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Abstract: Milk production in Europe is facing major challenges to ensure its economic, environmental,
and social sustainability. It is essential that holistic concepts are developed to ensure the future
sustainability of the sector and to assist farmers and stakeholders in making knowledge-based
decisions. In this study, integrated sustainability assessment by means of whole-farm modelling
is presented as a valuable approach for identifying factors and mechanisms that could be used
to improve the three pillars (3Ps) of sustainability in the context of an increasing awareness of
economic profitability, social well-being, and environmental impacts of dairy production systems
(DPS). This work aims (i) to create an evaluation framework that enables quantitative analysis of
the level of integration of 3P sustainability indicators in whole-farm models and (ii) to test this
method. Therefore, an evaluation framework consisting of 35 indicators distributed across the 3Ps
of sustainability was used to evaluate three whole-farm models. Overall, the models integrated at
least 40% of the proposed indicators. Different results were obtained for each sustainability pillar
by each evaluated model. Higher scores were obtained for the environmental pillar, followed by
the economic and the social pillars. In conclusion, this evaluation framework was found to be an
effective tool that allows potential users to choose among whole-farm models depending on their
needs. Pathways for further model development that may be used to integrate the 3P sustainability
assessment of DPS in a more complete and detailed way were identified.
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1. Introduction
The global demand for livestock products is expected to increase by up to 70% by
2050 [1]. In this context, dairy production systems (DPS) constitute an essential backbone
of European agriculture, producing high-quality protein products that are key for our diets
by means of fibrous feed resources that cannot be directly utilized by humans or converted
to human food by monogastric animals [2,3]. Products derived from this sector (mainly
milk and its derivatives) represent the largest animal product category in the European
Union (EU) [4]. The high level of production linked to the increasing demand for these
products by EU citizens [5] highlights the importance of this sector from economic, social,
and environmental points of view. In addition, the livestock sector, and in particular
the DPS, is a potential contributor within the framework of the circular economy [6,7].
Livestock are resource recyclers by nature, but the conditions under which livestock can
enhance circularity and play a decisive role in the development of more sustainable farming
systems need to be defined. The circular bioeconomy requires a switch from maximizing
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single products and single process efficiency to having a comprehensive focus on the use
of resources within the whole food system and the integration of production systems in
territories and food chains [8,9].
In previous decades, multiple initiatives aimed at expanding existing knowledge on
livestock system sustainability assessments have arisen on different geographical scales.
The Global Research Alliance (GRA) aims to reduce the emission intensity of livestock
production systems by optimizing food production [10,11]. In addition, through the guidelines for Sustainability Assessment of Food and Agricultural Systems (SAFA), the Food and
Agriculture Organization of the United Nations (FAO) has developed a framework that
could serve as a holistic tool for the assessment of sustainability in food and agriculture
value chains [12,13]. At the European scale, the Modelling European Agriculture with Climate Change and Food Security initiative (MACSUR) highlights the existence of different
sustainability assessment models in the context of livestock and agriculture, enhancing the
integration between them [14,15]. Created under the framework of the EU Joint Programming Initiative for Agriculture, Climate Change, and Food Security, MACSUR also aims to
analyze the contributions of these models in terms of coping with climate change in the EU
by, for example, using integrated modelling in the animal production sector.
There is an urgent demand for identification and quantitative assessment of win–win
(synergy) or second-best (trade-off) solutions by improving knowledge of the systemic
relationships in such complex systems [16]. The ability to account for interactions among
livestock systems, the environment, and on-farm management decisions makes integrated
modelling an appropriate approach when assessing sustainability in DPS [17]. Application
