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Abstract: Farm simulation models are a popular form of measuring greenhouse gas emis-
sions (GHGe) from the agricultural industry as they are holistic and cost effective. The
simulation models often follow the well-accepted life cycle assessment (LCA) framework to
estimate the GHGe from the complete system from cradle to farm-gate. However, several
studies have highlighted flaws in the methodology and accuracy of the application of
the LCA tool, underestimating emissions based on the scope of the study. GHGe vary
considerably across livestock species, with cattle contributing to the highest proportion,
from dairy and beef production. An extensive literature review evaluating the application
of the LCA tool for measuring and comparing dairy farm GHGe has not been conducted.
The current review evaluates the literature on LCAs of the dairy system across the globe,
to highlight the flaws in poor scope design, the potential to underestimate emissions, and
significant trade-offs disregarding vital variables.

Keywords: life cycle assessment; simulation; farming; agriculture; dairy system;
greenhouse gas emissions; sustainability

1. Introduction
Farm simulation models are important for holistically evaluating mitigation strategies

for reducing the environmental footprint of a farm, to limit negative trade-offs. They are also
less time consuming and more cost-effective than real-life experiments on-farm, to assess
the holistic impact before implementing on living beings, humanity’s food supply and a
farmer’s livelihood [1]. Farm simulation models are often based on the life cycle assessment
(LCA) framework, following the four stages of the official International Organisation for
Standardisation methodology [2]. It is a well-regarded methodology for calculating the
environmental impact of an item or being, such as livestock [3], and is considered a world-
leading approach for accurately assessing the environmental footprint of milk produced by
dairy cattle [4,5].

Although the LCA methodology is well-established and highly regarded, limitations
have been highlighted with the application of the LCA framework. The issues reside
with the fact that stage one, the goal and scope design, is determined by the investigator.
When not developed holistically, this can result in a poor scope design, leading to trade-
offs between environmental factors and insufficient data resulting in the underestimation
of overall greenhouse gas emissions (GHGe). The limited application of stage one can
then impact the remaining three stages, particularly stage four: the interpretation of
results. If the scope is limited and leads to an underestimation of overall GHGe or lack
of consideration for vital variables, the recommendations based on the results could have
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serious consequences on real-life dairy farms, livelihoods, and food security. It is crucial
that the first stage: goal and scope design are based on current knowledge, informed
by the known limitations and mitigation strategies designed to improve the application
and accuracy of future dairy LCAs and farm simulation models. Accurate simulation
and application will ensure GHGe mitigation strategies are evaluated holistically to avoid
negative trade-offs and implications before recommendation and on-farm experiments. The
results are used to inform governmental policies and must be accurate to ensure valuable
recommendations and benficial outputs [6]. Yet, an extensive literature review assessing
the limitations of the application of the LCA framework in stage one on the overall LCA
study and developing guidance on the mitigation strategies to overcome these limitations
has not been conducted.

This review examines the literature on international LCAs of the dairy system to
highlight the weaknesses of the application of the LCA methodology to stage 1: goal
and scope design on the overall LCA study. The review identifies several issues with the
application of the LCA framework and presents mitigation strategies to overcome these
issues to improve the first stage of the ISO LCA methodology. The recommendations from
the paper can then be applied as optional guiding principles, to create a well-developed
and inclusive scope and study design for future studies. It is imperative that the principles
are used as guidance to ensure adaptability to the diverse conditions and methodologies
applied across LCA applications. The guidance will ensure future investigators are aware of
the possible weaknesses of scope design and application to restrict the possible limitations.
Future studies will benefit from the limited weaknesses to improve the accuracy and
robustness of their study design and consequent results and recommendations, to improve
future LCAs of the dairy system before being implemented on-farm.

2. Methodology
Science Direct, Google Scholar and PubMed were used to search for relevant articles

applying the LCA framework on the greenhouse gas emissions of the dairy systems, using
the terms “Life cycle assessment”, “life cycle analysis”, “dairy cattle”, “milk production”,
“greenhouse gas emissions”. An inclusion criterion was used of those peer-reviewed,
published in English between 2006 and 2023 that were based on dairy cattle. The purpose
was to identify the weaknesses and strengths of an LCA when applied to the carbon
footprint of dairy farm systems. From each review, perceived weaknesses and strengths of
the LCA studies were pinpointed to highlight areas that an effective scope can overcome
and improve the quality of the results.

A literature review was selected to provide an overview of the limitations of the
LCA methodology, with its main objective to illustrate how inherent weaknesses can be
mitigated. A literature review offers a synthesis of the general debates within the existing
body of knowledge and indicates potential gaps or inconsistences that need to be addressed
in future research or indicate alternatives to issues arising [7]. Literature reviews have
become increasingly prevalent in sustainability and food studies [8]. Given the speed at
which applications of LCAs progress, a literature review covering the period between
2006 and 2023 was considered to be appropriate. Snyder [9] suggests that a literature
review as a methodology is, therefore, effective to create a firm foundation for advancing
knowledge and facilitating theory development or presenting alternative solutions. Evans
and Kowanko [10] states that literature reviews have seen a progressive evolution in review
methodology, to the point where they are considered research in their own right.

