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Abstract: Grass-based biomass from grasslands can be used as feedstock in green biorefineries (GBs) that 
produce a range of biobased products. In addition, adjustments made as part of crop rotation to increase 
areas under temporary grasslands can yield benefits such as carbon sequestration, increased soil productivity, 
reduced eutrophication and reduced need for pesticides. In this paper, a flexible modeling framework is 
developed to analyze the deployment options for GBs that use grass–clover to produce protein feed and 
feedstock for bioenergy. The focus is placed on optimal deployment, considering system configuration and 
operation, as well as land use changes designed to increase grass–clover cultivation on cropland. A case 
study involving 17 counties in Sweden showed that the deployment of GB systems could support biomethane 
and protein feed production corresponding to 5–60 and 13–154%, respectively, of biomethane and soybean 
feed imports to Sweden in 2020. © 2022 Society of Chemical Industry and John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

B
iorefineries can produce a broad range of products 
from a variety of biomass resources.1–3 Green biore-
fineries (GBs) can utilize grass (e.g. biomass from 

cultivated grasslands, closure fields and nature reserves), 
green crops (e.g. lucerne and clover), and immature cereals 
from extensive land cultivation4,5 to produce soluble sugars, 
proteins, lipids, inorganics, active natural components and a 
fiber fraction. These can be used as intermediates in various 
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production processes or sold directly,5 e.g. extracted protein 
is suitable for animal feed.6–8 While commercial GBs are not 
yet deployed, pilot and demonstration plants showing that the 
production of high-value products from grass is technically, 
economically and environmentally feasible9,10 have been con-
structed in Germany,11,12 Denmark6,13,14 (Corona et al.,15,16),  
Ireland,17,18 and Austria.19

The introduction of temporary grasslands as part of 
crop rotations dominated by annual crops can enhance 
biodiversity20,21 and carbon sequestration into soils, thereby 
improving soil structure and fertility, as well as water storage 
capacity.22–26 It can also reduce nitrogen (N) and phosphorus 
(P) losses, mitigating eutrophication in aquatic ecosystems27 
and reducing fertilizer use with associated reductions in 
greenhouse gas (GHG) emissions.26,28–30 Mixed grass and 
clover cultivation produces good yields with a relatively 
low demand for synthetic N-containing fertilizers owing 
to clover’s biological capacity for nitrogen fixation. Besides 
biogas, anaerobic digestion of the harvested biomass produces 
N-rich digestates that can substitute for mineral fertilizers, 
enhancing GHG savings.31

Apart from the benefits described above, Tidåker et 
al.31 reported that Swedish farmers’ profits increased 
when crops with low-level profitability were replaced with 
grass–clover in cereal-dominated crop rotations, mainly 
because the rotation resulted in increased crop yields and 
reduced costs for pesticides and fertilizers. Furthermore, 
in the overall crop rotations, protein production increased 
29–44% when a grass–clover crop was introduced. Positive 
economic and environmental effects of GB deployment 
have been reported also in other studies,32,33 although the 
outcomes were sensitive to crop prices34 and transport 
costs.17,18,35

Building on the above-mentioned studies and other 
studies related to the production efficiency, environmental 
impacts and economics of GBs,6–8,13,15,36 an analytical 
framework was developed in the present study that allows 
investigations of GB systems that use mixed grass and 
clover crops to produce protein feed and bioenergy in the 
Swedish context. The framework builds on a generalized and 
flexible methodology for the modeling and optimization 
of GB production chains, including land use change (LUC) 
to increase the cultivation of mixed grass–clover crops, 
transport logistics, biomass conversion and end uses. The 
framework can be used to determine how interactions 
between agricultural farms and GBs influence system 
configuration and operational decisions, as well as to 
quantify deployment potentials for GBs.