of this integrated approach has been described as indispensable for understanding the
different interacting subsystems inside a farm [18]. When integrating aspects using the
3Ps of sustainability, it is necessary to identify, describe, and analyze the different external
factors, both positive and negative, associated with livestock activity [19]. For instance,
the generation of employment throughout the production chain and the production of
high-quality protein products for consumption in less developed areas are considered
positive effects of livestock that are related to all three pillars of sustainability [20]. In
contrast, the negative external factors associated with sustainability derived from livestock
activities are mainly due to their contributions to greenhouse gas (GHG) and nitrogen
(N) emissions and the use of natural resources [21,22]. In the process of identification,
analysis, and evaluation of these sustainability aspects, farm-level assessment tools are
highly valuable for researchers, practitioners, and farmers [23,24]. In this context, wholefarm models are presented as appropriate tools to encompass individual farm processes
through a complete and integrated dairy system assessment [25]. These tools allow the
quantification of socioeconomic and biophysical farm processes in order to achieve concrete
management objectives according to specific farm situations [26].
Whole-farm integrated sustainability modelling requires clear identification of both
the inputs of the system and the outputs derived from the livestock activity itself. An ideal
whole-farm model should be able to integrate attributes of the three pillars of sustainability
as well as represent existing synergies and trade-offs between them [27]. It is essential that
holistic concepts are developed to ensure the sustainable economic, environmental, and
social development of DPS. By integrating economic, social, and environmental sustainability indicators into the assessment, synergies, and trade-offs of economic costs, social and
environmental impacts can be quantified, leading the sector on a more socioeconomically
and environmentally sustainable path. To date, a wide variety of whole-farm sustainability
assessment tools with different objectives have been developed [28]. However, limited
attention has been paid to the evaluation processes associated with these tools, resulting in
a lack of guidance when deciding which tool should be used [29].
The sustainability of agricultural production has moved to the forefront of public
concern and the political agenda [30,31]. The use of an integrated approach when evaluating the sustainability of DPS has been described as a very effective method to satisfy the
economic needs of farmers, the well-being of society, and the environmental conditions in
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which livestock activity takes place [32,33]. In this context, the use of a common framework
for evaluating the suitability of models to assess 3P sustainability in DPS allows clear
boundaries on what a balanced model should analyze to be established, enabling informed
selection of which model to use.
For these reasons, the aim of this paper is to establish and test a framework that can be
used to evaluate the suitability of models to assess 3P sustainability in DPS. This method
allows the different aspects of tools related to the 3Ps of sustainability to be investigated
and the level of completeness with which the proposed indicators are integrated to be
assessed, facilitating the selection of the tool that best fits the needs of the users.
2. Materials and Methods
2.1. Evaluation Framework
An in-depth analysis was carried out with the objective of identifying the number and
typologies of the sustainability indicators used in the existing literature. For this purpose,
a literature search was carried out using the Scopus database. Papers including the terms
“sustainability indicators” and “livestock farming” in the title, abstract, or keywords were
considered. The search was carried out in December 2020.
As a primary output, 21 references were identified, from 3 papers (Table 1) for which
the following criteria applied: (i) only articles published in English-language peer-reviewed
journals were selected; (ii) the papers should include indicators of the three pillars of
sustainability (economic, social, and environmental); and (iii) the context of application of
the indicators included in these papers is focused on the dairy industry (both dairy cattle
and sheep). Papers whose scope was not directly related to the sustainability of DPS as a
whole (e.g., sustainability of cropping systems only) were excluded from this analysis.
Table 1. Final literature review output for the indicator compilation.
Reference

