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Abstract: In this work, a novel, dynamic sustainability assessment tool is presented and validated
in a case study. This tool combines two methods—system dynamics (SD) and temporal soil carbon
modelling. The case study for sustainability analysis of Danish agriculture and green biorefineries
supply chains in Denmark is used. The development of the Danish agriculture sector is simulated
and assessed in relation to the ecosystem’s carrying capacity until 2050, defined as 1.4 livestock units
per hectare. The results show that under the current development, the agriculture sector would
exceed this carrying capacity shortly after 2030. The results obtained from the dynamic sustainability
assessment tool show a more precise and less optimistic projection of future development than the
assessment using constant soil carbon modelling values only. The study, therefore, suggests that the
use of the temporal aspects in the sustainability assessment should be included and further developed.

Keywords: agriculture modeling; biorefineries; ecosystem carrying capacity; impact assessment;
temporal aspects; planetary boundaries; sustainability assessment; system dynamics

1. Introduction

The prominent presence of the UN Sustainable Development Goals [1] prioritizes future research
directions needed for a sustainable future. Seventeen interconnected goals cover agriculture,
climate change and industry, innovations, and other sectors. Nevertheless, sustainability remains a
disputable topic, even when the researchers agree on one common definition of sustainability since
different sustainability aspects can be evaluated differently. Based on the International Energy Agency’s
definition, the goal of biorefinery corresponds to the same goal of the conventional refinery of crude
oil—to maximize the product yield per one unit of input [2].

In contrast to the conventional biorefinery, the “green” biorefineries can have a wider variety
of final products’ streams. There are various ways to classify the biorefineries, such as, based on
feedstocks, intermediates, and final products. In the case of using biomass as feedstock, the classification
distinguishes four concepts—“yellow”, “green”, “blue”, and “grey” biorefineries. Biorefineries using
materials from lignocellulose that are “dry” are classified as “yellow”. Biorefineries using lignocellulose
materials, but those that are “wet” such as grasses and immature crops, are classified as “green”. “Blue”
biorefineries use algae, while “grey”—food waste [3]. In this study, the case study of biorefinery for
livestock feed is studied.

In this work, we use the term “biorefinery” to describe a concept when locally produced protein-rich
substrate from grass is used in agriculture to substitute import protein-rich feed from soybean and
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soybean meal and cake. Thus, in this work, we study “green” biorefineries or second-generation
biorefineries that use “wet” grass as feedstock.

So far, the majority of studies done on biorefineries are mostly assessing technical, environmental,
or economic perspectives under constant assumptions [4–6]. In this research, we present a dynamic
tool for sustainability analysis of green biorefineries supply chains. We combine two methods:
System dynamics (SD) and temporal soil carbon modelling (given in more detail in Section 2.1),
thus obtaining a hybrid model.

One of the studies that used SD studied how biorefineries development will affect the forestry
sector in Austria, including social, technological, and economic aspects. Some of the major conclusions
were that biorefineries would positively affect the competitiveness of the European pulp and paper
industry while having no negative impact on other forest-based industries, forestry, sawmilling,
and use for energy [7]. Other research was done by Hansen et al. [8] and studied the supply risks at
the cellulosic biorefinery. This research shows that using advanced feedstock supply chain reduces the
supply risk of biomass shortage by up to 90%.

In this study, the pig and dairy cow production in the Danish agriculture sector is chosen as
the case study where the substitution of imported soy protein with locally produced green protein
(a product from green biorefinery) is studied as a potentially sustainable solution. Thus, the model
covers significant feed flows for animals and animal production, as well as limiting factors in the
system, such as the ecosystem’s carrying capacity, total available area, normative regulations, and
time delays in decision-making. The development of the Danish agriculture sector is simulated and
assessed in relation to the ecosystem’s carrying capacity until 2050, defined as 1.4 livestock units per
hectare. Three scenarios are modelled: (1) The reference scenario shows the system’s behavior for the
next 30 years under the initial set of data and without any policy intervention, (2) the carrying capacity
scenario where the development of pigs’ and cows’ production is limited by the defined carrying
capacity of the ecosystem, and (3) biorefineries’ scenario shows the area of agriculture land needed to
substitute all demand of soy import and the available land that can be transformed into the production
of green protein from alfalfa after the year 2025. The temporal soil carbon modelling is applied in this
scenario. The developed model can be further expanded to include the influence of various policy
tools or other sectors of the economy.

2. Materials and Methods

2.1. Methodologies Used in the Sustainability Assessment Tool

In this paper, the developed sustainability assessment tool couples temporal soil carbon modelling
and SD methodologies.

In this study, soil carbon modelling is used to compare two types of impact accounting—temporal
and dynamic soil carbon gains and constant soil carbon gains. Assessment of the temporal soil carbon
gains considers the time dynamics and decay effects of soil sequestration abilities. Temporal soil carbon
gains is an emerging approach that is used for example in the methodology developed in the works
by Levasseur et al. [9] and by Petersen et al. [10], and applied for soil carbon changes in the work by
Parajuli et al. [11].

For the calculation of temporal soil carbon gains, the work by Mortenson et al. [12] was used,
where authors showed that soil carbon gains follow nonlinear nature that can be described using a
power function see Equation (1).

SCG = 4.1664·τ−0.707 (1)

where SCG is soil carbon gain, t C per ha annually, and τ is years since the planting of alfalfa.
SD is a simulation tool that allows us to model feedbacks, non-linearities, and time delays in social,

technical, and environmental aspects [13]. The development of the SD model consists of 4 key steps:
(1) Problem definition and borders selection, (2) formulation of a dynamic hypothesis, (3) creation of a
simulation model, and (4) model validation and testing of scenarios [14]. This methodology identifies
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the interaction between and among physical activities, information flows, and policy measures,
thus revealing the variables’ dynamic nature. The studies on the use of SD for the agriculture sector
have been done by Dace et al. [15]. This research shows the dynamics within the agriculture sector
using IPCC (Intergovernmental Panel on Climate Change) greenhouse gas inventories and then models
the possible further developments using various policy tools.

