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Abstract: Dairy cattle farms are continuously developing more intensive systems of management
which require higher utilization of durable and not-durable inputs. These inputs are responsible of
significant direct and indirect fossil energy requirements which are related to remarkable emissions
of CO2. This study aims to analyze direct energy requirements and the related carbon footprint of
a large population of conventional dairy farms located in the south of Italy. A detailed survey of
electricity, diesel and Liquefied Petroleum Gas (LPG) consumptions has been carried out among
on-farm activities. The results of the analyses showed an annual average fuel consumption of 40 kg
per tonne of milk, while electricity accounted for 73 kWh per tonne of milk produced. Expressing the
direct energy inputs as primary energy, diesel fuel results the main resource used in on-farm activities,
accounting for 72% of the total fossil primary energy requirement, while electricity represents only
27%. Moreover, larger farms were able to use more efficiently the direct energy inputs and reduce
the related emissions of carbon dioxide per unit of milk produced, since the milk yield increases
with the herd size. The global average farm emissions of carbon dioxide equivalent, due to all direct
energy usages, accounted for 156 kg CO2-eq per tonne of Fat and Protein Corrected Milk (FPCM),
while farms that raise more than 200 heads emitted 36% less than the average value. In this two-part
series, the total energy demand (Part 1 + Part 2) per farm is mainly due to agricultural inputs and
fuel consumption, which have the largest quota of the annual requirements for each milk yield class.
These results also showed that large size farms held lower CO2-eq emissions when referred to the
mass of milk produced.
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1. Introduction

The consumption of fossil fuels has increased since preindustrial revolution and thus the
associated emissions of carbon dioxide into the environment due to human activities. Carbon dioxide
is classified [1] as a greenhouse gas (GHG) for its effects on climate change, and is the most abundant
and most lasting GHG in Earth’s atmosphere. Similarly, intensive livestock production and the
entire agricultural sector are responsible for emitting significant quantities of greenhouse gas into
the environment. The Food and Agriculture Organization [2] attributed about 18% of global GHG
emissions to the livestock sector considering the whole production chain—from land use to feed
production. However, latest studies attribute to the livestock production lower quotas from 2–4% [3]
to 3–8% [4] of the total GHG emissions in developed countries. The animal production efficiency and
the system boundary considered is strictly associated to the environmental load [5]. The impact of
GHG emissions from the Italian livestock chain accounts for about 3% of the total national emission,
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with the northern regions responsible for 65%, central regions for 9% and southern regions for 26%,
while 56% of the entire livestock emissions are ascribable to the dairy sector [6].

Specifically, for the dairy sector, the end of the milk quota system in the European Union (EU)
will rise the milk production per farm and decrease the price of milk by 22% for EU farms [7,8]. These
previsions lead to focus not only on the production cost control but also on the environmental load of
dairy farms. The reduction of greenhouse gas emissions from the livestock sector is a critical issue for
a more sustainable dairy production. To achieve this aim, farmers, policy makers and consumers need
clear information around the energy and environmental influence of the milk products. A scientific
literature and databases review of current studies reveal that a large amount of information about
dairy farms and GHG emissions have become available in latest years, but these outcomes are largely
fragmented [9].

Dairy livestock sector is changing to more energy requiring forms of management which result in
higher environmental and economic loads. Intensive mechanization level has decreased the incidence
of labor requirement for dairy farms activities and reduced the usage of appliances which require
the consumption of fossil fuel. Analyzing the total energy demand in the life cycle of milk, the main
contributor to the energy use is milk production which requires almost 40% of whole consumptions [10].
The efficient use of direct energy (diesel or gasoline fuel, electricity and Liquefied Petroleum Gas
(LPG)) is one of the solutions to decrease the environmental burden and the associated cost in the milk
production sector. Investigation conducted in European dairy farms showed that the direct energy
consumption, around 25% of the non-renewable primary energy use, is due to on-farm electricity
for milking, milk refrigeration, manure handling, ventilation, and lighting, followed by diesel usage
for on-farm activities, at about 15% [10]. Modeling diesel and electricity requirements in dairy farms
allowed estimating the associated carbon dioxide emissions and costs of milk production in function
of farm characteristics [11,12]. Energy consumptions are strictly associated to the efficiency of the
production system considered [13–16] as well as related to the technological level, type of management
and herd dimensions [17–22]. Ludington and Johnson (2003) [23], in a study involving 32 US dairy
farms, found a consumption of electricity between 800 and 1200 kWh cow−1 per year, while in
European farms other studies reported an electricity consumption of 401 kWh lactating cow year−1 in
Italy [24], 420 kWh lactating cow year−1 in France [25] and 90 kWh per tonne of milk in Germany [26].
The use of direct energy in the common dairy LCA study is generally expressed as total energy needed
for the farm, without a detailed subdivision among different fossil fuel sources and on-farm activities.