The applicability of the framework is tested in a case 
study of southern and central Sweden that quantifies the 

protein feed and bioenergy supply potentials and analyzes 
the effects of different LUC patterns and price settings 
on the GB configuration and economic performance of 
supply chains. The implications of the modeling results 
are discussed from the perspective of the climate policy 
framework adopted by the Swedish Parliament, including 
the goal that Sweden should have net-zero emissions by 
Year 2045, and as part of the realization of this vision, 
that all energy gases used in Sweden should be completely 
fossil-free. According to Sweden’s National Energy and 
Climate Plan (2020), bioenergy is expected to play an 
important role in reaching that target, and Sweden’s energy 
supply security should be increased through the domestic 
production of biogas. Here, a specific focus is placed on 
the potential for increasing the domestic production levels 
of biogas and protein feed, so as to reduce dependency on 
natural gas and soybean meal imports.

Materials and methods

System description

GBs use a fractionation technology as the first step to 
separate the biomass into the economically valuable 
fractions of a fiber-rich press cake and a nutrient-rich 
green juice. The green juice can be processed to obtain 
a protein concentrate (hereinafter referred to as ‘protein 
feed’) and a residual brown juice, through coagulation 
and decanting. The press cake can be used as: feed for 
ruminant animals6; a fermentation feedstock;37,38 feedstock 
for biogas and bioethanol production13,39,40; and as a solid 
fuel.41 Alternatively, it can be dried and used as a structural 
material.9,18,19 Feed protein separated from the green juice 
has a protein content of approximately 46–50% dry matter 
(DM)47; and can be used as feed for monogastric animals 
substituting for other protein-rich feeds, such as soybean 
meal,14,32,42,43 which has similar protein composition and 
content.

Modeling framework

A mixed integer linear programming model was developed 
that comprises four interconnected modules: (1) configuration 
and network design of GBs; (2) LUC to increase the cultivation 
of mixed grass–clover crops; (3) GB production planning; 
and (4) procurement and allocation of biomass resources. 
Appendix A depicts the main modules of the model, links 
these modules with the corresponding decisions made in 
each module and explains the notations for decision variables 
and parameters used in the formulas. The formulations 
representing objective function and system constraints are 
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also indicated in Appendix A. Figure 1 illustrates the GB 
supply chain with mass flows and how the respective modeling 
modules cover the specific parts of the chain.

Case study

The model is demonstrated in a case study of 17 counties in 
southern and central Sweden (Fig. 2), using county-specific 
data. The center-point of each county is assumed to be a 
candidate location for biorefineries, i.e. the coordinates of 
the center-points of the counties are used to calculate the 
geographic distances between the GB and the locations for 
grass–clover cultivation.

Agricultural production

Most of Sweden’s cereal cultivation takes place in southern 
and central Sweden, where cereal-based rotations dominate 
the arable cropping systems used on farms that are widely 
dispersed across the regions. Here, the areas used to cultivate 
the three major cereals – winter wheat, spring oats and 
spring barley – are considered to be potentially available 
for the cultivation of grass and clover. It is assumed that 
mixed grass–clover cultivated as a two-year temporary ley is 
introduced into the cereal-based crop rotations, and that the 

harvested fresh grass–clover is transported to biorefineries. 
As an example, Fig. 3 illustrates how a typical 6-year crop 
rotation in Västra Götaland County changes when grass–

Figure 1. Green biorefinery (GB) supply chain and system boundary (indicated by dashed line).

Figure 2. The map of counties.
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Figure 3. A typical six-year crop rotation in Västra Götaland County and change after introducing a 2 year grass–clover ley.

clover cultivation is introduced. The cereal growth areas and 
yields in each region are set based on the agricultural statistics 
in Statistics Sweden (SCB).44 Data on grass–clover yields 
and increases in cereal yields after grass–clover introduction 
are based on the work of Tidåker et al.,31 who calculated the 
yield increases for four regions in Sweden. The yield increases 
reported by Tidåker et al.31 were assigned to the 17 counties 
based on their respective associations with production 
regions included in the reporting of agricultural statistics in 
Sweden.44