Consequently, this review does provide an element of novelty, given that most studies
tend to focus on the fourth stage of an LCA (interpretation of results). This review, however,
focuses on Stage 1 (the initial goal and scope definition), which is frequently overlooked
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in academic studies. This paper highlights the negative impacts this has for the validity
of outputs and their robustness. The study brings the initial stage of the LCA into focus,
illustrating potential weaknesses of a poorly developed scope and presenting guiding
principles to improve future LCA studies in terms of their accuracy and quality.

3. Contextualising GHG Emissions of Dairy Production Management
Systems and Farm Simulation Models

There are three main management systems in high income countries: pasture-based
systems and housed systems, as well as a mixture of the two, known as mixed systems [11].
Pasture-based systems being defined in a meta-analysis, by Lorenz et al. [11] as low input,
with a 50% minimum pasture feed and maximum 25% concentrate feed. Compared to a
mixed system of a maximum 50% pasture feed and at least 25% concentrate feed, where
the cattle are housed in barns but allowed to graze in the warmer summer months [1].
In contrast, cattle in housed systems have no access to grazing when the cattle are lactat-
ing [11] and are housed in barns, except heifers that are sometimes pasture-based during
maturation [1].

Greenhouse gas emissions from the dairy system consist of direct and indirect emis-
sions. Indirect emissions are those generated from the inputs [1,12], such as the growing
and transporting of animal feed for the livestock [13]. Direct emissions on the other hand,
are those produced on the farm [12], which consist of mainly methane (CH4) from enteric
fermentation [14–18] and manure management [5,13,17]. CH4 being the main contributor
to the carbon footprint (CF) of the end milk product [6]. The breakdown of emissions from
dairy farms, show the largest proportion of emissions from EF contributing to between 32
and 51% [19–22]. CH4 and nitrous oxide (N2O) from manure equated to 13 and 19%, soil
and crops 28 to 29% [19,22], fertiliser 2% to 16% [21], energy 2% [19], and indirect N2O 7%.

Manure from dairy cows equates to around seven to ten percent of emissions from milk
production [23], consisting of mainly CH4 and N2O emissions [1,15]. Manure emissions
are impacted by multiple factors, such as dietary composition, soil when spread on land,
storage and weather conditions, like temperature [3]. Research suggests the main difference
effecting the emissions from manure management systems are the type of storage used and
length of time it is stored. For instance, manure can be stored in liquid or solid systems, also
known as dry systems [24,25], which produce different quantities of CH4 [26]. They are
often stored in different conditions, as solid manure tends to be collected in stockpiles and
decomposes aerobically [26]. By contrast, liquid manure is stored in anaerobic conditions,
an optimum environment for microbes to break down the substance, such as ponds or
lagoons, leading to higher CH4 production [26]. However, N2O emissions are higher when
solid systems or dry manure systems are used [27].

A previous review by Segerkvist et al. [12] on the environmental impacts associated
with cattle, highlighted one of the focal points, as N from fertilisers, likely because fertilisers
are one of the lead causes of N2O emissions in dairy systems [5]. The main components
of fertilisers are N, potassium, and phosphorus, as well as the macronutrients calcium,
magnesium, and sulphur to improve the productivity of the soil [13]. It is important that
the amount of fertiliser used is monitored, as excess use can lead to poor soil quality.
The organic matter in fertilisers absorbs water, meaning that excessive usage can lead to
the oversaturation of soil, leading to poor drainage and the soil becoming waterlogged,
which can even lead to a reduction in micronutrients [28]. Fertilisers can also cause
eutrophication [29], where fertilisers, including manure, leach into water systems and
negatively impact marine life by decreasing the quantity of oxygen in the water [30].
However, in the 2021 Farm Practices Survey (FPS), 62% of English farmers had reported
improving the precision of their N fertiliser application [31].
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To encourage high productivity and limit crop losses, pesticides are commonly used
in agriculture and consist of nematicides, herbicides, fungicides, and insecticides [32].
These agents prevent weeds from growing to decrease competition over the area, as well
as fungi and pests such as insects and rats [32,33]. However, the toxins can also enter
the food chain, from organisms eating the plants and predators eating those animals,
or by leaching into water systems [34,35]. The pesticides can increase in concentration
through biomagnification and lead to long term health problems. These chemicals are also
dangerous to the bee population, as alcohol ethoxylates in fungicides have been linked to
gut damage, weight loss and a 30% fatality rate in the species [36].

GHGe are also produced on-farm from energy used, such as from housing cattle, the
milking process and fuel, which is higher when obtained from fossil fuels [37]. The man-
agement system can impact the emissions generated from energy use, such as purchased
feed transported to the farm has higher emissions than pasture [37]. While housed systems
have the largest energy demand, from feed and housing requirements. In a study in China,
the main energy use consisted of transportation and feed production, responsible for 95%
of energy use [5]. The production of feed being the second largest contributor to GHGe
in livestock, responsible for approximately 41% of emissions from global livestock [27].
In England, increasing energy efficiency was one of the most used strategies to reduce
emissions, by 79% of English farmers surveyed in 2021 [31].