The aims of this work focused on the analysis of direct energy uses and the related carbon
footprint of a sample of 285 conventional dairy farms located in the southern regions of Italy. The study
also analyzed the distribution of energy requirements and the amount of the related CO2 emissions
among on-farm activities.

2. Material and Methods

2.1. Data Sources

A Sample of 285 conventional dairy farms members of four dairy plant cooperatives located in
southern Italy (Basilicata, Sardegna, Calabria, Sicilia e Puglia) was involved in this study.

To evaluate the inputs–outputs and the potential environmental impacts (carbon footprint) of the
milk production system, a partial Life Cycle Assessment methodology was applied [27–30]. The LCA
include four phases: goal and scope definition, inventory analysis (LCI), impact assessment (LCIA)
and interpretation of results.

2.2. Goal and Scope Definition

The aims of this study were to assess the direct energy intensity (electricity, diesel and LPG) of
milk production at farm level, to estimate the emission of GHG related to the use of fossil fuels and to
identify the distribution of energy usages among the different on-farm operations.
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2.3. System Boundaries

The next activity carried out was to identify all the energy streams, for each fossil fuel associated to
on-farm processes. The system boundary was set at farm level, from cradle to farm gate and included
all the equipment and facilities exploited for: cultivation for on-farm feed requirement; manure
management; feed preparation and distribution; milk extraction (milk harvesting and refrigeration);
and water pumping and irrigation.

2.4. Functional Unit and Allocation

In specialized dairy farms, the main product harvested is milk, which may be stated in various
units (mass, volume). In this study, a quality corrected functional unit has been used, which considers
the composition of the milk and its mass: 100 and 1000 kg of Fat and Protein Corrected Milk (FPCM),
which allow comparing the results of this study with other international findings.

The International Dairy Federation (IDF) 2010 [31] equation was applied to determine the
FPCM, which considers the percentage of protein, the percentage of fat content and the yearly milk
production (kg):

kg FPCM = Milk kg × ((0.1226 × Fat %) + (0.0776 × Protein %) + 0.2534).

In this study, no allocation between milk and meat production were accounted since the dairy
farms were specialized only for milk production, hence meat productions were firmly associated to
the sale of culled cows and surplus calves.

2.5. Inventory Analysis (LCI)

A specific inquiry form was developed to record all the energy audit information and the
characteristics among the investigated farms. The questionnaires were filled in by a team of qualified
technicians through direct measure and manager interviews, and included a comprehensive description
of farm characteristics, level of mechanization, on-farm feed production, energy bills and management.
Moreover, an inventory of the monthly fuels, LPG and electricity consumptions receipts were recorded.

The inquiry form was divided into nine sections:

• Section 1—General information includes the global data of the dairy farms such as hectares
of cultivated land, herd size, milk quality and quantity, type of herd management, workforce,
employees and position (city, province).

• Section 2—Slurry storage facility is where the type and power of the appliances found in the
slurry storage facilities have been considered.

• Section 3—On-farm feed preparation and distribution considers the whole activities related to
feeding operations, together with the power of the equipment used and associated usage times.

• Section 4—Energy consumptions comprises the energy usages receipt of electricity supply,
Liquefied Petroleum Gas (LPG) and fuel.

• Section 5—Fleet equipment embodies a list of the total machinery (tractors, self-propelled and
tools) utilized for on-farm activities.

• Section 6—Agronomic data considers the data associated to field cultivations as type of crops and
the related yields, type of harvesting and cultivated hectares.

• Section 7—Water usage is related to pumping activities for water supply at farm level and for
irrigation purposes. These two activities were retained divided during the final assessments with
the final aim to identify the requirements of fossil fuels of each task.