SD models can be represented in two ways; first, using the causal loop diagram and, second,
the stock-flow diagram. These diagrams are developed at different stages of the modeling process,
so they are used for various purposes while being complementary to each other.

The causal loop diagram is used to represent the essential information, so it is constructed to
depict the case study’s conceptual model. The causal loops define the feedback mechanisms within the
system under study (see Figure 1a) [13].
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Figure 1. (a) Causal loop diagram, and (b) the stock and flow diagram for novel product diffusion into
the market [14].

Causal links, given as arrows in Figure 1a, connect the variables. When a causal link is positive,
given with “+” sign, an increase in the variable will create the changes in the second variable in the same
direction—either increase or decrease. For example, the fewer Potential adopters, given in Figure 1a,
on the market, the lower the Adoption rate becomes. When a causal link is negative, given with “−“ sign,
a change in one variable will cause a change in other variables in the opposite direction. For example,
when the Adoption rate increases, the number of Potential adopters reduces. The causal links create
causal loops; they can have either a positive or reinforcing effect given with letter R, either opposing or
balancing effect given with letter B [14]. Thus, the causal loop diagram concludes the relationships
between the structure of the system, the system’s dynamic behavior, and the representation of these
relationships [16,17].

Later, the diagram of causal loops is converted to a stock and flow diagram using a differential
equation system to obtain a quantitative mathematical model. The stock-flow diagram is created
using a computer simulation tool, which allows for quantitative simulation and analysis [18].
The stock-flow diagram is constructed using four principal components: Stocks, flows, variable
parameters, and information links (see Figure 1b). Here, stocks represent the accumulation of values,
and flows describe the flow of volumes to, from, and between stocks. These variable parameters that
are algebraic, graphical, or constant values that characterize the relationship between system elements
and information links serve as connections between elements that transmit information [16,17].

The development of the model for the proposed sustainability assessment tool is following the
definition of the model’s structure and boundaries, major flows, and assumptions. First, the causal
loop diagram is developed to depict the dynamics and inter-linkages of modeled elements within
the biorefinery system. Then, the stock-flow model is built in the PowerSim simulation environment.
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The simulation time step is one year. After the model’s definition, both structural validation tests
(testing the reasonability of the equations and model’s behavior under extreme conditions) and
behavioral validation tests (comparing patterns of the major variable to the historical data) will be
performed on the model. The mean square error percentage between the simulated and historically
obtained data should be less than 10%; in this case, the model will be regarded as valid for the
intended use.

2.2. The Case Study—Agriculture in Denmark

For validation of the proposed methodology, the agriculture sector in Denmark was chosen,
as agriculture is a historically vital part of Denmark’s economy. This sector is currently exploring
ways to transform to more sustainable practices, and there are historical data available to validate
the developed model. One of these transformations towards possible sustainable practices are also
modelled in this paper, and it includes the substitution of imported soy products for feed with locally
produced green protein from alfalfa.

One of the challenges for widespread use of green protein is that there is already a large share of
land used for agriculture and further expansion of agricultural land is challenging. In 2018, 60% of
Denmark’s total land area was used for agricultural purposes, where around 3

4 of agriculture land
was used to grow feed [19,20]. Moreover, the available land area for agricultural purposes is declining
due to the development of infrastructure and forestry. Although the agricultural sector produced
only 2.2% of the total Danish economy output [21] and accounted for the employment of just 1.5%
of the workforce [22], the export of agricultural produce is within the top 10 branches of trading in
this country.

The share of agricultural export, such as live animals, meat, dairy, eggs, cereals, vegetables,
and fruits, accounted for 9.28% of the total export balance [23]. Within the listed categories, the most
significant contributor was the export of meat products for about 3.5 billion euros, and dairy and eggs
produce for around 2.3 billion euro [23]. Thus, Denmark is currently one of the largest exporters of live
piglets and pig meat producers in Europe [24]. Therefore, the model developed in this study simulates
pig and dairy cow production in Denmark.

2.3. Definition of the Key Modelling Problem and Variables

In this section, the key modelling problem and variables are defined, and the simulation period is
given. Nowadays, pressure on the available land resources is coming from at least two major sectors:
Agriculture and biofuels. While the biomass is a renewable resource, it is not unlimited, as growth
requires land use, and the land is limited, thus having carrying capacity. The transition from fossil
fuels to biofuels will put more pressure on land, water, and mineral use to sustain biomass yields [25].

Therefore, the key dynamic problem is the availability of land resources and the role of biorefineries
in the sustainability of the use of the land resources within the carrying capacity of the ecosystem.
Two of the key variables that are considered are land use and animal feed. The simulation covers years
starting from 2009 until 2050.

Modeling of animal feed is chosen since the current trend is that with a growing population and
prosperity, more animal-based products are projected to be demanded [26]. It has been calculated
that in 2013, only 55% per calorie of crops accounted for direct human consumption, while 36% for
feed and 9% for industrial use, including biofuels. In countries that have a strong dependence on
agricultural systems, like Denmark, this proportion is even more dramatic, with 25% of crops used for
direct human consumption, 71% for feed, and 4% for industrial use [20].

While a large proportion of land in Denmark is already used for animal feed, 5–14% of the feed for
conventional pig farms is still made up of imported soy byproducts [27]. The use of soybean products
as animal feed creates a contribution to environmental degradation since soybean production is often
linked with intensive deforestation and other ecological and social impacts [28].
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The substitution of imported soy protein with locally produced green protein (a product from green
biorefinery) is studied as a potentially sustainable solution. The solution is based on the production
of “green” protein in the biorefineries from perennial plants. Studies have shown that perennial
plants have less environmental impacts in agriculture compared to annual crops, such as cereals [3].
Environmental benefits in converting fields to perennial crops include reduced leaching of nitrogen,
the potential to lower use of N-fertilizer and pesticides, and increased carbon storage in soils [29].
In two test sites in Denmark, Manevski et al. [30] demonstrated that fertilized perennial grasses show
the reduction of nitrate leached by 70–80% and double biomass N in comparison to the conventional
farming methods such as continuous maize or triticale or cereal crop rotation. These results are is
achieved because perennial grasses have more extensive root systems than annual crops, thus ensuring
also lower soil erosion, higher carbon sequestration, reduced groundwater pollution, and higher
biodiversity [31].