Considering the life cycle of milk production to the farm-gate, transportation has a
minimal impact [38]. Fuel is considered the main cause of carbon dioxide (CO2) emissions
from the agriculture industry, but this accounted for less than 2% of the UK’s emissions in
2019 [39]. In the dairy industry in China, feed transportation accounted for 0.7% of the total
GHGe of the dairy system, having the lowest impact on emissions [5]. The efficiency of ve-
hicles is also improving, so it is presumed that transport emissions will decline in the future,
rather than increase or stabilise [32]. In addition to this, transportation emissions from feed
are often out of the farmers’ control [32], so it is not an easy way to reduce emissions from
the system. However, LCAs past the farm-gate must acknowledge that milk requires refrig-
eration, which contributes to the ozone layer depletion from chlorofluorocarbons (CFCs),
which increase as miles of transportation increase [39]. However, improving transport
routes and expanding the use of low carbon vehicles will reduce transport emissions [39].

GHGe from various constitutes of the farm system are often analysed separately,
using equations such as enteric CH4 from feed and manure emissions; however, farm
simulation models are fitting for holistically evaluating the environmental, economic, and
technical repercussions of changing management methods [3,21]. The models consider
the possible negative consequences of improving one aspect, across the system [40–42], to
avoid compromising the efficiency of the farm [43]. The models are valuable and mostly
used in research for analysing the effectiveness of mitigation schemes [3] and economic
viability [40], to capture the impact on the complete system [44]. Models can also vary in the
level of detail they require and portray [3], to be modified to suit the aim and objectives of
the study. Thus, simulation farm models are the best approach for showing a holistic view
of the operations, considering multiple factors, in addition to the environmental impacts of
the strategies [12,27].

It is important that mitigation strategies are evaluated on the system as a whole to
avoid inaccurate assumptions, as shown in a study using the Holos model, to compare
the whole farm emissions between corn silage and alfalfa/lucerne silage [45]. The model
showed corn silage reduced enteric methane emissions (EME) and CH4 from manure by
6% each, N2O from manure by 17%, soil N2O by 2% and N2O from indirect sources by
5% compared to lucerne silage. However, the lucerne silage had lower CO2 emissions
from energy by 91%, from liming by 168% and the importation of feed by 8%. In total, the
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difference in silage only resulted in 10 kg CO2e less for the lucerne silage, than the corn
silage per cycle. Nonetheless, if the EME were analysed alone, the corn silage diet would
appear to be the most favourable silage to reduce CH4 emissions. Even though enteric
CH4 was the main cause of emissions from the sector, contributing to 46 and 44% of GHGe,
the difference was not the largest between the silages. Fat protein corrected milk (FPCM)
was not significantly different between the silages, but the corn silage diet had a lower CP
content than lucerne, which meant it needed supplementing with soya bean meal (SBM).
The study highlights the importance of an efficient model to ensure the suitability of the
approaches and prevent possible consequences [46].

4. Life Cycle Assessment, Inherent Weaknesses, and Improving Accuracy
There are different types of modelling approaches, such as LCA and inventory-based

models, empirical and statistical models, as well as process-based and mechanistic mod-
els [47]. The LCA model is a well-accepted approach used to analyse the environmental
impact of a product [12,48,49] from the emissions produced, to the resources needed for
manufacturing and waste created. Alternatives to the LCA include an environmental
impact analysis (EIA), which assesses the environmental costs and benefits of a project, to
limit the impact. However, this method is more useful after conducting an LCA, where
a mitigation strategy has been developed and can be fully investigated before implemen-
tation. It is intended for new projects, as an environmental risk assessment, rather than a
project to improve sustainability of an existing entity [50].

An LCA is a popular tool for calculating the CF of livestock [3,51,52], being deemed
one of the leading approaches for reliably evaluating the environmental footprint of the
dairy production system [4,5]. For instance, organisations such as the Food and Agriculture
Organisation of the United Nations (FAO), use a Global Livestock Environmental Assess-
ment Model (GLEAM), based on a LCA approach, which has been used locally and globally,
focussing on the emissions produced from livestock; mainly manure and feed [53]. The
benefits of an LCA are that they can apply different scenarios to a model, to calculate the
impact of the changes on the environment [48,54]. LCAs consider the complete life cycle of
the item by examining the direct and indirect emissions emitted from the process, creating
a holistic overview [55]. It is an important tool for deliberating new policies [48,53–55] by
providing evidence to determine the best strategies for future legislation and goals within
the sector [56].