Journal

Publication Year

DOI

[34]

Sustainability
Agronomy for
Sustainable
Development
Agricultural Systems

2017

10.3390/su9091615

2013

10.1007/s13593-012-0121-x

2011

10.1016/j.agsy.2011.10.003

[35]
[36]

A list of 35 indicators was derived from the three selected papers (Table 2): 11 within
the economic pillar, 7 within the social pillar, and 17 within the environmental pillar. The
economic pillar indicators included aspects associated with profitability, autonomy, farm
diversification, and durability. Social sustainability was represented by indicators related
to education, working conditions, quality of life, and ecosystem services. Environmental
sustainability incorporated indicators related to farm management, greenhouse gases and
reactive nitrogen emissions, and soil/water quality.
Table 2. List of the indicators for the 3Ps of sustainability used for the evaluation framework.
Sustainability Pillar

Attribute

Indicator

Economic (n = 11)

Profitability

Net farm income
Land productivity
Animal productivity
Feed efficiency
Economic self-sufficiency
Feed self-sufficiency
Food production
Economic diversification
Nonfood earnings
Added value products
Succession and transmissibility

Autonomy
Farm diversification

Durability
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Table 2. Cont.
Sustainability Pillar

Attribute

Indicator

Social (n = 7)

Working conditions

Work balance
Labor efficiency
Job satisfaction and personal
development
Animal welfare
Environmental conservation
Landscape maintenance
Ecosystem regulation
Land use
Erosion
Energy use
Water use
Pesticide use
NH3 emissions
NOX emissions
CH4 enteric fermentation
CH4 manure
N2 O soils
N2 O manure
CO2 fossil fuels
Nutrient cycling
Acidification processes
Eutrophication processes
Water balance
Soil quality

Quality of life
Ecosystem services

Environmental (n = 17)

Farm management

Reactive nitrogen (Nr )
Greenhouse gases

Soil/water quality

2.2. Model Selection and Description
Among the wide variety of farm-level sustainability assessment tools available, wholefarm models represent one of the most frequently used typologies to quantify the sustainability of farms. In order to identify whole-farm models that can be used to test
the proposed evaluation framework, a literature search was carried out using the Scopus database. We searched for the presence of the terms “dairy farm”, “model*”, and
“sustainability” in the title, abstract, or keywords. The literature search took place in
December 2020.
As a primary output, 105 references were identified, from which 3 different models
(Table 3) containing the following criteria were selected: (i) published in English-language
peer-reviewed journals; (ii) specialized models dealing with DPS; (iii) clearly defined
boundaries (whole-farm) in the models; and (iv) integration of all 3Ps of sustainability
(environmental, economic, and social).
Table 3. Final literature review output for the identification of models to be tested.
Model

Full Name

SIMSDAIRY

Sustainable and
Integrated
Management
Systems for Dairy
Production

GAMEDE

Global Activity
Model for
Evaluation of the
Sustainability of
Dairy Enterprises

References

[37,38]

[39,40]

Origin

Data
Requirements

Main Outputs

United Kingdom
and Spain

Herd
characteristics, diet
composition, farm
management,
biophysical
characteristics

Nutrient flows, GHG
emissions, herd performance,
socioeconomic sustainability
and animal welfare and ES

France

Herd
characteristics, diet
composition, farm
management and
biophysical
characteristics

Nitrogen dynamics, forage
and herd performance, and
work requirements
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Table 3. Cont.
Model

Full Name

References

WLGP

Weighted Linear
Goal Programming
Model for Dairy
Farms

[41,42]

Origin

Data
Requirements

Main Outputs

The Netherlands

Herd
characteristics, diet
composition, farm
management, and
socio-economic
performance

Nutrient flows, GHG
emissions, economic
performance, working
conditions, animal welfare
and ES