Some of the studied perennial grasses are grass-clover, ryegrass, alfalfa, and festulolium [32],
and also reed, Napier grass, switchgrass, and others [31]. The study by Parajuli et al. [33] showed that
“green” biomass should be preferable over “yellow”, and “yellow” is preferable over “woody”. Thus,
this study is focusing on green biomass from perennial crops.

2.4. Ecosystem’s Carrying Capacity of the Modeled System

The general representation of the concept for the Ecosystem’s carrying capacity is given in Figure 2.
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Figure 2. Representation of the exploitation of the ecosystem reaching the ecosystem’s carrying capacity,
degradation of the planetary boundary, and exceeding the threshold. Figure adapted from Rockström
et al. [34], Bettencourt et al. [35], and Sterman [14].

When the Exploitation of the ecosystem reaches the Ecosystem’s carrying capacity, firstly, degradation
of the Ecosystem’s carrying capacity occurs by moving away from the initial Planetary boundary. While the
Ecosystem’s carrying capacity is degraded, the Exploitation of the ecosystem is still developing by inertia,
firstly crossing the Threshold, and then further growing “beyond” the Ecosystem’s carrying capacity.
At the same time, the Ecosystem’s carrying capacity collapses, triggering a collapse in the Exploitation of
the ecosystem as well. Later, when the Exploitation of the ecosystem is again within the Ecosystem’s carrying
capacity, a new equilibrium state is achieved, but the new level of the Ecosystem’s carrying capacity
might never return to the initial level of the Planetary boundary.

In our model, the maximum number of livestock units per hectare is used as a major limiting factor
and as a proxy for the ecosystem’s carrying capacity. Farming of animals is a contributor to numerous
environmental problems, both as direct pollution of local ecosystems and indirect contribution towards
deforestation in South America [28]. Direct pollution mainly occurs due to nitrogen leaching, ammonia,
and odor.

These environmental impacts in Denmark are regulated using the so-called Harmony Rule or
action plan on the aquatic environment, where the limit of the application is 170 kg of cattle manure
total nitrogen (N) per ha and 140 kg of pig manure N per ha annually. These limits can also be expressed
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in livestock units of nitrogen (LSU-N) per ha, where one LSU-N is equal to 100 kg of total nitrogen (N)
in manure ex store. The LSU-N value for animal types relevant in this model is given in Table 1.

Table 1. Livestock unit nitrogen (LSU-N) for animals used in the model [36].

Type of Livestock Annual Animals per LSU-N

Dairy cows 0.75
Heifers 2.38

Sow with piglets 4.4
Piglets 208

Slaughter pigs 39

2.5. Causal Loop Diagram

A causal loop diagram is created to explain the dynamic hypothesis [14]. In Figure 3, the dominant
causal loops—one reinforcing and two balancing loops included in the model—are given.
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Interaction between the Produced number of cows and pigs and the Area of managed agricultural land
creates a major reinforcing loop in this model. In this reinforcing loop, the number of produced animals
is regulated by the auxiliary exogenous variable Demand for animal products and the Productivity of
the cows and pigs production system. The Demand for animal products has a positive causal link with the
variable Produced number of cows and pigs, meaning the change in the demand will lead to the alteration
in the amount of produced livestock in the same direction. When the demand is rising, the number
of animals bred will increase; when demand is falling, the number of animals bred will decrease.
Inverse correlation is given for the variable Productivity of the cows and pigs production system with the
variable Produced number of cows and pigs, as with increasing productivity, fewer animals will be needed
to supply the same amount of final produce demanded.

Next, in the model, the Produced number of cows and pigs links with Demand for animal products.
Here, the causal relationship is positive. Import feed demand mainly accounts for the soy used for
feed and creates further changes in ecosystems outside of Denmark. Mitigation of ecosystem changes
outside of Denmark is out of the scope of the modeled system, therefore it is not assessed further. Local
feed demanded is linked with the variable Area of managed agriculture land. Based on the availability of
land for growing feed, and the Productivity of the feed production system, the amount of Local feed supplied
is available. In this research, the link between Local feed supplied and Produced number of cows and pigs is
assumed not to influence the behavior of the modeled system since, in the case of shortage of feed,
the needed amounts can be covered by imported feed.
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The balancing loop B1 shows that the Area of managed agriculture land is the function of the Total
land available for expansion of agriculture practice. In this model, the availability of land for agriculture is
one of the governing limiting factors.

The balancing loop B2 depicts another principal limitation included in the model—this is the
Ecosystem’s carrying capacity given in livestock units per hectare (LSU-N/ha). In this balancing loop,
the Exploitation of the ecosystem is assessed by the ratio of Produced number of cows and pigs and the Area
of managed agriculture land. The difference between the Ecosystem’s carrying capacity and Exploitation of
the ecosystem. In the case Ecosystem’s carrying capacity is not reached, there are no corrective measures
assumed in the model. In the case when Ecosystem’s carrying capacity is reached, and thus the Distance
to carrying capacity is equal to zero, the Corrective action via policy tool is “switched on” meaning that no
further expansion in the number of housed animals is allowed. Such policy forces animal producers to
look for the potential increase in the Productivity of cows and pigs production system while limiting the
Produced number of cows and pigs.

Two parallel lines on the causal link show the delay in the system. As can be seen, there is a delay
given for the causal links connecting the variable the Exploitation of the ecosystem due to the time needed
for measurements, reporting, and perception of the situation. There is a delay between Distance to
carrying capacity and Corrective action via policy tool due to administrative and decision-making process,
and between Corrective action via policy tool and Productivity of cows and pigs production system due to
action delays.