The LCA approach is highly regarded, following the official International Organisation
for Standardisation methodology, as highlighted in Figure 1 below [2]. The official method-
ology follows four phases: 1. Goal and scope design. 2. Inventory analysis. 3. Impact
analysis. 4. Interpretation of results. The implementation of an LCA can be limited by
the scope of its application designed in stage 1. For example, an LCA can be overgener-
alised, due to a limited scope of application, being determined by the investigator [51].
Project investigators might choose to assess a certain aspect of a product, such as CF,
which lacks evaluation of the whole significant impact of that product, such as biodiver-
sity, the water footprint and/or the N footprint. A review investigated this by analysing
173 peer-reviewed studies on the impact of products on GHGe and global warming [51].
They found climate change was the most popular impact category, evaluated in 96% of the
papers assessed. Other environmental issues were neglected, such as biodiversity, which
was one of the least examined impact categories, with only 3% of the studies including the
topic. Figure 2 shows a selection of impact categories and the percentage of articles in the
meta-analysis that considered them in their study [51].
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Figure 1. The stages of a life cycle assessment methodology, derived from the official International
Organisation for Standardisation methodology [2].

 

Figure 2. The percentage of articles in the meta-analysis by McClelland et al. [51] that reviewed LCA
applications and their focal impact categories.

The length of LCAs can vary [51] starting at “cradle” and often ending at “grave” [53].
But in the agricultural industry, LCAs are also assessed on-farm, from cradle to the farm-
gate, evaluating the emissions of inputs and those generated on-farm. However, emissions
not formed on-farm are sometimes discounted using this method, such as imported feed,
as the emissions are formed off-farm [57]. Studies can fail to consider the cultivation of feed
within their scope, even though whether feed is imported or grown on-farm significantly
impacts the CF of feed [58], as does cultivation through fertiliser and pesticide use [27].
For instance, a previous LCA of feed production did not consider whether the feed was
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imported, where it was imported from and therefore the emissions associated with the
transportation of the feed or impact on the area’s environment and land use [59]. A huge
proportion of animal feed is also imported from abroad; for instance, in 2019, the UK
imported more than two million tonnes of SBM for livestock feed such as swine, poultry,
and cattle [60]. However, the LCA method does allow for import emissions to show an
accurate overview of emissions [61]. The issue resides with the scope design, rather than the
LCA methodology, as poor planning can lead to the neglect of another area or impact [51].
The scope needs to be developed appropriately to gain a holistic view of a product and
to avoid a narrow scope that would negatively impact another area of the environment.
Nevertheless, a benefit of an LCA can be to focus on a particular area, provided further
research on the potential impacts is acknowledged prior to implementation.

There are also multiple sources of imported feed from across the globe, and data on
the difference in the GHGe between supplying countries are limited, which effects the
accuracy of GHGe results [51,56]. The lack of data led to one study using an average
to represent all import emissions, irrelevant of the transport distance, which was not
accounted for [56]. Another consequence of insufficient data can lead to the tweaking
of boundaries for defining terminology [51]. For instance, McClelland et al. [51] aimed
to assess the impact of imported feed against feed grown on-farm but found that a very
restricted number of farms studied were self-sufficient; this would create the baseline for
the data. To overcome this issue, it was decided that studies using less than 10% of imported
feed would be categorised as “self-contained” to form the baseline. However, this instability
in boundaries could lead to errors in the results and cause difficulty between comparisons.

There are various forms of functional units for how GHGe are reported, such as per
hectare of land, per animal, per unit of energy or output produced, such as milk or protein.
It is vital that the functional units used in an LCA are declared and standardised, as they are
not accurately comparable, suggesting different systems or feeds as more environmentally
friendly [45]. For instance, when two forages were compared, corn-silage appeared to result
in higher emissions than lucerne, when measured per kg of CO2 per hectare, but less per
kg of protein. The same can occur in production systems, as they have different aims and
measurement units, with housed systems aiming for high efficiency, favouring large milk
yield (MY) per cow and per area. The large production often leads to a tendency for housed
systems to use GHGe per unit of milk produced, as a more optimal unit for representing
the systems GHGe as low. By contrast, pasture-based systems often have a preference for
smaller cattle, leading to lower MY and efficiency [11]. Thus, pasture-based tend to favour
high MY per hectare of land, presenting GHGe per hectare of land, as the area tends to be
larger to stretch the GHGe to appear lower [37]. The unit GHGe per hectare of land also
lacks consideration for the milk output of cattle. It is beneficial to base functional units on
production, to improve efficiency and measure GHGe based on the output of the farm.

Farming is a career and source of income for those in the industry, making the costs and
profit of different systems and mitigation strategies a key factor in decision-making [13,62].
Strategies that have not been thoroughly evaluated to show a profitability return after invest-
ment are unlikely to be implemented on-farm [62]. Nevertheless, there are a limited number
of LCA studies evaluating the economic factors of dairy production systems [12,37,63]. Not
only are the economics important, but it is critical to include economic, environmental,
and social aspects to holistically assess the sustainability of a product [12]. Yet, LCAs
generally lack inclusion and analysis of the social or economic properties of a product [2]
and very few LCAs have assessed both emissions of the dairy system, milk production,
and profits [64]

Significant trade-offs have also been identified, when both the environmental and
economic implications of systems have been assessed. For example, grass-based systems in
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Pennsylvania showed larger profits, but higher emissions per milk produced than housed
systems [37]. Researchers have highlighted the need for LCA studies to incorporate the
economic costs of different production systems, as well as emissions, to aid policy [65].
The vital research can inform the government of the required subsidies to make changes
in practices and limit emissions. Without this research, policymakers would not have the
knowledge to financially assist the industry reach the required emission targets, creating a
huge barrier between decision makers and farmers.