• Section 8—Milking and milk cooling comprises the overall data associated to the type of milking
parlor, power of the appliances, milk tank dimensions, number of milking groups, use of energy
saving devices such as Heat Recovering System (HRS), Milk Pre-cooler (MP) and Variable Drive
Speed (VDS).
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• Section 9—Field operations considers the power of tractors and the self-propelled machinery, type
of activities carried out, operational times and the tools used.

2.6. Electricity Audit

To estimate the energy consumptions pertaining to the different on-farm activities, a systematic
electricity auditing of overall electrical appliances was carried, reporting the power of each equipment
and its usage routine (hours per day and days per year). Furthermore, the resulting data and the
electricity bills were compared to evaluate the accuracy of the estimation. The following on-farm
electrical appliances have been investigated.

Milking: Motor’s power and using routine of vacuum pumps, milk pump and air compressor
were assessed together to determine the global electrical consumption related to milking operations.
When available, Variable Drive Speed (VDS) systems were considered for assessing the electrical
consumption of the vacuum pump. The electrical requirements of the air compressor and the milk
pump were set as a 4% of the vacuum pump consumptions.

Milk Cooling: The following equation was used to assess the yearly energy requirement (REel)
of the milk cooling tank.

REel =
m × cp × (t1 − t2)

COP × η × 3.6

[
kWh y−1

]
(1)

where m (kg year−1) represents the mass of cooled milk, cp (MJ kg−1 ◦C−1) the milk specific heat
value, COP the coefficient of performance, t1 and t2 (◦C) the initial and final milk temperatures, η

the efficiency of the refrigeration system and 3.6 the conversion factor from MJ to kWh. The amount
of energy required from the milk tank might be reduced using pre-coolers plates (PCP) which allow
decreasing the temperature of the milk conveyed to the tank. The amount of this reduction is related
to the temperature of the cooling medium. When the PCP was available a reduction of 16 ◦C of the
initial milk temperature was set in t1.

Water heating: The water temperatures used to clean and disinfect the milking system and the
cooling tank were collected to assess the electrical consumptions. The quantities of hot cleaning
water were set to 12 kg of water per milking unit per milking [32], plus 150–200 kg per day for the
refrigeration tank. The electrical needs related to water consumptions were calculated through the
following equation:

HWel =
m × cw × (t1 − t2)

η × 3.6

[
kWh y−1

]
(2)

where m (kg year−1) is the mass of cleaning water, t1 and t2 (◦C) the initial and final water temperatures,
cw (MJ kg−1 ◦C−1) the water specific heat value, η the efficiency of the electric boiler, and 3.6 the
conversion factor from MJ to kWh.

Additionally, the availability of a Heat Recovery System (HRS) has been considered when
assessing the ∆t values and the final water temperature required.

Brushing: Refers to the use of mechanized brushes for increasing cow’s comfort. Type and power
of the brushing systems were collected during farm’s inventory, while the usage time was set at
6 minutes/day per milking cow [33].

Lighting: Type, power and using time of different type of lamps were inventoried to assess
electricity illumination expenditure.

Ventilation and misting: These systems are automatically switched on when the cowshed
temperature is above 20–25 ◦C to reduce cow’s heat stress during the warmest seasons. Power
and using time were collected by farm interview.

Water supply: Electricity usages for water pumping included on-farm water consumptions
for milking parlor, cowsheds, and irrigation requirements. Power of pumps and using time were
also collected.
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Manure management: Use of equipment for slurry removal from cowshed and the successive
storage and treatment.

Other: Energy requirements related to marginal on-farm operations such as water treatment,
electrical equipment for feeding procedures and high pressure cleaning.

2.7. Diesel Audit

To assess the tractor fuel usage due to each on-farm operation, the using time of the self-propelled
machinery, the power of the tractors and the diesel consumption at partial load for each operation
were collected. The following equation was to assess diesel fuel usage (Q) as suggested by
Grisso et al., 2004 [34]: Q = (0.22 X + 0.096) Ppto (L h−1), where (Ppto, kW) is the rated power of
the machinery and (X, decimal) is the partial load related to each operation. Values from 0.30 to 0.50
were set for light and medium-light operations, while values from 0.50 to 0.65 were selected for the
heaviest ones. The results obtained from the equation were transformed in kg of diesel fuel per unit of
time using a conversion factor of 0.835 kg·L−1.