2.6. Assumptions and Scenarios

The major assumption included in the model are as follows:

• The model assumes only conventional system for pigs and dairy production, since, in 2018,
in Denmark, conventional pigs’ production accounted for 99.2% of the total number of breeding
pigs, 98.3% of the total number of pigs’ farms, and 98.5% of the total agricultural area used for
pigs’ production. The shares for conventional dairy cows’ production were: 88.7% of the total
number of dairy cows, 87.1% of the total number of dairy cows’ farms, and 83.9% of the total
agricultural area used [19];

• The average annual changes in animals produced nationally follow the changes in demand for
animal products (exogenous factor in the model)—piglets for meat production and dairy cows
for milk production. Based on historical trendlines for the period of 2009–2018 [19], the average
growth for piglets is assumed to be 0.32% per year, while for dairy cows it is 0.64% per year,
and for all other remaining livestock is 3.5% per year;

• The productivity increase in pigs’ production cycle is modeled assuming a logarithmic function
for live-born piglets per sow per year. Remaining values for pigs’ production cycle are modeled
according to the estimates given in the latest scientific literature [37,38] and are assumed to remain
constant during the simulation, please see the Supplementary Materials Table S1 for the numerical
values used;

• The productivity increase in dairy cows’ production cycle is assumed to be constant during the
simulation, and values for cows’ production cycle are modeled according to the estimates given
in the latest scientific literature [39,40], please see the Supplementary Materials Table S3 for the
values used;

• Changes in the area of managed agricultural land are assumed to decline by 0.71% per year
due to external change in the demand for land for other purposes (mainly the development of
infrastructure and forestry) (exogenous factor in the model), and are based on historical trendlines
for the period of 2009–2018 [41];

• The estimates for feed amount and composition are taken from the scientific literature for pigs’
production [27], for dairy cows and bull calf [39,42]. Eighty-one percent to 84% of feed consumed
by animals in pigs’ production is modeled, including soy meal, wheat, and barley, and 87% to 96%
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of feed consumed by animals in cows’ production is modeled, including cereals, grass, soy meal,
maize silage, and barley silage. The remaining percentage of feed consumed are not included in
this model. Feed efficiency (live weight gain and milk per feed intake) is assumed constant in
the model;

• Land productivity or productivity of acreage for feed production in Denmark is assumed constant
(given in t dry matter/ha and ha/t) during the simulation using estimates from the scientific
literature [42,43];

• The estimates for alfalfa biorefinery outputs and conversation efficiency for the Danish case study
are assumed based on the article by Corona et al. [3]. There are three types of the conversion
efficiencies from alfalfa to animal-grade protein considered in the model for the biorefineries.
Two are of constant conversion efficiency in all simulation period: (1) 40.5%, according to the
research done by Corona et al. [3] for the Danish case study; (2) 50% in personal communication
with the researchers’ acquired that current state-of-the-art conversion efficiency on the laboratory
scale. Finally, the third conversion efficiency is modeled using the so-called learning curve, which
shows the efficiency improvements in the function of the time due to scientific development.
In this case, the projected protein extraction efficiency grows as a logarithmic function from 35%
in 2010 and converges towards the efficiency of 60% by 2050;

• The simulation model assumes that the introduction of green biorefineries starts from the year
2025 and follows the delay described by the logistic function of the first order;

• Delay in measurements, reporting, and perception of the situation is assumed to be one year, delay
due to administrative and decision-making process is one year, and action delays is two years;

• The financial aspects of farms were not modeled in this research since the work by Willems
et al. [24] showed that in the period between 2004 and 2008 actual price of the land in Denmark
was decoupled from potential production value of agricultural products due to high level of debt
and unstable financial market conditions.

• The land area demanded using conversion efficiency at biorefinery of 40.5% is
assumed according to the research done by Corona et al. [3] for the Danish case study.

The definition of the scenarios is based on the major limitation in the model—the Ecosystem’s
carrying capacity. The following scenarios were studied:

1. Reference scenario. The reference scenario shows the system’s behavior for the next 30 years under
the initial set of data and without any policy intervention. The results obtained in the reference
scenario are compared with the defined carrying capacity of the ecosystem—1.4 LSU-N/ha;

2. Carrying capacity scenario. The carrying capacity scenario simulates policy that limits the further
expansion of animal production by maintaining a stable absolute number of animals. Thus, in this
scenario, the development of pigs’ and cows’ production is limited by the defined maximum
number of animals;

3. Biorefineries’ scenario. This policy scenario is built upon the results of the 2nd scenario (carrying
capacity scenario) and additionally introduces local green protein from alfalfa. This scenario
shows the area of agriculture land needed to substitute all demand for soy import and the
available land that can be transformed into the production of green protein from alfalfa after the
year 2025. The temporal value for soil carbon gains is compared with the use of constant value
for the area converted from cropland to alfalfa.

2.7. Creation of a Stock and Flow Diagram

The creation of a simulation model in the software environment or the creation of a stock and
flow diagram includes the defined parameters and their associated equations, initial conditions, etc.
In the simulation software tool, the dynamic hypothesis and causal loop diagram are transformed into
a computer model that mimics the behavior of the system being studied [14].
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The stock and flow diagram for the ecosystem’s carrying capacity for the developed model is
given in Figure 4 (variables given in color match the results presented in Figures 5 and 6 in the Results
and Discussion section).Sustainability 2020, 12, x FOR PEER REVIEW 9 of 23 
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Figure 4 shows one of the central submodels used in the simulation that outlines the relations
between the Exploitation of the ecosystem, all farmed animals, the Ecosystem’s carrying capacity, and the
Distance to carrying capacity.

It should be explained that the same variables can be represented in the simulation model using the
“shortcut.” For example, the small stock and flow diagram is given in the upper right corner of Figure 4
simulates changes in the Area of managed agriculture land. In other places of Figure 4, a “shortcut” to the
stock variable Area of managed agriculture land is given presented with “brackets” around the corners
of the rectangular stock variable. These shortcuts are created for clarity of the diagram to avoid the
links between variables going over other variables and crossing other links. These “shortcuts” work
identical to the “original” variable and use the same mathematical expression. When there are changes
in the value for the Area of managed agriculture land, the “shortcuts” for the Area of managed agriculture
land have the same changes instantaneously.