Models allow the input of data to fit individual farms and assess mitigation strategies,
which are more accurate than using a universal mitigation approach, which would not
represent all farms given the large variety in production systems [66]. Tailored strategies
are more valuable than universal mitigation strategies, that are implemented nationally [1].
Models offer a cost-effective process for evaluating emissions, rather than directly measur-
ing GHGe. Therefore, predicting emissions is the preferred method, but must be accurate
to be beneficial, as simulation models are used both in government, to deliberate new
approaches to reduce emissions, and on-farm [6]. Models are also a useful tool to show
farmers how the mitigation schemes work, as they are straightforward for farmers to un-
derstand, being used at a familiar agricultural level. They can therefore be used to convince
farmers to apply the suggested strategies on-farm [41,42].

LCAs, and inventory-based models tend to be based on emission factors, standard val-
ues, or empirical models to calculate emissions from each component, which are useful for
building national inventories and large models [47]. Conversely, empirical, and statistical
models are apt for experiments assessing mitigation measures, determining the deviation
in emissions and for emission calculators at the farm level that need little input measures.
Models that are based on a whole farm level, can evaluate several mitigation strategies
at one time and the longitudinal effect of climate change. Ouatahar et al. [47] created
a decision tree based on set objectives to aid the decision-making process of choosing a
modelling approach, which showed whole farm models (WFMs) to be the desired approach
for evaluating different mitigation strategies at the farm scale.

5. Existing Whole Farm Simulation Models
Yet, the majority of current whole farm simulation models (WFMs) used to predict

GHGe from dairy and other livestock across the world are based on generalised emission
factors, as seen in Table 1 below, from cradle to farm-gate [40]. Current WFMs lack
consideration for the level of uncertainty associated with the emission factors used [41].
The IPCC Guidelines are the most representable containing steady values for creating a
nation-wide GHG record and comparing emissions internationally [40]. There are multiple
tiers in the IPCC guidelines for calculating the GHGe of the agricultural industry, to allow
the option of including more detail if available [40], from Tier 1 to Tier 3, with Tier 2
being the most used strategy [67]. The Tier 1 methodology is the simplest form, to allow
estimation of emissions with little needed inputs, to allow ease of use. The calculation of
emissions can be conducted with a minimum input of the number of livestock on-farm.
Tier 2 is an enhanced version of Tier 1, where additional inputs are required, such as
type of livestock, manure management, diet and production system used. However, the
methodology has been criticised as it lacks consideration for variations in farms, such
as the type of location and management system [40]. But, if sufficient detail is available,
IPCC also offers a Tier 3 approach, which is the most advanced of the methodologies,
requiring the manure and enteric CH4 calculation methodologies, dietary information
and the calculations used for energy requirements [67]. The methodology incorporates
country-specific data to accurately predict emissions for the region, but data are needed for
this function.
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Table 1. List of worldwide simulation models used to examine the environmental impact of livestock and the areas they cover, adapted from Schils, Olesen et al.
(2007) [41]. CH4 = methane, CO2 = carbon dioxide, N2O = nitrous oxide, CS = carbon sequestration, AW = animal welfare, EME = enteric methane emissions,
H2 = hydrogen, VFA = volatile fatty acids, OMD = organic matter digestibility, N = nitrogen, DM/DMI = dry matter/intake, CP = crude protein, vs. = volatile solids.

Model
Name Animal CH4 CO2 N2O CS

NH3
and
NO3

Economics AW Biodiversity EME
Measurement

Manure
Measurement Country Reference

DairyWise Dairy ✓ ✓ ✓ ✓ ✓
CH4 EF × DMI

(Schils et al., 2006)
and updated [68]

Emission factor Netherlands
Schils, De Haan

et al. [42];
Bannink
et al. [68]

FarmGHG Dairy ✓ ✓ ✓ ✓
Kirchgessner et al.

(1995) cited in
[69,70]

IPCC Tier 2 Europe Olesen et al.
[69,70]

SIMS
Dairy Dairy ✓ ✓ ✓ ✓ ✓ ✓ ✓

Giger-Reverdin
et al. (2003) cited

in [71]

IPCC and
Chadwick and
Pain (1997) and
Yamulki et al.