Moreover, the estimation of diesel fuel consumptions have been grouped into four main areas
associated with: field operations, which include manure distribution, soil tillage, sowing, fertilization,
treatments, harvesting and storage of products; manure management, which encompasses the
operations related to the overall management of slurry removal from farm facilities and the subsequent
treatment; feeding operations, associated with feed preparation and distribution through the use of
machinery and mixer wagons; and irrigation, related to the operations carried out for water pumping
by means of diesel pumps.

Field operations were assessed per each on-farm cultivated crop, independently. In fact, diesel fuel
usage was analyzed based on the type of activity conducted, the hourly time spent by the machinery
and the unit of land extent. The results have been reported to the crop yield information to obtain
direct energy use per unit of each product harvested (kg diesel· tonne of feed−1) and per unit of
cultivated crop (kg diesel· cultivated hectare−1).

2.8. Energy Carbon Footprint

The contribution of the carbon dioxide to the GHG effect was assessed using The Global Warming
Potential (GWP). The contribution of CO2 to the climate change is equal to 1 for all time horizons
available, as defined by IPCC 2014 [1]. The emissions of carbon dioxide from direct energy uses were
assessed by multiplying the total consumptions to the following emission factors: 0.4103 kg CO2-eq
kWh−1 [35], based on the Italian energy mix used to produce electricity from “well-to-user”; 3.15 kg
CO2-eq kg−1 [36] to estimate the emissions from diesel fuel combustion from “well-to-wheel”; and
2.87 kg CO2-eq kg−1 to assess the emissions from LPG (well-to-user).

2.9. Energy Efficiency and Carbon Indicators

The data obtained from farms interview were organized in a Microsoft Excel work sheet. The
initial analyses were carried out to identify faults and errors in the database. Further assessments were
performed to define direct energy efficiency and carbon indicators, which provide a common basis to
compare the diverse farm performances.

The EUIs (Energy Utilization Indices) [23,37,38] adopted to express on-farm electricity usage were
referred to the cultivated land extent (kWh hectare−1), the herd dimension (kWh head−1 and kWh
lactating cow−1) and the amount of milk produced (kWh kg FPCM−1). The requirements of diesel fuel
and LPG for the EUIs measured were: kg head−1, kg Lactating Cow−1 (LC), kg·hectare−1 and kg per
kg FPCM. Energy Carbon Footprint (ECF) was expressed as emission of CO2-eq per unit: kg CO2-eq
LC−1, kg CO2-eq head−1, kg CO2-eq per kg FPCM−1, and kg CO2-eq hectare−1.
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3. Results and Discussion

3.1. Direct Energy Intensity

The average yearly energy consumed (Table 1) by farms accounted for 13,675 kg of diesel,
26,245 kWh of electricity and 115 kg of LPG. Diesel fuel requirements were about 260 kg·LC−1,
369 kg per hectare cultivated and 40 kg per tonne of FPCM. For the electricity, the EUI were 491 kWh
per lactating cow and 73 kWh per tonne of milk. The annual energy indicators associated with LPG
usages amounted to 2 kg per lactating cow and 0.4 kg per tonne of FPCM. Expressing the above
mentioned data in terms of primary energy requirements, Table 1 shows a global consumption of
7678 MJ per head, 16,514 MJ per LC and 2522 MJ of primary energy per tonne of FPCM.

Table 1. Energy data summary on a yearly basis, averages and standard deviation (N = 285).

Energy Sources Average Head LC Hectare t FPCM

Diesel (kg) 13,675 ± 15,085 123 ± 156 260 ± 235 369 ± 351 40 ± 56
Electricity (kWh) 26,245 ± 42,479 227 ± 107 491 ± 242 816 ± 1087 73 ± 48

LPG (kg) 115 ± 508 1 ± 5 2 ± 10 4 ± 15 0.4 ± 1.3

Primary Energy

Diesel (MJ) 629,050 ± 693,910 5568 ± 7176 11,960 ± 10,810 16,974 ± 16,146 1840 ± 2576
Electricity (MJ) 238,042 ± 385,285 2059 ± 970 4453 ± 2195 7401 ± 9859 662 ± 435

LPG (MJ) 5819 ± 25,705 51 ± 253 101 ± 506 202 ± 759 20 ± 66
Total Energy (MJ) 872,911 ± 1,104,900 7678 ± 8399 16,514 ± 13,511 24,577 ± 26,764 2522 ± 3077

Battini et al. [39] quantified lower diesel usage in four typical dairy farms located in the Po Valley
(North Italy), ranging from 154 to 183 kg of diesel fuel per lactating cow.