Likewise, there are other “shortcuts” given in Figure 4. Three of these shortcuts represent the
conventional pigs’ production, and three represent conventional cows’ production. Please see the
Supplementary Materials Figures S1–S3 for stock and flow diagram for the production cycle of these
animals, Tables S1 and S3 for numerical values assumed for the production cycles, and Tables S2 and
S4 for the equations used in the model.

The logic underlying the value of the Exploitation of the ecosystem is by modeling the number of
animals farmed per year, applying the constant number of animals per LSU-N (given in Table 1), and
dividing with the area of managed agriculture land in the same year. For example, the number of
Cows is divided by the Constant LSU-N cows, and the obtained value is given as the variable LSU-N
cows. Next, the value of LSU-N cows is divided by the value for the Area of managed agriculture land,
thus obtaining the other value given as the variable LSU-N conventional cows per managed agriculture
land. Later, these values for various types of animals farmed are summed up to create the value of the
Exploitation of the ecosystem all farmed animals.

The obtained value for the Exploitation of the ecosystem all farmed animals is compared with the
value given for the Ecosystem’s’ carrying capacity with the delay of 1 year. In the situation when the
Distance to carrying capacity is zero, the policy measures are initiated. These policy measures do allow
an increase in the number of animals in farms only using the improvements in the productivity of
animals’ production. Please see in the Supplementary Materials Figures S1 and S2 that there is a
“shortcut” of the variable Distance to carrying capacity in the pigs’ and cows’ production submodels,
that regulates these dynamics in the model, and creates a closed-loop.

2.8. Validation and Sensitivity Analysis

The model is validated by applying three different tests: Structural validation, behavioral
validation, and historical validation. During structural validation, the reasonability of the structure and
elements of the model was tested. Behavioral validation tests the adequacy of the model’s structure,
including equations and model behavior under extreme values [14]. Finally, historical validation
compares the simulated values of major variables with the historical reported values of these variables.
To have a qualitative measure for the historical validation (fit between simulation and historical data),
mean absolute percentage error (MAPE) statistics were used; see Equation (2).

MAPE(%) =
100%

n

n∑
i=1

∣∣∣∣∣Hi −Mi
Hi

∣∣∣∣∣ (2)

where Hi is historical value, and Mi is modelled value or value obtained in the simulation model, and
n is the number of data points.

Sensitivity analysis was done on the auxiliary variables to see which of these variables influence
the system and what is the magnitude of this influence. For sensitivity analysis, a risk assessment tool
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integrated into the PowerSim Studio 10 software was used. The Latin Hypercube method was used to
model the variances within the chosen variables under the normal distribution of the existing values.

The structural and behavioral validation tests were passed successfully, i.e., the validation
indicated that the model is capable of generating the desired right behavior for the right reasons.
The summary of historically validated variables with the mean absolute percentage error (MAPE)
results is given in Table 2.

Table 2. Historical validation using a mean absolute percentage error (MAPE).

Historically Validated Variable in
the Model MAPE, %

Cows, animals 0.51
Sows, animals 0.29

Livestock density, LSU-N/ha 3.99
Area of managed agricultural land,

ha 3.49

Since all tested variables using historical validation showed the value of MAPE < 10%, this model
was proven to be valid for the intended use. Please consider that the SD models aim not to give a
“point” predictions but to show the patterns of the dynamic behavior of the system under various
conditions [14]. Thereof, the model can be considered as reliable and used for scenario development.

3. Results and Discussion

3.1. Analysis of the Reference Scenario

The reference scenario shows the system’s behavior for the variable Exploitation of ecosystem
(variable schematically shown in Figures 2 and 3), given as LSU-N per hectare, for the next 30 years
under the initial set of data and without any policy intervention, see Figure 5.

The major driving force is the demand for animal products that keeps on increasing the number
of farmed animals in the country. The results show a decline in the exploitation of the ecosystem
in conventional pigs’ production since more piglets are expected to be exported. Nevertheless,
the exploitation of the ecosystem due to other types of farming animals is projected to increase, reaching
and exceeding the defined ecosystems’ carrying capacity, expressed as almost 2.0 LSU-N per hectare
by 2050. The exploitation of the ecosystem for conventionally farmed pigs reduces from 0.41 LSU-N/ha
in 2025 to 0.39 LSU-N/ha in 2050, for conventionally farmed cows increases from 0.52 LSU-N/ha in
2025 to 0.73 LSU-N/ha in 2050, and for remaining farmed animals increases from 0.30 LSU-N/ha in
2025 to 0.82 LSU-N/ha in 2050.

3.2. Analysis of the Carrying Capacity Scenario

The defined boundary for carrying capacity of 1.4 LSU-N per ha is reached between 2030
and 2035. The results presented in Figure 6 give the breakdown for the exploitation of the
ecosystem (LSU-N per hectare) for various types of farmed animals, and Figure 7 presents the effects
on pigs’ production, cows’ production, soy import, and agriculture land use.