2.2.1. SIMSDAIRY
The Sustainable and Integrated Management Systems for Dairy Production, or SIMSDAIRY ,
is a modelling framework that integrates the fundamental aspects of the management of a
whole farm within an interrelated system [36]. SIMSDAIRY is able to analyze the different
interactions among farm management, genetics, climatic conditions, and environmental characteristics on a monthly basis and check the effects of these on GHG emissions,
economic factors, and nutrient flows, as well as other sustainability attributes such as
biodiversity, animal welfare, milk quality, and soil quality.
Originally developed for the framework of the United Kingdom (UK), SIMSDAIRY has
proven its suitability for modelling the integrated sustainability of different production
systems (organic, conventional, etc.). The semimechanistic approach used by SIMSDAIRY
allows for the simulation of environmental pollution losses with an assessment of financial
and socioeconomic sustainability. In addition, SIMSDAIRY is able to simulate the tradeoffs and synergies between the different components of the model, thus optimizing the
management practices to achieve more sustainable livestock activity.
2.2.2. GAMEDE
The Global Activity Model for Evaluating the Sustainability of Dairy Enterprises, or
GAMEDE, is a modelling approach that aims to represent dynamic livestock systems [39].
This whole-farm scale model aims to assess the consequences of a farmer’s daily management decisions on whole-farm sustainability on an annual basis (intra-annual variability
is also described). GAMEDE is a hybrid model that incorporates mutually dependent
variables, thus representing the state of the livestock system at all times. Developed in a
temperate climate context, GAMEDE is presented as a model that is potentially applicable
to any other geoclimatic context.
Composed of more than 26,000 variables, GAMEDE was designed as a stock-flow
model aimed at representing the operation and management of a farm and its effects on
technical-economic viability, respect for the environment, and social livability. By quantifying the existing interactions in such a complex system, the user can better understand the
processes regulating the nitrogen dynamics within the farm and the factors determining
farmers’ decisions and practices [40].
2.2.3. WLGP
The Weighted Goal Linear Programming-model (WGLP) for dairy farms is a sustainability assessment tool that integrates the economic, social, and environmental sustainability aspects of a dairy farm [41]. This whole-farm model analyzes the interrelations between
the biophysical, economic, and social processes (internal and external) of a dairy farm. Designed for Dutch milk production systems, the model aims to analyze the sustainability of
DPS from the perspective of individual aspects related to each sustainability pillar or from
an integrated perspective, taking into account the preferences of potential stakeholders.
This model integrates a multiattribute function that allows the sustainability of the
different production systems analyzed to be maximized. In this way, the model is not
only able to identify the impact of different management practices, but it can also identify
existing synergies and trade-offs. The indicators for each of the pillars were selected by
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potential users (stakeholders) according to their importance, feasibility, and sensitivity.
This facilitates the integration of these indicators in an ad hoc general analysis for each
production system.
2.3. Model Evaluation
The evaluation of the tools was carried out following a threefold approach. First, each
model was evaluated by identifying the indicators included in the evaluation framework.
The presence or absence of an indicator in the model was indicated in a binary manner
(using 0 for absence and 1 for presence).
In a second step, the percentage of indicators included in each model for each sustainability pillar from all established indicators for the related pillar was calculated using the
following Equation (1):
!
Npillar
%I pillar =
× 100 ,
(1)
Tpillar
where %I is the percentage of indicators included in the model for each pillar (economic =
econ, social = soc, and environmental = env), N is the number of indicators considered by
the model for each pillar, and T is the total number of indicators for each pillar. All scores
are given as a % over the total number of indicators assessed for each case.
In a third step, the Integrated Sustainability Score (ISscore ) was calculated. This score
was used to evaluate the global percentage with which the models integrated the sustainability indicators proposed by the evaluation framework taking into account the average
values of indicators included for each pillar. For this purpose, the following Equation (2)
was used:
 
 
 
 
Necon
Nsoc
Nenv
Tecon × 100 + Tsoc × 100 + Tenv × 100
,
(2)
ISscore = 
3
where ISscore represents the Integrated Sustainability Score.
3. Results and Discussion
3.1. Economic Sustainability
The economic sustainability of a farm can be defined as its long-term viability [43]. By
integrating farm profitability, autonomy, diversification capacity, and durability, models can
represent economic sustainability. The SIMSDAIRY and GAMEDE models integrated equal
percentages of economic indicators (62%), while a lower number of indicators was observed
in the WLGP model (39%) (Figure 1). Although aspects related to farm profitability, such
as “net farm income”, “land productivity”, “animal efficiency”, and “feed efficiency”, are
assessed by all three models, a lack of detail has been identified when integrating farm
diversification into the modelling schemes. In this context, future model developments
should incorporate different approaches to quantify “nonfood earnings” and “economic
diversification” as descriptors of farm autonomy.
In a scenario where multifunctionality plays an increasingly important role, capturing
the economic diversification of a farm can help to represent the different externalities
derived from farming activities [44,45]. Identifying, analyzing, and integrating economic
returns associated with livestock activity but not directly related to it, such as educational/pedagogical activities, agritourism, and other “nonfood earnings”, has a positive
effect on the level of detail with which the economic sustainability is assessed. Furthermore,
consideration of the milk quality and enhanced nutritional composition of the products
(e.g., unsaturated fatty acids) would potentially increase the accuracy with which the
models assess “product diversification” and “added-value products” [37,46,47]. Similarly,
the use of by-products in the composition of animal feed, energy generation, or fertilizers
significantly contributes to farm autonomy by enhancing the “feed self-sufficiency” and
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significantly contributes to farm autonomy by enhancing the “feed self-sufficiency” and
“economic self-sufficiency” levels while fostering the carbon and nutrient circularity of
the farm [48–50].
“economic
self-sufficiency” levels while fostering the carbon and nutrient circularity of the
farm [48–50].
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Figure 1.
1. Individual
Individual scores
scores obtained
obtained for
for each
each of
of the
the pillars
pillars of
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sustainability by
by the
the models
models included
included
in
the
evaluation.
in the evaluation.