The analysis of the electricity usages indicates that milk harvesting and refrigeration were the
most demanding processes, requiring 23% and 19% of the annual electricity consumption, respectively
(Figure 1). The other processes that affect significantly the electricity consumptions were: water heating
(15%), water pumping (13%), and pumping for irrigation (9%), followed by slurry management and
fan-misting (5% each), lighting and cow brushing (4% each). The total activities carried out at the
milking parlor level accounted for 57% of the total electricity requirement. The results obtained from
the electricity analysis are higher (17% expressed in terms of kWh for lactating cows and 24% higher if
referred to the unit of milk) than those found from a French study conducted by L’Institut de l’Elevage
(2009) [25] which investigated 60 dairy farms (milk yield 7.2 t cow−1 year−1). Comparable results were
obtained in 60 Italian dairy farms (milk yield 8 tonne cow−1 year−1) located in the Emilia Romagna
region [40]: 510 kWh per cow per year and 0.064 kWh per kg of milk per year. Although, a study
conducted in 41 German dairy farms shows an average EUI of 90 kWh per tonne of milk, a value that
is 23% higher of the present results [26]. The EUI of 44 kWh per tonne of milk obtained from Sardinian
dairy farms [24] is lower than the results of the present study. The differences in farm mechanization
level and milk yield expressed per raised head significantly affect the EUI.

Moreover, diesel fuel requirements related with on-farm and field operations (Figure 2), feed
preparation and distribution represent 39% of the overall diesel fuel utilization; field activities
associated to crop cultivation accounted for 38%; slurry treatment for 16%; and irrigation pumping for
7% of the total.

Feeding operations were also evaluated by Kraatz (2012) [41] in German dairy farms, showing
higher levels of input requirement in feed supply corresponding to about 50% of the on-farm
energy intensity.

Diesel usages for land operations are allocated into four phases which contributed to the total
consumption in the following way: 15% for manure distribution; 31% for soil preparation; 9% for
sowing, crop treatments and fertilization; and crop harvesting and transportation represent the most
demanding procedures, necessitating 44% of the total (Figure 2). However, the purchase of feed from



Energies 2018, 11, 451 7 of 14

the outside of the farm may occur. This aspect has been considered in Part 2 [42] of this paper-series
since animal feed represents an indirect energy items.
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The most representative crop selections in the investigated farms were grass and legume crops for
forage production (52%), maize for corns silage (33%) and cereals for the production of grains (26%).

Additional assessments about diesel consumption were assessed for each cultivated crop.
Obviously, crops which required more mechanized actions accounted for higher fuel demand:
110 kg ha−1 for hay production; 133 kg ha−1 for hay silage; 134 kg ha−1 to harvest cereal grains;
163 kg ha−1 for alfalfa products (hay and silo hay); and, the largest value, 171 kg ha−1, related to
corn silage.

When diesel fuel requirements per land extent (ha) were reported to the associated crop yield,
stated as tonne of harvested Dry Matter (DM), the assessment revealed reversal outcomes. In fact, corn
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silage and alfalfa crops held the highest diesel fuel consumptions per cultivated hectare (Figure 3), but
with the lowest amounts of diesel requirements per unit of product harvested (11.5 and 17.8 kg tDM−1,
respectively). The production of cereal grain presented the highest consumption of fuel per unit of
product harvested (about 68 kg tDM−1) since the production yield of cereal grain was commonly
low (from 1.8 t ha−1 to 3.1 t ha−1). Grass forage and spring silage required a consumption of 26.3
and 26.6 kg of diesel per tonne of DM produced, respectively. These results were also expressed
as useful energy based unit (g of diesel per MJ), analyzing the consumption of diesel fuel for the
respective energy content of each feed [43], expressed in terms of megajoules of metabolizable energy
per kilogram of dry matter (MJ/kg DM). Thus, corn silage and alfalfa showed, respectively, 1.10
and 1.98 g of diesel MJ−1, while hay silage and hay required about 2.21 and 2.92 g of diesel MJ−1,
respectively. The highest value was obtained for the production of grains with about 5.68 g of diesel
MJ−1 of product harvested.Energies 2018, 10, x 8 of 13 
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3.2. Carbon Dioxide Emissions

The yearly CO2 emissions related to electricity consumptions accounted for 201 kg CO2-eq LC−1

and 30 kg CO2-eq per tonne of FPCM (Table 2).