As shown in Figure 6, the exploitation of the ecosystem for conventionally farmed pigs reduces
from 0.41 LSU-N/ha in 2025 to 0.38 LSU-N/ha in 2050, for conventionally farmed cows increases
from 0.52 LSU-N/ha in 2025 to 0.67 LSU-N/ha in 2050, and for remaining farmed animals increases
from 0.30 LSU-N/ha in 2025 to 0.53 LSU-N/ha in 2050. The total value for the exploitation of the
ecosystem proceeds to increase from 1.24 LSU-N/ha in 2025 up to 1.58 LSU-N/ha in 2050 even when the
production of animals is not allowed to expand in absolute numbers (given in Figure 7a,b). The reason
for increasing the exploitation of the ecosystem even after introducing the policy actions is because
the variable of the exploitation of the ecosystem (LSU-N/ha) is defined by two variables—number of
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animals and the land area. As a result of the Danish land management policy, the agriculture land
area in Denmark is projected to decline (see Figure 7d). Therefore, the defined carrying capacity of
1.4 LSU-N/ha is reached and then exceeded even in the case when the absolute number of animals is
kept stable. The results show the tendency when the reduction of the area available for expansion of
agricultural practice puts more pressure on the area already used for agriculture practice.
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These findings of reaching the carrying capacity in the agriculture sector and the need for policy
tool intervention is in agreement with the work done by Dace et al. [15]. The authors used the SD model
to analyze the development of the agriculture sector in Latvia. They found that the increase of welfare
stimulates the demand for agriculture products, thus larger area of agricultural land is needed to cover
the demand. Due to subsidies to farmers, the land of conventional farming practices is increased,
thus increasing the use of fertilizers applied to the soil. Use of fertilizers increased greenhouse gas
emissions and nitrogen leaching. To counterbalance this problem, policymakers need to introduce
various policy tools regarding pollution prevention and control [15].

The results of our model show that assuming the current trendlines are extrapolated, the export
of piglets will increase further, and thus the number of weaners will decline (see Figure 7a). The
observed behavior of the piglets’ production system changes the amount and composition of the feed
demanded by this sector. Thus, there is declining demand for imported soybean meal (see Figure 7c)
and also declining demand for local feed that results in the declining area needed for the feed
production (see Figure 7d). This relationship shows how interlinked the production system in
agriculture is and how changes in one sector can trigger a cascade of changes in other related
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industries. Further projections have great importance concerning biorefineries. The further projections
of the capacity of biorefineries needed to cover the protein demand for the pigs’ production system
might differ if the constant of changing demand for piglets’ export is projected. Therefore, the SD
model is, in this case, a valuable tool for policy planning. The developed model can aid to better match
the further demand for animal-grade protein and consequently plan and allocate with higher accuracy
land area needed and the capacity for installations of future biorefineries.

The results also show that in the case of Denmark, substituting the growing number of weaners
with the export of piglets might reduce pressure on agriculture land in Denmark for feed production.
Also, the increasing rate of piglets export might reduce the competition between dairy and pig farms
on manure application on fields and reduce the need in the future to consider the possibility to export
the excess amount of manure [24].

3.3. Analysis of the Biorefineries’ Scenario

Analysis of the policy scenario shows the introduction of biorefineries to produce local green
protein and to replace the soy within the carrying capacity limits. The projected demand for the
animal-grade protein taken from the policy scenario for carrying capacity that shows the development
of pigs’ and cows’ production within the defined carrying capacity of 1.4 LSU-N/ha (see Figure 6).
Firstly, the amount of agricultural land needed to substitute all demand for soy import is given in
Figure 8, as blue lines. Secondly, the available land area that can be transformed into the production
of green protein from alfalfa after the year 2025 is modeled, and results are also given in Figure 8,
as green lines.
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As Figure 8 shows, the total area of managed agricultural land in Denmark is projected to decline
following the historical trendlines for the period of 2009–2018 [41]. The figure shows a yellow line
representing the modeled total land demand for animal feed for cows and pigs. The three lines in
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blue show the demand for the land resources to cover all soy demand for cows and pigs in Denmark
using various conversion efficiencies in biorefineries (given as η BR) of the alfalfa to animal-grade
protein. The light blue line shows the area demanded using conversion efficiency of 40.5%, according
to the research done by Corona et al. [3] for the Danish case study. In personal communication with
the researchers, it was acquired that current state-of-the-art conversion efficiency on the laboratory
scale has reached around 50%. The difference between land area required in the case of protein
extraction efficiency increase from 40.5% up to 50% is shown in the gap between the two light blue
dashed lines. Finally, the dark blue line models the learning curve for efficiency improvements. In this
case, the projected protein extraction efficiency grows following logarithmic function with an initial
efficiency of 35% in 2010 and converges towards the efficiency of 60% by 2050.

Figure 8 also shows that almost the same amount of land already used for animals feed will be
required to cover all demand for protein using green biorefineries. Since there is no unused agriculture
area available to double the required land demand for animal feed, the scenario where two types of
currently used agriculture land will be converted to the production of alfalfa and consequentially
animal-grade protein through green biorefinery was studied. The first type of land that was assumed
for this conversion is agricultural land currently used for grass silage and grazing of animals in cows’
production model. The second type of land considered is the land that might be “cleared” due to the
reduced demand for feed in the pigs’ production. This “cleared” land is a land that now is used to
supply feed for pigs’ production but will not be required anymore when the demand for feed reduces
(see Figure 8, yellow line). The simulation model assumes that the introduction of green biorefineries
starts from the year 2025. The green lines in Figure 8 present the simulation results obtained.

It can be seen in Figure 8 that the area available for alfalfa due to the conversion of grassland is
comparable with the potential to convert cropland. The cropland area available for the conversion
is obtained as the land that would not be needed anymore for the pigs’ feed production due to the
increase of piglets’ export. Since more piglets are exported, fewer slaughter pigs are kept at farms,
and thus the demand for feed in pigs’ production reduces.

If the obtained tons of dry matter (t DM) of alfalfa is expressed as the share of covered demand
for animal-grade protein in Denmark, then by the year 2050, alfalfa biorefineries supply 30.8% of the
projected demand for the animal-grade protein (18.2% from grassland conversion and 12.7% from
cropland conversion). Thus, to cover all demand for the animal-grade protein in 2050 (assuming the
biorefineries conversion efficiency reached 60% by 2050 or using the so-called learning curve scenario
in Figure 8), around 850,000 ha would be required (dark blue line in Figure 8), while about 260,000 ha
would be available to grow the feedstock for biorefineries (dark green line in Figure 8). These findings
are in agreement with the estimates by Gylling et al. [44] that biorefineries will replace the crop used
for feed, and these proportions are in the range of 10–15%.