(1999) cited in [71]

UK Del Prado
et al. [71]

DairyGEM Dairy ✓ ✓ ✓ ✓ Mills (2003) cited
in [72]

IPCC (2006) Tier 2
and Sommer

(2004) cited in [72]
USA Rotz et al. [72]

Holos Dairy ✓ ✓ ✓ ✓ ✓ ✓ IPCC IPCC Canada Mc Geough
et al. [19]

WFM Dairy ✓ H2 balance and
VFA profile

Estimates OMD
and N excretion,
not N2O or CH4

from manure
New Zealand

Beukes et al. [57];
Beukes,

Gregorini and
Romera [73]

The GHG
model Dairy ✓ ✓ ✓ ✓ ✓

(Mills et al., 2003;
IPCC, 2006) cited

in [21]
Emission factors Ireland O’Brien et al. [21]

Dairy Tier
3 Dairy ✓ ✓

Rumen H2 based
on VFA

stoichiometry
IPCC Tier 2 Netherlands

Bannink, van
Schijndel and
Dijkstra [68];

Dijkstra et al. [74]

NorFor Dairy ✓ ✓ ✓ ✓ Nielsen et al. [75] Sweden/Denmark Nielsen et al. [75]
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Table 1. Cont.

Model
Name Animal CH4 CO2 N2O CS

NH3
and
NO3

Economics AW Biodiversity EME
Measurement

Manure
Measurement Country Reference

D-GAF Dairy ✓ ✓ ✓

Livestock
numbers, DMI,

DM digestibility,
milk metabolic
rate increase,
liveweight,

liveweight gain
and milk

production

VS, DM
digestibility,

emission potential
(0.24), ash content,

methane
conversion factor

Australia

The Primary
Industries
Climate

Challenges
Centre

(PICCC) [76]

D-GAS Dairy ✓ ✓ ✓
Based on DM,

DM Digestibility
and CP

Emissions factor Australia Dairy
Australia [77]

HolosNor Dairy
and Beef ✓ ✓ ✓ ✓

IPCC (2006) Tier 2
and digestibility
of the diet [67]

IPCC (2006) [67] Norway Bonesmo
et al. [78]

Integrated
Farm

System
Model
(IFSM)

Dairy
and Beef ✓ ✓ ✓ ✓ ✓ Mills 2003 cited in

[79,80]

IPCC 2006 Tier 2
[67] and Sommer

(2004) cited in
[79,80]

USA Rotz et al. [79,80]

FarmSim Cattle ✓ ✓ ✓ ✓ ✓ IPCC Tier 1 and 2 IPCC Tier 2 France Schils, Olesen
et al. [41]

Grange
Dairy Beef

Systems
Model

Cattle ✓ ✓ ✓ ✓ Based on real
measurements

Ashfield,
Crosson and
Wallace [81]

BEEFGEM Beef ✓ ✓ ✓ ✓ ✓ IPCC (2006) [67]
Husted (1994),

Chadwick (2000)
and Oenema

(1997) cited in [82]
Ireland Foley et al. [82]

Karoline Beef ✓

Rumen H2, VFA
stoichiometry,

CH4 formation in
hind gut

manure N and P
output

Denmark/Sweden,
and Finland Danfær et al. [83]
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Table 1. Cont.

Model
Name Animal CH4 CO2 N2O CS

NH3
and
NO3

Economics AW Biodiversity EME
Measurement

Manure
Measurement Country Reference

Hoofprint Sheep
and beef ✓ ✓ ✓ ✓ ✓

Energy
intake × number

of animals

Energy
intake × number

of animals
New Zealand Sise et al. [84]

OVERSEER Ruminants ✓ ✓ ✓ NO3

EF (21.6 g CH4
kg−1

DMI) × animal
intake (IPCC,

2006) [67]

NZ inventory EF
and IPCC Tier

2 [67]
New Zealand Wheeler

et al. [85]

CAPRI
Ruminants
and non-
ruminants

✓ ✓ ✓ Data Coefficients EU Kesting and
Witzke [86]

FarmAC
Ruminants
and non-
ruminants

✓ ✓ ✓ ✓ ✓ Not specified Not specified Denmark FarmAC [87]

GLEAM
Ruminants
and non-
ruminants

✓ ✓ ✓ IPCC Tier 2 [67] IPCC Tier 2 [67] - Gerber et al. [88]

REPRO
Ruminants
and non-
ruminants

✓ ✓ ✓
Aim for
future

module
IPCC—conversion

factors [67] IPCC [67] Germany
Küstermann,

Kainz and
Hülsbergen [89]

Cool Farm
Tool

Various
livestock ✓ ✓ ✓ ✓ ✓ IPCC and FCR IPCC Tier 2 - Hillier et al. [90]

Valio
Carbo®

Farm
calculator

Various
livestock ✓ ✓ ✓ ✓

(Ramin and
Huhtanen, 2013)

cited in [91]

Sommer et al.
(2004), (Elsgaad
(2016), Petersen

(2016), IPCC
(2006) [67] and
(Gronroos et al.

2017) cited in [91]

Finland Valio [91]

INRA
method

Various
livestock

Sauvant and
Nozière (2016)

cited in [92]

IPCC Tier 2 [67]
and Eugene

2019 [93]
France Eugène et al. [93]

GAS-EM Various
livestock ✓ ✓ ✓ Kirchgessner et al.