Table 2. Emission data summary on a yearly basis, averages and standard deviation (N = 285).

Energy Source Average Head LC Hectare t FPCM

Diesel (kg CO2-eq) 43,076 ± 47,519 387 ± 492 819 ± 739 1162 ± 1104 125 ± 177
Electricity (kg CO2-eq) 10,768 ± 17,429 93 ± 44 201 ± 99 335 ± 446 30 ± 20

LPG (kg CO2-eq) 314 ± 1425 3 ± 13 7 ± 29 10 ± 42 1 ± 4
Total emissions

(kg CO2-eq) 54,158 ± 61,380 483 ± 496 1027 ± 761 1507 ± 1393 156 ± 182

The yearly emissions from diesel fuel combustion accounted for 819 kg CO2-eq per lactating
cow and 125 kg CO2-eq per tonne of FPCM per year. This index accounted for 1162 kg CO2-eq ha−1

per year when referred to the cultivated land extent. Furthermore, the emission associated to the
utilization of LPG were negligible: 1 kg CO2-eq per tonne of FPCM and 7 kg CO2-eq per lactating cow.

The on-farm average emission of CO2-eq, ascribable to the overall energy usages, was around
54 tonnes of CO2-eq per year, which corresponded to 1027 kg CO2-eq per lactating cow and 156 kg
CO2-eq per tonne of milk.
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Lower levels of carbon dioxide emissions, related to energy consumptions, were found [24] in a
study conducted in 20 Italian conventional dairy farms emitting 834 kg CO2-eq per lactating cow and
85 kg CO2-eq per tonne of milk sold. Milk yield and herd size affect carbon dioxide emission indices
when emissions are reported per unit of milk sold.

The overall CO2-eq emissions associated to diesel fuel and electricity ascribed to each on-farm
activities is shown in Figure 4. Diesel consumptions represent the most pollutant source, accounting
for 72% of the total carbon emissions, while electricity represents about 27%. Feed management
and land operations contribute each for 31% of the total energy carbon footprint followed by slurry
management (9%), while electricity requirements accounted for a lower quantity of the overall CO2

emissions. Milk harvesting and refrigeration both denote 4% of CO2 emissions, while water pumping
and water heating amounted about 3% each.Energies 2018, 10, x 9 of 13 
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Further analyses were carried out to identify more accurate energy related indices per farm
characteristics, as herd size and annual milk yield per lactating cow. As shown in Table 3, the energy
consumptions and the associated emissions of CO2-eq were classified based on four categories of herd
size, from less than 50 heads to over 200 heads.

The group “50–100” held the highest number of farms (100), whereas only 44 farms were located
in the group “greater than 200”. Larger farms, with higher yield of milk (tonnes LC−1 per year), were
associated with lower levels of CO2 emissions per unit of FPCM: 10 kg CO2-eq per 100 kg FPCM per
farms with more than 200 heads versus 24 kg CO2-eq per 100 kg FPCM in farms with fewer than 50
heads. It resulted that larger farms were capable to produce milk emitting 2.4 times less CO2 than
smaller farms in terms of emissions from on-farm direct energy consumption.

Global results were also grouped based on the annual milk yield production per lactating cow,
as shown in Table 4; where direct energy consumptions and associated emissions of CO2-eq were
referred to four categories, from less than 5 t of milk to over 9 t of milk per cow.
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Table 3. Primary energy consumption and carbon dioxide emissions on a yearly basis, averages and
standard deviation for herd size classes (N = 285).