Modelling the durability of a farm based on its capacity for “succession and transmisModelling the durability of a farm based on its capacity for “succession and transsibility” is a major topic that has been addressed by a large number of papers [51–53]. None
missibility” is a major topic that has been addressed by a large number of papers [51–53].
of the models evaluated incorporate this aspect in their modelling schemes. Due to both
None of the models evaluated incorporate this aspect in their modelling schemes. Due to
the complex assessment process (long-term farm dynamics) and the lack of a consolidated
both the complex assessment process (long-term farm dynamics) and the lack of a consolevaluation framework, simplified approaches are needed to capture these aspects [54].
idated evaluation framework, simplified approaches are needed to capture these aspects
In this context, belonging to farm partnerships or cooperatives has been described as an
[54]. In this context, belonging to farm partnerships or cooperatives has been described as
influential factor in facilitating farm succession and transferability [55,56]. Future model
an influential factor in facilitating farm succession and transferability [55,56]. Future
developments should aim to incorporate information on farmers’ partnerships in order to
model developments should aim to incorporate information on farmers’ partnerships in
integrate this aspect of economic sustainability.
order to integrate this aspect of economic sustainability.
3.2. Social Sustainability
3.2. Social Sustainability
In the context of an increasing intensification of DPS, the social pillar of sustainability
In the context
of an increasing
intensification
DPS, the
social pillar
of sustainability
represents
a link between
dairy farming
and its of
effects
on society.
In this
regard, the
represents
a
link
between
dairy
farming
and
its
effects
on
society.
In
this
regard,
the SIMSSIMSDAIRY and WLGP models showed equal levels of inclusion (57% of the indicators)
for
DAIRY
and
WLGP
models
showed
equal
levels
of
inclusion
(57%
of
the
indicators)
for indiindicators related to ecosystem services (ES), animal welfare, and working conditions
on
cators
related
to ecosystem
servicesmodel
(ES), animal
welfare,
and working
conditions
the
the
farm.
However,
the GAMEDE
obtained
lower inclusion
scores
for 29% on
of the
farm. However,
the (Figure
GAMEDE
model
obtained
lowerworking
inclusion
scores foron29%
the indiindicators
proposed
1), all
of them
describing
conditions
the of
farm.
“Job
cators proposed
(Figuredevelopment”,
1), all of them and
describing
working conditions
onare
theconsidered
farm. “Job
satisfaction”,
“personal
“work balance”
of the farmer
satisfaction”, aspects
“personal
development”,
and “work
balance”
are considered
fundamental
of DPS
social sustainability
[57,58]
that of
arethe
notfarmer
fully covered
by the
fundamental
of DPS
social
sustainability
[57,58] that
arelatest
not fully
covered
by the
three
models aspects
evaluated.
In this
context,
implementation
of the
available
technical
threetechnological
models evaluated.
In this context,
implementation
of the has
latest
available
technical
and
advancements
in terms
of milking systems
been
described
as a
powerful
driver for
increasing theinsatisfaction
and personal
of farmers
[59].
and technological
advancements
terms of milking
systemsdevelopment
has been described
as a powThe
an automatic
milking system
on farmsdevelopment
has been pointed
out as
a way
erfulpresence
driver forofincreasing
the satisfaction
and personal
of farmers
[59].
The
of increasing personal well-being and development, since it reduces the amount of time
spent on paperwork related to farm management tasks, promotes contact between farmers,
reduces workforce needs, optimizes the worktime of farmers, and improves the social
perceptions of farming activity [60,61].
Higher educational levels were correlated with greater “labor efficiency” in terms
of the use of workforce on farms. An increased level of education was shown to have a
positive effect on the average and marginal productivity of a farm [62]. As described
in other studies, having a well-established professional development system enables
dairy farm workers to improve their professional skills and keeps them in touch with
the latest farming techniques [63–65]. Future model developments could consider the