(1994) cited in [3] IPCC Tier 2 [67] Germany Vibart et al. [3]
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Table 1. Cont.

Model
Name Animal CH4 CO2 N2O CS

NH3
and
NO3

Economics AW Biodiversity EME
Measurement

Manure
Measurement Country Reference

Arla Global
Climate
Check

Carbon tool

Various
livestock ✓ ✓ IPCC 2006 [67] IPCC 2006 [67] Sweden/Denmark/

Germany/UK
Vibart et al. [3];

Arla [92]

Farmscoper Various
livestock ✓ ✓ ✓ ✓ ✓ ✓ ✓ IPCC 1996 cited

in [94]
IPCC Tier 2 (1996)

cited in [94] UK Gooday et al. [94]

Agrecalc Various
livestock ✓ ✓ ✓ ✓ ✓ IPCC 2006

Tier 2 [67] IPCC Tier 2 [67] UK Agrecalc [95]

Sustainability
Digital

Platform—in
develop-

ment

Various
livestock ✓ NUE ✓ ✓ ✓ - - - Teagasc [96]

The
Ruminant

Farm
Systems
Model

(RuFaS)

Dairy ✓ ✓ ✓ ✓ ✓

Choice of three:
(1) Niu et al. [97]

(2) Mills et al.,
Mitsherlich Model
3 cited in [98], or

(3) the IPCC Tier 2
model [67]

Based on animal
and dietary

characteristics
and IPCC Tier

2 [67]

USA Hansen et al. [98]

DairyMod Dairy ✓ Australia Johnson
et al. [99]

DyNoFlo Dairy ✓ ✓

Estimates manure
N excretion using
milk production

from milking
cows and book
values for dry

cows, heifers, and
steers.

USA—Florida Cabrera
et al. [100]
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The IPCC methodology is very popular in existing models, such as Holos [19], Holos-
Nor [78], FarmSIM [41], OVERSEER [85], GLEAM [88], REPRO [89], Cool Farm Tool [90],
Arla Global Climate Check Carbon tool [3,92], Farmscoper [94] and Agrecalc [95]. The IPCC
methodology is also programmed into models as an optional methodology for either pre-
dicting manure, enteric emissions or both, similar to the GHG model [21], DairyWise [41],
DairyGEM [72], SIMSDAIRY [71], Integrated Farm System Model [101], Valio Carbo® Farm
calculator [90], GAS-EM [3], the INRA method [102], FarmGHG [69,70], Dairy Tier 3 [68,74]
and BEEFGEM [82].

Nevertheless, the IPCC methodology is flawed, as the approach is deficient in informa-
tion to compare emissions between management systems and farms across the tiers [40,47].
The methodology was built for use as a national inventory and not to be used as a tool
to predict an individual farm’s emissions and evaluate mitigation strategies [47]. The
approach also does not differentiate between imported and locally sourced feed, presuming
a mixture of the two, which might not accurately reflect or compare farm emissions [40].
WFMs are used to overcome these issues, as inputs and emissions can be adjusted as
needed to accurately reflect the individual farm and their emissions. A method that incor-
porates the complete system is needed to precisely evaluate the GHGe of the agricultural
system [47].

Yet, existing models mostly neglect to examine the economics of different mitigation
strategies, due to limited data on costs and investments [102]. From the worldwide models
highlighted in Table 1, economic inclusion was 32% of the models and the CS component
was 29%. Production costs significantly influence decision-making; therefore, if profitable,
economic inclusion could encourage low emission strategies and their uptake [101]. Ex-
isting simulation models also do not tend to include a CS component. Out of 31 WFMs
found in the literature, only eight included CS, namely: Farm Sim [41], Hoofprint [84],
The GHG Model [21], Holos [12], AgreCalc [95], Farmscoper [94], the Valio Carbo® Farm
calculator [91], and FarmAC [87]. Teagasc have developed a Sustainability Digital Plat-
form AgNav [96]. Agnav has been developed in collaboration with Teagasc, the Irish
Cattle Breeding Federation (ICBF) and Bord Bia. Agnav has been piloted on farmers,
which began in March 2023, and is limited to farmers taking part in the Signpost advisory
programme [103]. Teagasc aim to incorporate CS and biodiversity into the tool in the
future [96,104].

6. Conclusions and Future Directions
Farm simulation models are vital for evaluating mitigation strategies to reduce the

environmental footprints of farms. Their application presents a cost-effective and time-
saving measure to assess environmental impacts, whilst minimising negative trade-offs.
Embedding LCA frameworks are well applied and integral to evaluating the variety of
impacts from ‘cradle’ to ‘farm gate’ [54,57]. Thus, LCA framework-based farm simulation
models are currently the best approach for evaluating mitigation solutions to dairy farms.
Our review has examined findings from existing studies on life cycle assessment to provide
an up-to-date assessment of how such reporting and evaluative measures are applied in the
dairy system, as shown in Table 2. Though many of the LCAs and their application have
been implemented in Global North contexts, i.e., in the UK, North America, and Europe;
these findings also have implications for countries in the Global South that may explore
applying similar frameworks to their dairy systems.