Herd Size Class
(N Heads) <50 50–100 101–200 >200

Farms (n) 66 100 75 44
Heads (n) 33 ± 11 71 ± 15 142 ± 28 371 ± 219

Lactating cows (n) 16 ± 7 34 ± 9 65 ± 16 164 ± 95
Farm milk production

(t FPCM) 93 ± 48 241 ± 99 578 ± 199 1543 ± 902

Milk yield (kg LC−1) 6139 ± 2642 7039 ± 2015 8896 ± 1995 9494 ± 1699
Cultivated land (ha) 20 ± 13 29 ± 16 45 ± 29 90 ± 56

LPG (kg) 32 ± 108 99 ± 376 112 ± 318 243 ± 1041
LPG (MJ) 1619 ± 5465 5009 ± 19,026 5667 ± 16,091 12,296 ± 52,675

LPG (kg CO2-eq) 93 ± 311 285 ± 1079 323 ± 912 698 ± 2989
Diesel (kg) 4296 ± 3724 8244 ± 6544 15,339 ± 8950 37,251 ± 21,642

Diesel (kg head−1) 130 ± 94 118 ± 94 106 ± 48 102 ± 30
Diesel (MJ) 197,616 ± 171,304 379,224 ± 301,024 705,594 ± 411,700 1,713,546 ± 995,532

Diesel (kg CO2-eq) 13,533 ± 11,732 25,968 ± 20,615 48,316 ± 28,194 117,339 ± 68,174
Electricity (kWh) 9709 ± 5325 15,894 ± 7290 26,799 ± 8849 73,627 ± 93,013

Electricity
(kWh head−1) 300 ± 139 225 ± 93 191 ± 63 180 ± 85

Electricity (MJ) 88,061 ± 48,298 144,159 ± 66,120 243,067 ± 80,260 667,798 ± 843,628
Electricity (kg CO2-eq) 3984 ± 2185 6521 ± 2991 10,996 ± 3631 30,209 ± 38,163

Total MJ·100 kg
FPCM−1 381 ± 434 256 ± 240 180 ± 112 159 ± 62

Total MJ·head−1 8.760 ± 4.703 7.541 ± 4.483 6.642 ± 2.354 6.382 ± 1.506
Total kg

CO2-eq·head−1 536 ± 311 468 ± 303 414 ± 157 399 ± 97

Total kg CO2-eq 100 kg
FPCM−1 24 ± 30 16 ± 16 11 ± 7 10 ± 4

Table 4. Primary energy consumption and carbon dioxide emissions on a yearly basis, averages and
standard deviation for milk yield classes (N = 285).

Milk Yield Class
(kg·LC−1) <5000 5000–7000 7000–9000 >9000

Farms (n) 40 72 88 85
Heads (n) 55 ± 35 87 ± 95 131 ± 176 191 ± 140

Lactating cows (n) 26 ± 17 41 ± 46 59 ± 74 86 ± 63
Milk production (t) 94 ± 50 255 ± 298 488 ± 646 899 ± 670

Milk yield (kg LC−1) 3762 ± 835 6091 ± 579 8094 ± 604 10,501 ± 1371
Land (ha) 29 ± 26 30 ± 29 40 ± 39 55 ± 40
LPG (kg) 49 ± 142 77 ± 306 189 ± 808 83 ± 242
LPG (MJ) 2479 ± 7185 3896 ± 15,484 9563 ± 40,885 4200 ± 12,245

LPG (kg CO2-eq) 140 ± 407 222 ± 879 543 ± 2320 238 ± 696
Diesel (kg) 7902 ± 9203 8910 ± 9862 13,666 ± 17,731 20,437 ± 15,512
Diesel (MJ) 363,492 ± 423,338 409,860 ± 453,652 628,636 ± 815,626 940,102 ± 713,552

Diesel (kg CO2-eq) 24,891 ± 28,988 28,067 ± 31,066 43,048 ± 55,854 64,376 ± 48,864
Electricity (kWh) 10,640 ± 5,431 20,384 ± 23,317 29,782 ± 67,718 34,891 ± 25,376
Electricity (MJ) 96,505 ± 49,259 184,883 ± 211,485 270,123 ± 614,202 316,461 ± 230,160

Electricity (kg CO2-eq) 4366 ± 2228 8364 ± 9567 12,220 ± 27,785 14,316 ± 10,412
Total MJ 100 kg

FPCM−1 559 ± 570 266 ± 179 189 ± 84 155 ± 67

Total kg CO2-eq 100 kg
FPCM−1 36 ± 39 16 ± 12 12 ± 6 10 ± 4
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The majority of farms were located in the class “7 to 9 t of FPCM” and “≥9 t of FPCM” groups,
88 and 85, respectively, while 40 farms held to the group “less than 5 t of FPCM”. The results of this
analysis indicated that farms with higher milk yields (milk tonnes·LC−1) were related with higher
herd dimension.

