for most of the year, which increased the electricity consumption of the refrigeration
system. The highest COP figures in Figure 4 represent the situation in January 2014, during the period of the sud-
den drop in the tank room temperature (Fig. 3).
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Fig. 4. COP of the refrigeration system with respect to the temperature of the tank room
on farm |, and the linear regression model for the COP

Electric energy consumption of water heating

The specific electricity consumption of water heating varied from 9.7 to 22.8 Wh kg* milk between the farms.
Farm IIl used more than twice the amount of electric energy for water heating, with respect to unit of produced
milk, compared to farm Il. Hot water consumption was not measured, and it is therefore impossible to state
exactly what caused this difference. However, heat recovery from milk cooling in farm Il can be assumed to be
responsible for a major part of this difference. The electricity consumption of water heating was lower on farm |
compared to the other farms, because the electric energy consumption of heating the cleaning water of the AMS
system was included in that of milking. Hot water was only produced for cleaning the bulk milk tank on farm I.
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Potential to reduce electric energy use in the milking process

According to the measurements in the present study, milk cooling causes the highest energy consumption in the
milking process, followed by heating of cleaning water (apart from the farm I, where the cleaning water for the
AMS was included in the energy consumption of milking). Milk cooling and water heating also offer the most sig-
nificant potential to reduce electric energy consumption in the milking process, since several suitable methods
and technologies exist. The following methods were chosen for closer examination: 1) reducing the tempera-
ture in the tank room, or more specifically, around the condenser of the refrigeration system, 2) pre-cooling milk
with cool water and 3) heat recovery the from milk cooling process for heating the cleaning water (Brooks 1989,
Peebles et al. 1994, Manninen and Nyman 2003, Turunen 2013).

Figure 4 clearly indicates that the high temperature of the tank room, where the condenser of the refrigeration
system is usually located, causes a significant increase in the energy consumption of milk cooling. Figure 5 presents
the coefficient of performance for the cooling process (COPm”ng) according to the theoretical Carnot process in
Equation 3 at the end of the cooling process, when the milk temperature is 4 °C. According to Figure 5, the theo-
retical maximum COP is ca. 2.5 times better at a room ( = heat sink) temperature of 15 °C, compared to a room
temperature of ca. 30 °C. In practice the COP is approximately one order of magnitude lower than the Carnot COP,
but with similar behaviour. Additionally, the COP constantly changes throughout the process, depending on the
temperature difference, which causes the relatively linear shape of the COP curve in Figure 4.
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Fig. 5. Theoretical maximum COP (COPwulmg) in the Carnot process, with
respect to the tank room temperature, at the end of the cooling process
(milk temperature = 4 °C)

The average temperature of the tank room on farm | was 28 °C. When the linear regression model from Figure 4
(y=-0.0361x +2.6795) is applied to calculate the average COP, the result is ca. 1.7, which was also the actual aver-
age value of the COP on farm I. According to the model, lowering the tank room temperature to 20 °C would raise
the COP to ca. 2.0. This could be easily accomplished by improving the ventilation of the tank room. Further benefit
could be achieved by placing the condenser outside. With an average outdoor temperature of, for example 10 °C,
the COP would then be 2.3. This would reduce the average energy consumption of milk cooling process on farm |
by ca. 30%. The average yearly temperature in southern Finland is around 4-5 °C (Finnish Meteorological Institute
2017). However, a simulation with daily temperature variation throughout the year, instead of using average val-
ues, would be required to receive a more accurate information of the energy saving potential with this method.