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abovementioned proxies for education level and machinery availability as a way to assess
job satisfaction levels, personal development of farmers, work balance, and labor efficiency.
Regarding animal welfare, different levels of inclusion were identified for each model.
While the SIMSDAIRY and WLGP models incorporate this aspect in their modelling schemes,
the GAMEDE does not make any reference to it. Both models quantify animal welfare
through the use of scores. In the case of the WGLP model, scores are highly dependent
on the type of housing present on a farm, as well as the grazing system used [66]. The
SIMSDAIRY model also bases its score on the existing grazing system but additionally
incorporates factors related to the livestock density, animal productivity, and biophysical
characteristics of the grazing area [67].
Ecosystem services (ES) are major contributors to social and human well-being and
can be considered key indicators for the adequate representation of DPS social sustainability [68,69]. The models included in this evaluation were found to have heterogeneous
results with regard to the incorporation of ecosystem services (ES) in their modelling
schemes. Although the GAMEDE model stresses the importance of the effects of management practices on the biophysical processes of these complex agro-ecosystems, it does
not make any explicit reference to the ecosystem services derived from DPS activity in its
modelling scheme [39]. By using existing approaches or proxies to identify, incorporate,
and assess ES, models should integrate the effects of these aspects into the social pillar
of sustainability. This is the case for the SIMSDAIRY and WGLP models [37,41], which
include a scoring system for the quantification of environmental conservation, ecosystem
regulation, and landscape conservation services. By using indicators related to grazing,
the fertilization rate, the seeding and cutting strategy, and soil structure, the model calculates a score that estimates the value of services such as biodiversity, soil quality, and
landscape maintenance.
3.3. Environmental Sustainability
The ever-growing intensification of DPS has resulted in an increase in the environmental impacts of the sector [70,71]. Whole-farm models should be able to integrate the effects
that different management practices have on the environmental pillar of sustainability [72].
In this regard, in both the SIMSDAIRY and WGLP models, the highest scores were obtained
in the environmental pillar, 77% and 65%, respectively. The GAMEDE model showed a
30% level of inclusion for the proposed indicators (Figure 1). Differences were observed in
both the number and types of farm management attributes integrated by the models. The
SIMSDAIRY and WGLP models integrate aspects related to “land use”, “erosion”, “energy
use”, and “water use”, while the GAMEDE model only incorporates indicators describing
“land use” on a farm. As part of “land use”, grazing practices and rotational crops have
been described as potential contributors to environmental and social sustainability, given
their positive effects on climate change mitigation and their promotion of ES [73,74]. As
part of an interconnected system, applying regenerative grazing practices could positively
affect the economic and environmental sustainability of the farms by increasing both topsoil
carbon storage and spring grass production [75]. The different land uses are reflected by
the models through the use of different cover typologies. The GAMEDE model identifies three land-use management-related typologies ranging from grazing to cultivation
of varieties for silage or even nonharvesting [40]. In the same way, SIMSDAIRY simplifies
the usual on-farm forage covers to four: grass grazed by dairy cows, grass grazed by
followers, grass cut for silage, and maize cut for silage. Through this simplification, the
model integrates the crops necessary to complete animal dietary requirements that are
not covered by concentrates. In addition, this model is capable of determining the risk of
“erosion” in the field by estimating sediment loss. Furthermore, the use of pesticides has
been associated with negative impacts on the environment due to their elevated ecotoxicity
potential [76]. The WGLP model integrates different pesticide typologies depending on the
type of crop grown. In this way, the model is able to estimate different associated emissions
and impacts [77].