Land 2025, 14, 1207 14 of 20

Table 2. Mitigation measures to offset LCA application limitations.

Limitation Issue Mitigation Measure Outcomes

Investigator
guidance during

scope design

Unholistic scope
design

Can lead to
trade-offs and

negative impacts

Collaborating with key
parties, e.g., ecologists,

and the local community
and engaging in

knowledge exchange

Allows knowledge
exchange between
various parties to
consider multiple
aspects and limit

possible trade-offs.

Lacking
comparability

Multiple units and
insufficient

information to
compare

management systems

Investigate the
functional units to

ensure the choice does
not bias the result

towards one system.
Basing the unit on

production efficiency.

A universal functional
unit, to allow easy

comparison between
farms and outputs.

Based on production
efficiency to encourage

high efficiency and large
profits and a

manageable level
to calculate.

LCA length
lacks inclusion of all

inputs, e.g.,
Imported feed

Length needs to ensure
all emissions are

included and total is not
skewed or underestimat-

ing emissions.

If time-scale is an issue
then a larger study

should be planned with
the aim of completion in

the future to show a
more holistic view. With

the limitations of the
current study

clearly highlighted.

Bias towards
environmental
sustainability

LCAs of dairy farms
often lack

consideration for
social and economic

impacts, when
economics can have
a large influence on

decision-making.

Consider sustainability
holistically, by including

social and economic
impacts when possible
to be more inclusive.

A holistically approach
to ensure there are

no-trade offs between
environmental,

economic and social
sustainability, that

would impact feasibility
in real life.

Policy guidance Lack of data

Can lead to the
tweaking of

boundaries, e.g.,
self-sufficiency and

more
generalised data.

DEFRA to provide
anonymised

country-specific data for
researchers and to

collaborate.
Policymakers and

Government to
incentivise farmers to

measure their
environmental impact

via farm calculator tools,
implement a
biodiversity

management plan and
encourage surveying the
biodiversity of the farm.

A higher volume of
farms measuring their

emissions and
biodiversity on-farm to
collate large datasets for

country-specific data.
Baseline data for

countries, farm types
and sizes to have

tailored data for specific
farms. Overcoming the
issues of the limitations

of IPCC tier 1.

The functional unit chosen for presenting the GHGe of the farm, also need to consider
the milk output of cattle. By basing the unit on production values, such as milk output,
the farmer is encouraged to improve production efficiency to meet required milk demands
with a growing population, demand, and nutrients. The output is also more favourable to
the farmer, as higher production encourages larger profits [62], a key variable in decision-
making [13,62]. The GHGe are then based on the efficiency, such as the production per the
number of cattle and GHGe, rather than the amount of land the farmer has and allows
the farmer to estimate GHGe per herd, rather than at an individual level, which can be
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more time consuming and complex. Research into selecting a universal unit will improve
comparability between farms and studies. The LCA length also needs to cover all essential
contributors and avoid underestimating emissions, such as those from imported feed.
Funding and timescales can be an issue to facilitate this; however, a full scope should
be devised which shows the full breadth of the topic and can be built upon with future
research to ensure that the limitations of a partial LCA are fully recognised in the work to
readers and for the application of the outputs.

LCAs are implemented to investigate the overall sustainability of a process or product,
including environmental, economic, and social impacts. However, environmental sustain-
ability often dominates LCAs meaning economic and social impacts, including cultural
and ethical considerations are missed or simplified. It is important that these variables are
incorporated to limit trade-offs between them, as an environmentally friendly strategy may
be too expensive to feasibly implement. A holistic scope that includes these factors would
limit possible trade-offs. There is a lack of data to conduct thorough LCAs of dairy farms,
which leads to simplistic LCAs and the exclusion of multiple variables, such as variations
in farms, type of location and management system [40]. In previous LCA analysing the
environmental impact of dairy farms, this has led to the tweaking of definitions, such as
what constitutes as “self-sufficient” [51]. The relaxation of boundaries and lack of tailored
data to individual farms can significantly impact the GHGe reported, leading to misleading
and inaccurate results.

To overcome this issue, there needs to be changes in policy to incentivise measuring
the environmental footprints on-farm, in addition to biodiversity management plans to
increase the data available. DEFRA could then collate the anonymised data and collaborate
with researchers to provide country-specific data to tailor results to individual farms.
The increase in data availability would allow for researchers to create country-specific
and management style averages to show whether farms are performing below or above
average for their location and type. Collaboration with key parties is crucial to facilitate
knowledge exchange of multiple aspects and develop a holistic scope, void of negative
trade-offs. Collaborators include farmers, to gain practical knowledge, such as feasibility,
ecologists to provide biodiversity and conservation knowledge, an economist to assist
with the economics and environmentalists to provide information on GHGe. Researchers
using these mitigation strategies to guide their goal and scope design will then allow
policymakers to confidently use their research outputs when implementing strategies and
incentives to improve the sustainability of dairy farms.
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