Agricultural costs and prices

Cultivation costs comprise area- and yield-related costs. 
Area-related cultivation costs are calculated based on the 
size of the agricultural area, and are associated with mainly 
preparing the soil for cultivation, e.g. the costs for the 
land, materials, energy, machinery and labor for seeding, 
fertilizers, liming, the use of pesticides and lubricants. 
Yield-related cultivation costs are calculated based on the 
volume of crop/biomass production and include costs for 
energy and labor and machinery costs to harvest, load 
and unload the crops. Data on the area- and yield-related 
cultivation costs for different types of crops are derived 
from Tidåker et al.31

We set the price levels for autumn 2020, adopted from 
Lantmännen45, as the base prices for the cereals. The base 
price for grass–clover mixture is set at 1.25 SEK/kg DM 
based on the previous report.31 As cereal prices fluctuate 

significantly and market conditions for grass–clover are 
uncertain (a commercial market associated with GB in 
Sweden does not yet exist), sensitivity analyses were made 
in which the prices were varied. Two agricultural subsidies 
are taken into account: the single farm payment (2122 SEK/
ha); and the environmental subsidy for grass cultivation (500 
SEK/ha).

Green biorefinery data

The data related to the conversion of grass–clover to GB 
outputs (protein feed, press cake and brown juice), protein 
feed-soybean meal substitution factors and methane yields 
from press cake and brown juice are primarily based on 
the experimental studies reported by Corona et al.15,16 and 
Santamaría-Fernández et al.13 (Appendix B).

Press cake and brown juice from GB are assumed to be 
converted into biogas that has 65% methane content, based 
on wet mesophilic anaerobic digestion.46 In Sweden, soybean 
meal prices exhibit an upward trend, with the highest and 
lowest prices being 4.66 and 3.2 SEK/t, respectively, between 
January 2020 and April 2021. We assumed that the price of 
protein feed was 3.97 SEK/t, which is slightly higher than the 
April 2021 price of soybean meal at 3.92 SEK/t.47 The prices 
for press cake and brown juice are set based on Martinsen 
and Andersen.48

Three levels of GB processing capacity are included, 
corresponding to annual biomass processing levels of 20 000 t 
DM (small), 70 000 t DM (medium), and 120 000 t DM 
(large). The capital investment and operational (energy, labor 
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and maintenance) costs are assumed to decrease with higher 
GB capacities owing to economies of scale, and are calculated 
according to the paper of Martinsen and Andersen.48 The 
investment costs are updated based on current land prices44 
for each county.

Biomass supply area and transportation

The cost of fresh grass–clover transport from agricultural 
farms to GBs exerts a strong influence on the economic 
performance, as the water content of fresh grass is high 
(typically around 80–84%).35,48 Therefore, particular 
attention is paid to the transport distance and area 
of biomass supply in the calculations, and how the 
interrelationship between transport costs and raw 
material costs results in trade-offs. The transport costs are 
calculated based on Gunnarsson et al.,49 who divided the 
area of substrate supply around a biogas plant fed with 
grass biomass into six zones (hereinafter referred to as 
Zm = Z1, Z2,…, Z6) with transport distances of 0–5, 5–10, 
10–15, 15–30, 30–50 and 50–100 km, in order to calculate 
the transport costs for different substrates. Gunnarsson 
et al.49 stated that the transport cost of fresh grass–clover 
biomass varied between 0.028 and 0.093 SEK/kg among 
these zones. Adopting the approach of Gunnarsson et 
al.49 implies modification of Eq. (3) in Appendix A as 
follows:
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where Eqs. (1) and (2) relate to the transport cost for fresh 
grass–clover produced within the same county as the GB 
and in other counties, respectively. DMb  denotes the DM 
content of fresh biomass, and FTCostbz  denotes the fixed 
transportation cost of biomass supplied from zone Zm, 
which has different values for each zone as stated above. It 
is assumed that the maximum radius for supply from the 
same county is 50–100 km (refers to Z6). The inter-county 
(center-to-center) distance is greater than 100 km for most 

counties. Hence, the cost formulation for inter-county 
transport involves a variable transportation cost defined 
for each unit distance exceeding 100 km.