Sustainability 2021, 13, 6332

9 of 14

Although the relationships among the different livestock activities and the emissions
related to their energy consumption has been described by other authors [78], it is necessary
to incorporate simple methods for estimating energy consumption as a proxy for future
calculation of their associated CO2 emissions. In this regard, the SIMSDAIRY model allows
different types of fuel and electricity consumption to be linked to different activities within
a farm. In this way, and by applying different factors for each farm activity (e.g., milk
production, field operations, slurry management, feeding practices, etc.), the model enables
estimation of the consequent CO2 emissions [79]. Furthermore, while aspects related to
the “water balance” are addressed by the models evaluated, “water use” remains one of
the most challenging aspects to model within the DPS. Water consumption by dairy farms
is largely conditioned by the climatic conditions, evapotranspiration, herd characteristics,
and animal performance [80,81].
GHG emissions, nitrogen losses, and associated processes, such as “eutrophication”
and “acidification”, stand out as the major negative consequences of farming activities [82].
Both the SIMSDAIRY and WGLP models comprehensively describe these aspects in their
modelling schemes, while GAMEDE only considers nutrient cycling and CO2 emissions in
its modelling scheme. In the context of better integration of these environmental impacts,
emissions derived from enteric fermentation, animal excreta, and manure management
have been described as the main contributors to the negative consequences of DPS, mainly
due to emissions of CH4 , NH3 , NOX , and NO2 , both to the atmosphere as well as to
soil and water [83]. In this regard, diet composition has usually been described as a key
indicator when modelling these emissions [84]. This fact has been widely assessed by
other authors, who have pointed out the relationship of GHG emissions and nitrogen loses
with the composition of the diet (protein, fiber, fat, dry matter, etc.) as well as the manure
management practices [85–88]. For the latter, different manure storage and application
strategies have been associated with different levels of CH4 , N2 O, and NH3 emissions.
The three models evaluated in this study incorporate comprehensive indicators related
to manure management, such as manure type, storage systems, and applications rates, in
their modelling schemes. Under the scenario of an increase in the amount of waste derived
from the activity of DPS, the valorization of these by-products is presented as system-based
solution for GHG emission mitigation in the context of the circular bioeconomy [89,90].
Models could analyze the role of biogas plants in their modelling schemes by integrating
metrics related to the quantity of energy produced, the amount of subproduct used, and
the operating costs, contributing significantly to the level of detail with which the model
assesses this pillar of sustainability [89].
3.4. Overall Sustainability
The calculation of the Integrated Sustainability Score (ISscore) for each of the three
models showed different results for the tools evaluated. The quantitative analysis of the
indicators integrated by each model identified the SIMSDAIRY model as the one with the
highest level of integration of the sustainability indicators, obtaining an ISscore result of
65%. The ISscore for the WLGP model was 53%, and the GAMEDE model had the lowest
overall value, 40% (Figure 2).
This study focused on the design, application, and testing of a quantitative method
for the evaluation of whole-farm models oriented toward the analysis of the integrated
sustainability of DPS. Further refinements of the framework should focus on incorporating
this two-fold approach in the evaluation process by assessing both the total number of
indicators included as well as their type and importance. In this context, many authors
have highlighted the need to progress toward sustainability assessment models that encompass both the number of indicators and their roles in the context in which they are
obtained [91,92]. The variability and vulnerability of the sector highlights the need to
incorporate mechanisms that allow the adoption of context-specific solutions [93]. Hence,
stakeholder participation processes as part of multicriteria decision-aid methods are valuable approaches that can be used to seek weighted solutions to the challenges faced by
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models for DPS.
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