If the obtained results for the area available for alfalfa are converted into t DM, by the year 2050,
around 3.15 million t DM of alfalfa will be available. These approximately 3 million t DM correspond
with half of the area under conversion from cereals to grass studied by the Odgaard et al. [45]. The
authors concluded that the targeted conversion of most sensitive areas could reduce the costal N load
by 66%.

One of the arguments for using alfalfa biorefineries is the conversion of land areas that can store
less carbon than alfalfa, for example, cereals [3]. The study by Little et al. [46] show that from the
perspective of soil carbon sequestration, alfalfa outperforms corn silage. Also, Hermansen et al. [29]
point out that environmental benefits in converting fields to perennial crops include increased amounts
of carbon storage in soils. Thus, the area converted from cropland to alfalfa (given with dashed green
line in Figure 8) is used to calculate the soil carbon gains for the period of 2025–2050. Two types of
methodologies are compared—temporal soil carbon gains and constant soil carbon gains.

For the calculation of temporal soil carbon gains, the equation given in the Materials and Methods
sections from work by Mortenson et al. [12] was used (see Figure 9a,b). For the calculation applying
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the constant carbon gains, a range between 2 t C and 4 t C sequestration per ha annually was used in
the calculation (see Figure 9b).Sustainability 2020, 12, x FOR PEER REVIEW 16 of 23 
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As can be seen from Figure 9a, each curve (light green) shows the annual soil carbon gains, and
these gains have a distinct decay line. This decay line is obtained from the experimental work by
Mortenson et al. [12] and shows how soil carbon gains decrease non-linearly each year. Additional land
area is projected to be converted from cropland to alfalfa; therefore, the soil’s ability to sequester carbon
adds annually to the soil’s ability built before (there is the new curve “on top” of the curve for the
previous year). These annual individual curves are added together to create cumulative soil carbon
gains using alfalfa.

As can be seen in Figure 9b, the soil carbon gains estimated by using the decay function are
of different magnitude and nature in comparison to the use of constant value. The results obtained
from the dynamic sustainability assessment tool show a more precise and less optimistic projection of
future development than the assessment using constant soil carbon modelling values only. The study,
therefore, suggests that the use of the temporal aspects in the sustainability assessment should be
included and further developed. These findings are in agreement with various works using temporal
aspects in modelling, such as by Levasseur et al. [9], by Petersen et al. [10], by Shimako et al. [47],
by Timma et al. [48], and by Timma et al. [49]. The attribution of some constant value is arbitrary and
strongly depends on the chosen time frame, as found in the research on the decay of greenhouse gas
emissions [50].

3.4. Sensitivity Analysis

The results for the sensitivity analysis are given in Figure 10. The sensitivity analysis was done in
total for 10 assumed auxiliary variables in the model: (1) Agriculture land decrease rate; the productivity
of the pigs’ production expressed as (2) the productivity target and (3) the time needed to reach this
target; the dynamics for piglets’ export determined as (4) the target to the exported share of piglets
and (5) the time required to achieve this target; (6) the projected demand for piglets; (7) the projected
demand for dairy cows; (8) the projected demand for other livestock, and the productivity of the
biorefineries expressed as (9) the efficiency alfalfa conversion to animal-grade protein, and (10) the
time needed to achieve the projected efficiency. Figure 10 shows how the variance in all of these tested
parameters simultaneously affects the results obtained for the variables shown in Figure 8 for the
biorefineries’ scenario.
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Figure 10 shows that the sensitivity of the value for the variable of the area of managed agriculture
land is 3.5% of average value at the upper 90 percentile of confidence and −3.4% of average value at
the lower 10 percentile of confidence. The sensitivity of the area needed for protein at the biorefinery
(BR) learning curve, the total land demand for animal feed, and the sum of the area of alfalfa available
were, accordingly, 15.8% and −15.1%, 9.4% and −9.4%, and 10.8% and −10.7%.

The obtained results are most sensitive to the changes in the dynamics for piglets’ export and
the productivity of the biorefineries. As can be seen from the trendlines for the variables under
different percentiles, the developed model is robust and shows variability quite symmetrical form
the average values with increasing uncertainty level in the future. The parameters given in Figure 10
have variability within the confidence level of 90% in the 30 years of the further prediction within
boundaries of 20% uncertainty, which is assumed to be a reasonable confidence level for the intended
use of the model.

The results given for the case study of Denmark can be seen from various dimensions. Firstly,
as the future prediction for Danish agriculture development, as already shown in the paper. Secondly,
the changes in Danish agriculture system can be viewed as a trigger for changes in other linked system
on various scales. For example, livestock production in Denmark relies on the import of soy but
also leads to the export of dairy and pork products. Nevertheless, the scope of this work was not to
study the effect of Danish agriculture system on the global agriculture market but to test the proposed
methodology on the case study. Such cascading effects can be used as a base for further research.

Lastly, we invite the researchers to look on this case study as “playground” and to substitute given
case study system with any other agriculture system and carry out similar research on a local, regional,
or global scale. The major given relationships and major conclusions will be valid for numerous of
other similar systems; thus, we see our research as a top-down approach, when carrying capacity
of natural ecosystems is defined and within these boundaries’ optimization is done. Similar studies
on other systems is of great importance towards a better understanding of the current situation and
measures needed for long term sustainability.
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3.5. Concluding Remarks on the Ecosystem’s Sustainability

Besides environmental sustainability, the introduction of the biorefineries might have various
positive aspects in the agriculture sector. The introduction of biorefineries will require highly skilled
personnel and will create more workspaces. This know-how might also become a good source of
the knowledge-based export commodity to other countries. Such reasoning is in agreement with
research done by Stern et al. [7] on European pulp and paper industry. The authors found that
biorefineries will positively affect the competitiveness of this sector. Impacts of biorefineries on
employment have shown a very high positive aspect, firstly, by creating new jobs in forest-based
industries, secondly, by securing the current workspaces, and finally, by creating additional positions in
related industries such as construction and engineering. Finally, the results have shown that the price
of the final products from these forestry biorefineries may decrease and substitute imported goods.
Thus, the introduction of the biorefineries can have various direct contributions towards achieving
the UN Sustainable Development Goals, such as Goal 15 “Life on Land”, Goal 13 “Climate Action”,
and Goal 12 “Responsible Consumption and Productions”. Moreover, it will indirectly contribute
to Goal 2 “Zero Hunger”, Goal 6 “Clean Water and Sanitation, Goal 8 “Decent work and economic
growth”, and Goal 9 “Industry, innovation, and infrastructure”. Similar interconnections between
various Sustainable Development Goals in agriculture sector were found across multiple research
papers, for example, by Kociszewski et al. [51] and Nong et al. [52].