Results and discussion

County-wise expansion and configuration 
of green biorefineries: Biomass price and 
supply volumes

This section focuses on how varying grass–clover prices and 
upper boundaries for LUC trigger LUC to supply feedstock to 
the GB, and accordingly affect GB profitability, deployment 
potential, GB output and substitution potential. We explore 
the following aspects:

 • the economically optimal investment decision for each 
county (whether to invest in GB in a county or not);

 • county-specific GB capacity, considering profitability; and
 • LUC to grass–clover cultivation in each county (within 

a pre-specified limit) to support the operational stability 
of the GB.

Figure 4 illustrates that optimal expansion (county-wise 
location and total number) and configuration of GB supply 
chains, along with the related transport and LUC patterns, 
are significantly affected by biomass price and LUC limits. 
Owing to the increased raw material cost and low GB 
profitability at high grass prices, there is a tendency to 
construct fewer biorefineries, and for lower grass prices the 
opposite tendency holds true, confirming that the model 
replicates the expected real-world dynamics. For the 
scenario with base grass price and LUC limited to 10%, the 
model suggests constructing only two large biorefineries 
in two counties that have large, continuous cropland areas 
cultivated with cereals. LUC occurs only in these two 
counties (with 7.6 and 8.6% changes in winter wheat and 
oat acreages, respectively), and inter-county transport does 
not take place. A significant increase in the number of 
biorefineries is observed when the grass price is 20% lower 
than the base price. In this case, two large, three medium, 
and eight small biorefineries are constructed (Fig. 4(a)). 
In 15 out of the 17 counties, LUC is close to the upper 
limit (10%) and biomass transport between neighboring 
counties occurs, along with local transport (Fig. 4(b)). As 
shown in Fig. 4, the transportation pattern is shaped by the 
grass price rather than the extent of LUC, i.e. inter-county 
biomass transport is feasible at low grass prices, regardless 
of the LUC limit.

When higher shares of current cereal acreage are allowed 
to be converted to mixed grass–clover leys, the number of 
biorefineries increases for all grass price-levels. In this case, 
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large biorefineries outweigh small and medium biorefineries 
in the optimal configuration, which implies that large 
biorefineries can capitalize on more extensive biomass 
procurement without relying on increased inter-county 
transport (Fig. 4(c)). At higher grass prices, the raw material 
cost increases to the extent that the additional transport 
cost cannot be counterbalanced by benefits of scale and 
GB profitability decreases considerably. In this case, LUC 
takes place only in the counties where biorefineries are built 
(Fig. 4(f)).

When the grass–clover price increases by 20%, only short-
distance (3–4 km) local transport takes place and only one 
large GB is constructed (Västra Götaland) if the LUC limit is 
set to 10%. The transport cost and distance remain the same 
in the case of a higher LUC limit (30%), although three large 
GBs are then built in three counties (Uppsala, Östergötlands 
and Västra Götaland, with LUC at 21, 20 and 8.6% of the 
cereal areas, respectively).

The selection of counties for GB deployment reflects a 
number of factors, including biomass cultivation potential, 
which depends on the size of the current agricultural area 
assigned to cereal cultivation and the yield levels of grass–
clover, investment costs (which depend on land prices) and 
transport costs. Regardless of the biomass price and the 
upper limit set for LUC, the preferred counties are those 
with the largest areas under cereal production and, thus, 
with the largest potential for grass–clover cultivation. The 
county with the highest capital expenditure cost (owing 
to high land prices) remains attractive for GB deployment 
because of its high potential for grass–clover cultivation, in 
terms of both the size of the area and yield level. Owing to the 
availability of large areas for cereal cultivation, regions such 
as Uppsala and Östergötlands are preferred as GB locations 
in most of the settings (Fig. 4(a), (c), (f)). Västmanlands is 
chosen for a centralized GB owing to its central position (in 
comparison with other regions that have high potential for 