Pre-cooling milk with cool water reduces the temperature of the milk before it enters the bulk milk tank and thus
reduces the final cooling requirement. If the milk temperature is 36 °C, the temperature of well water is 6 °C and
the heat transfer efficiency of the heat exchanger is 70%, the temperature of milk after pre-cooling will be 15 °C,
assuming that the flow of either fluid is equal (max. AT = 30 °C, with 70% efficiency AT = 21 °C). The difference in
the specific heat capacity between milk and water is small and it was neglected in this analysis. The final cooling
requirement is thus only 11 °C. As only a part of heat is released into the tank room air, the COP of the refrigera-
tion system should be satisfactory, despite the lower initial temperature of milk after pre-cooling. If the average
COP of 1.7 on farm | is used in the calculation, the electricity requirement in final cooling from 15 °C to 4 °C s,
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according to Equations 1 and 2,7 Wh kg™ milk. Additional energy requirement of water pumping due to the milk
pre-cooling is ca. 10 kWh per cow per year (Turunen 2013), which equals to ca. 1.2 Wh kg milk. The combined
energy consumption is thus 8.2 Wh kg™* milk. This means an energy saving of more than 60% in milk cooling, com-
pared to the current energy consumption value of 22 Wh kg™ milk on farm I.

Even larger energy savings are possible; according to Turunen (2013) milk can be cooled to within 1-2 °C of the
well water temperature by pre-cooling. With a milk temperature of, for example, 10 °C after the pre-cooling (heat
transfer efficiency ca. 87%), the energy consumption of final cooling (W ) would only be ca. 4 Wh kg™ milk, add-
ed with 1.2 Wh kg™* for water pumping (Fig. 6). This corresponds to an electric energy saving of 76% (17 Wh kg*
milk) in milk cooling, or more than 25% in the whole milking process, compared to the current situation on farm I.

ATmax= 36-6=30°C

water out, T=32°C waterin, T=6°C
< Heat exchanger of <

the pre-cooling

system,

milk in, T=36 °C milk out, T=10°C

efficiency n = 87%

v

v

Final cooling in the bulk milk
tank:

AT = nATmax =26°C

AT=10-4=6°C
COP of the refrigeration
Additional water pumping energy system = 1.7

requirement = 1.2 Wh kg* [milk] We = 4.0 Wh kg™ [milk]
= W = 5.2 Wh kg [milk]

Fig. 6. Effect of milk pre-cooling system on the energy consumption of milk cooling with heat transfer efficiency of 87%. COP of the
refrigeration system was assumed to be the same as the measured average value on farm I.

Pre-cooling of milk requires a large amount of cool water, which can be used as drinking water for the cows. The
system thus requires a large container where the water can be stored until it is used. According to some studies,
pre-warming of drinking water also improves the milk yield of dairy cows (Turunen 2013). In practice the drink-
ing water requirement of cows is considerably larger than the milk yield, and the water flow used in pre-coolers
is usually twice as large as the milk flow. This ensures efficient pre-cooling and limits the temperature rise of the
water, reducing the risk of microbial infestation in the water (Turunen 2013). Even though the milk pre-cooling
system enables significant energy savings compared to the conventional system, it requires also investments, and
the profitability must be evaluated case by case.

Recoverable heat energy is limited by the hot water requirement and limited temperature rise of water, caused by
a decreasing COP of the refrigeration system when the temperature difference grows excessively. When the typi-
cal heat transfer efficiency of 50% is used, the recoverable heat energy is ca. 18 Wh kg* milk, according to Equa-
tion 2. Electricity consumption of water heating was on average ca. 13 Wh kg milk lower on farm I, where heat
recovery was used, compared to farm Ill. This figure deviates from the theoretical result, but the difference may
also be caused by a difference in hot water consumption per milk unit between the farms.

As stated in the materials and methods -chapter, the use of milk pre-cooling and heat recovery from the milk
together is not necessarily rational, since pre-cooling reduces the amount of recoverable heat energy and thus
weakens the COP in water heating. One possible solution for this problem would be to use a cascade heat pump
in milk cooling and water heating in combination with milk pre-cooling. Cascade heat pumps include two individ-
ual heat pump cycles, which are connected with a cascade heat exchanger (Park et al. 2013). Heating the water in
two phases with a cascade heat pump results in a moderate temperature difference in each cycle, which enables
a better COP with a large temperature rise in water heating (Jung et al. 2013, Park et al. 2013). The milk pre-cooler
should then be designed to remove such an amount of heat energy from milk that the remaining part would be
sufficient for heating the cleaning water. Figure 7 presents the combined milk cooling and water heating scheme.
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ATmax =36-6=30°C
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v