Nevertheless, the production of green animal-grade protein should be viewed as innovation for
“buying” some additional time before the carrying capacity is reached [35], see Figure 11.
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In the case study of agriculture sector in Denmark, the local production of animal-grade protein
from biorefineries, the improved conversion efficiency of the alfalfa to animal-grade protein, and the
increase in the productivity of animals’ production will mitigate environmental pressure through
innovation in the same way as schematically given in Figure 11. However, it will not provide a
fundamental shift or ultimate solution to the underlying problem—demand for animal products.
The same exploitation of the system dynamics is studied for the infrastructure in the cities and
population growth by Bettencourt et al. [35]. The authors concluded that innovation cycles must
continually accelerate to sustain the growth and to avoid stagnation or the collapse of the system.

Under increasing rates of deforestation and pressure on land from intensive biomass production,
we would suggest that the solution is not in the technology alone. The way to sustainability is within
changes in demand for products, lifestyle, and diet. The study by Allen et al. [53] shows that meat
and dairy products provide only 18% of calories consumed by people, yet at the cost of using 83% of
farmland and creating 60% of greenhouse gas emissions from agriculture. Moreover, the consumption
of processed and red meat are listed as carcinogens [54]. No actions other than diet changes have such
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high benefits with such low costs [55]. These results ultimately translate to the need to reduce the
consumption of animal-based produce, which would allow using land resources for the production
of other high added value products in biorefineries, for example, biofuels for transport and energy
supply, various chemical feedstock and materials for industrial applications, as well as food for
people [56]. Moreover, the research is emerging on supercritical biorefineries to extract all components
for high added value products such as “green” solvents [57]. Also, recovery of nitrogen, potassium,
and phosphorus is reviewed as highly recommended to close the nutrient cycle, through recovering
these nutrients in biorefinery and then supplying them back to land [58].

Numerous researches link agriculture produce to different ecosystem’s services and optimize
these ecosystem’s services [59–62] instead of considering carrying capacity as a boundary condition
and determine maximum animal production as given in this study. Moreover, the recent research by
van der Werf et al. [63] summarizes current challenges for adequately representing ecosystem services
in life cycle assessment methodology.

Our reasoning behind limiting the growth of animal production system within the ecosystem
carrying capacity was rooted in the assumption that ecosystem services can adequately be sustained
only in a system that does “work” since the collapse of the system will be occurring operating outside
the set of the ecosystem’s boundaries (see Figure 11). As a case study in this paper, we focused on
one particular limitation—the ecosystem’s carrying capacity expressed as the maximum number of
animals per agriculture area. This specific boundary was selected because of certain factors in the
studied system, such as high specialization on animal products in Danish agriculture (more detailed
information is given in Sections 2.2 and 2.3).

Nevertheless, a similar modelling approach can be adapted to study any system since there will
always be carrying capacity limits in any structure. Thus, we see that our work can be an effective
instrument to support other methodologies on sustainability assessments, such as life cycle assessment
and studies on ecosystem services. The results of this paper highlight the importance of considering
the ecosystem’s carrying capacity while modelling various ecosystem’s services.

4. Conclusions

In this paper, we presented a novel, dynamic tool where two methods are combined—temporal
soil carbon modelling and system dynamics (SD), thus converting the current state-of-art sustainability
assessment tool from static to dynamic. Danish agriculture and green biorefineries supply chains in
Denmark were used as the case study for sustainability analysis.

The development of the Danish agriculture sector was simulated and assessed in relation to the
ecosystem’s carrying capacity until 2050. These simulations were done by testing three policy scenarios.
First, the reference scenario showed that under the current development, the agriculture sector would
exploit the ecosystem beyond the carrying capacity shortly after 2030. Second, the scenario limiting the
expansion of animal production to the level of carrying capacity indicated that the agriculture system
will still exceed the carrying capacity due to development inertia and further decreasing agricultural
area. Third, the biorefinery scenario tested an introduction of biorefineries within the carrying capacity
limits to ensure local protein supply for animal feed instead of imported soybean meal. The results
of the third scenario showed that due to the limited agricultural land area, the demand for protein
could hardly be satisfied by local biorefineries, i.e., the land area available for alfalfa will be at least six
times less than needed to supply protein locally. Thus, it can be concluded that other solutions will be
needed to maintain the Danish animal production system within the ecosystem’s carrying capacity.

In this paper, soil carbon gains were used as an example to demonstrate the difference in
obtained results between using constant and temporal soil carbon modelling values. Moreover,
the variable used for impact assessment also contained time dynamics derived from the SD model,
thus showing the application for the developed dynamic sustainability assessment tool. It can be
concluded that this dynamic sustainability assessment tool shows a more precise and less optimistic
projection of future development than the assessment using constant soil carbon modelling values only.
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Therefore, the use of the temporal aspects in the impact assessment should be further developed and
included in sustainability assessments to yield results with the representation of processes occurring in
natural ecosystems.

A similar modelling approach can be adapted to study any system on a local, regional, or global
scale, since the major given relationships and major conclusions will be valid for numerous of other
similar systems. The results of this paper highlight the importance of considering the ecosystem’s
carrying capacity while modelling various ecosystem’s services.
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conventional bull fattening farm Table S1: Assumed values for auxiliary variables in pigs’ production submodel,
Table S2. Equations used in the pigs’ production submodel, Table S3. Assumed values for auxiliary variables in
cows’ production submodel, Table S4. Equations used in the cows’ production submodel.
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