The analysis demonstrated that the direct energy carbon footprint was higher in farms belonging
to the lowest milk yield class: 36 kg CO2-eq per 100 kg of milk in farms with yield lower than 5 t per
cow; 16 kg CO2-eq 100 kg FPCM−1 in farms belonging to yield class between 5 and 7 t; 12 kg CO2-eq
100 kg FPCM−1 in farms with milk yield between 7 and 9 t and reaching the minimum value of 10 kg
CO2-eq 100 kg FPCM−1 when milk yield was greater than 9 t.

Dairy farms which held higher level of milk production were capable to produce milk emitting
around 3.6 times less CO2 than farms with lower milk yield (group “>9” vs. group “<5”).

Characterization and typification of mechanization, structural and energy profiles of dairy farms
were observed and discussed by Todde et al., in 2016 [18], underlining how the high technological
investments, the locations and the management significantly affect small and large size farms.

In this two-part series, a comprehensive analysis of direct and indirect (Part 1 and Part 2) energy
requirements and related carbon footprint of conventional dairy farms has been carried out. The
overall results are reported in Part 2 [42], where total direct and indirect energy demand, expressed in
GJ per farm, has been shown as well as the related carbon emissions.

4. Conclusions

The intensification of the management of dairy farms is strictly associated with higher demands
of energy and increasing carbon dioxide emissions.

This study carried out a detailed survey in a very large population of conventional dairy farms
located in the south of Italy, where diesel, electricity and LPG requirements and the related carbon
dioxide emissions have been analyzed.

The outcomes of the analyses, related to the two most relevant on-farm sources of energy, showed
an annual average fuel consumption of 40 kg per tonne of FPCM, while electricity amounted for
73 kWh per tonne of milk produced. The LPG requirements were negligible in all investigated farms,
where the annual average farm consumption was about 115 kg.

Expressing the direct energy inputs in the corresponding primary energy units, diesel requirement
results the main resource utilized in on-farm activities (on average 1840 MJ t−1 of milk), accounting for
72% of the total fossil primary energy requirement, while electricity represents only 27% of primary
energy uses.

Further analyses revealed a positive trend as herd size and milk yield increased: large farms
were able to use more efficiently the direct energy inputs and reduce their carbon footprint per unit of
milk sold.

The global average farm emissions of CO2-eq, due to the overall energy consumptions, accounted
for 156 kg CO2-eq per tonne of FPCM, while farms that rise more than 200 heads emitted about 100 kg
CO2-eq per tonne of FPCM (36% less than the average). The results of this study highlighted that large
size farms held lower carbon dioxide emissions when reported to the amount of milk produced.

The analysis of the direct energy requirements at farm level also helps to underline the critical
points where mitigation plans are required. These outcomes point out the need to apply saving
strategies mainly in diesel requirements, specifically for the activities associated with feed preparation
and distribution, crop cultivation and irrigation procedures, which represent the most direct energy
demanding operations. The activities related to feed management and field operations required the
largest part of total diesel fuel combustion. It is obvious how significant it is to size properly the
on-farm fleet equipment according to the real operational requirements. In fact, high levels of diesel
fuel consumptions per cultivated hectare may come from high power coefficient of utilization which
are expressed as KW ha−1. Moreover, the use of new efficient machineries or adopting minimum
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tillage techniques, which reduced the depth in tillage or the number of field operations, could reduce
the fuel requirements for crop production.

The requirement of electricity of the involved dairy farms were mainly associated to the activities
linked with milk harvesting, milk refrigeration and water heating. The use of energy saving
technologies, such us variable speed drives connected to the vacuum pumps, heat recovery systems
from cooling tanks and milk pre-coolers plates allowed saving 2–13 kWh per tonne FPCM.

Reducing the consumption of electricity, diesel fuel and LPG requirement leads to reducing the
anthropogenic gas emissions into the environment, decreasing the associated direct energy costs for
dairy farms and improving the efficient use of natural resources.
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