»
»

Final cooling in the bulk milk tank:

AT = I']ATmax =16°C
ATmik=20-4=16°C

COP in cooling =2
= Q=18 Wh, W = 9.0 Wh kg'* [milk]

Heating of cleaning water (70 °C) with a
Final heating of water cascade heat pump:

(80 °C) in electric boiler:
Qotal = Q + W = 27 Wh kg'* [milk] (COP = 3)
AT=80-70=10°C ATwater =70—6 =64 °C

m =0.36 kg kg™ [milk] Muater = 0.36 kg kg™? [milk]

W = 4.0 Wh kg* [milk]

Fig. 7. Scheme of combined milk cooling and water heating system with partial pre-cooling of milk and heat recovery from the
final cooling for heating the cleaning water with a cascade heat pump. System could produce ca. one third of hot water of the milk
amount produced with total electricity consumption of ca. 14 Wh per one kilogram of milk.

In Figure 7, COP in cooling is assumed to be 2 (e.g. Corscadden et al. 2014) used COP of 2.17 for the refrigeration
system). The electricity used by the compressor is converted to heat energy, and when this energy is also trans-
ferred to water, the COP in water heating would be 3, which is achievable with cascade heat pumps (Park et al.
2013). The system could hence produce ca. 0.36 | of 70°C water per one kg of milk with an electricity consumption
of 9 Wh kg milk. For example, on farm |, this would be equal to ca. 750 litres hot water per day on average, which
is close to the daily hot water requirement of the AMS system (Turunen 2013). Additional heating of this 0.36 |
of water to a temperature of 80 °C would require ca. 4 Wh of electricity, and the total electricity consumption of
milk cooling and water heating would thus be 14 Wh kg [milk], when also the additional pumping requirement
due to the pre-cooling is considered. For example farm Ill used 47.7 Wh kg* milk of energy for milk cooling and
water heating, and this would hence mean energy savings of ca. 70% in these processes, or more than 50% in the
whole milking process, compared to the initial situation. On farm Ill, this would account to nearly 28000 kWh per
year. CO, emissions from the use of electricity would accordingly decrease by ca. 6200 kg a™.

There is, however, no information about performance and investment costs of the cascade heat pump cooling-
heating systems in the milking process, since no commercial applications in dairy farming exist. Further research
about the suitability and profitability of this technology on dairy farms is therefore required.

Conclusions

The electric energy consumption of the milking process (milking, milk cooling and heating of cleaning water) on
the case farms varied between 37-62 Wh kg milk. The results from this study were within the range of varia-
tion of the figures reported in the literature. On farm I, the largest electricity consuming processes were milking
(including heating of cleaning water for the AMS) and milk cooling. On farms Il and Ill, the majority of energy in
the milking process was consumed by milk cooling and water heating.

The results from this study indicate that there are several possibilities to achieve moderate to large reductions in
energy use. Even relatively simple and low-cost measures, such as improving the ventilation of the tank room or
placing the condenser of the refrigeration system outside the building, could result in energy savings of ca. 30% in
milk cooling. More advanced systems, such as milk pre-cooling and heat recovery from milk cooling, or the com-
binations of these systems, can offer substantial improvements in energy efficiency. As these systems require also
investments, the profitability must be evaluated in each case individually.
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Data from the AMS farm indicated that the electricity consumption of the AMS system remained quite constant
irrespective of the number of animals or milk yield. It would therefore be advisable to always utilize the full capac-
ity of the milking system, regardless of the type of system. The more milk is produced at the milking station, the
smaller is the relative share of energy consumption of cleaning, and the lower the specific energy consumption of
the milking process. Additional energy savings in milking could be achieved by utilizing variable-frequency drives
in the vacuum pump of the milking machine, or by shortening the milking time with improved management, but
these methods were not analysed in this study.

Although the milking process is often the largest electric energy consumer in dairy farming, other electricity con-
sumption must also be taken into consideration. On farm Il, where the total energy consumption was measured,
roughly half of electricity was consumed in the milking process and the other half somewhere else in the cow house.
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