Figure 4. The optimized county-wise expansion and configuration of green biorefineries, with related transport and land use 
change (LUC) patterns. Three grass–clover prices (base, 20% higher and 20% lower) and two upper bounds for LUC (10 
and 30%) are considered. The radius of the preferred (or available) biomass supply zone is assumed to be 15–30 km in each 
region, which refers to the fourth zone (Z4), and the associated transport cost is 50 SEK/t fresh grass–clover.49
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grass cultivation), which leads to lower inter-regional transport 
costs (Fig. 4(b)). Blekinge is an example of a region with low GB 
deployment potential owing to limited cereal cultivation and 
high land costs. GB localization in Blekinge only happens in the 
case with the lowest grass price and highest upper boundary 
for LUC. Deployment in a region also depends on the 
conditions in surrounding regions. This is exemplified by the 
deployment of a large GB in the Kronoberg region, which has 
a low potential for grass cultivation but has low land prices and 
proximity to regions with high potentials for grass cultivation 
(Fig. 4(c)).

Green biorefinery output and substitution 
potential

Table 1 indicates the GB outputs, as well as the protein 
balances (protein loss owing to displaced cereal cultivation 
relative to new protein output from GBs), with the different 
county-wise expansion and configuration settings, as 
illustrated in Fig. 4.

The net protein output after LUC is always positive, i.e. the 
total protein output via grass–clover harvest is larger than the 
protein loss owing to the displacement of cereal cultivation (in 

some cases, the protein output more than doubles; see Table 1). 
The potential for substitution of imported soybean meal can 
be significant; the configuration with the highest number of 
biorefineries (Fig. 4(c)) has a protein feed production that is 
about 1.5 times the current level of soybean meal imports to 
Sweden (European Commission, 2021), indicating a significant 
protein feed export potential. However, the variation in protein 
feed production is large, corresponding to 13–154% of soybean 
meal imports to Sweden.

The GB deployment would also present an opportunity 
to increase domestic biomethane production and reduce 
Sweden’s dependency on imported natural gas. In 2020, 
almost 764.5 million cubic meter (MCM) of natural gas were 
imported into Sweden. The calculated biomethane production 
from GB outputs (8.31–99.7 MCM; see Table 1) corresponds 
to 1–13% of the total natural gas import. The Swedish gas 
network is connected to the European gas network, has 14 
injection sites, and currently covers the south-western part of 
Sweden, including the counties of Västra Götaland and Skåne, 
which are identified here as having significant GB deployment 
potential. A planned regional gas network50 also extends 
into counties with significant GB deployment potential 
(Stockholm and Örebro).

Table 1. Green biorefinery (GB) output potential and protein balance*

Grass price (SEK/t DM)

1 1.25 1.5

Upper bound of land use change 10% 30% 10% 30% 10% 30%
Biorefinery Output

Total protein concentrate (t/year) 111 522 267 990 44 640 164 085 22 320 66 960

Soybean meal substitution potential (t/
year)

107 061 257 271 42 854 157 522 21 427 64 282

Imported soy meal substitution (%) 64 154 26 94 13 38

Total press cake (t/year) 400 519 962 459 160 320 589 294 80 160 240 480

Total brown juice (t/year) 87 539 210 358 35 040 128 798 17 520 52 560

Total biomethane potential (MCM/year)* 41.5 99.7 16.6 61.1 8.31 24.9

Protein Balance

Total protein loss (t) 57 881 138 767 25 283 90 262 12 220 39 405

Total harvested protein from changed 
area (t)

129 509 311 214 51 840 190 550 25 920 77 760

Net protein harvest (t) 71 628 172 447 26 557 100 288 13 700 38 355

Total harvested protein from per ha of 
changed area (t/ha)

1.72 1.72 1.79 1.68 1.70 1.64

Protein output from biorefinery per ha of 
changed area (t/ha)

1.72 1.72 1.79 1.69 1.70 1.64

Abbreviation: DM, dry matter; MCM, million cubic meter.
*The radius of the preferred/available supply zone is assumed to be 15–30 km in each county, for the base price and the 20% lower grass 
price. As local transport for 15–30 km cannot be compensated if the grass price is 20% higher than the base price, the results for GB output 
in the last two columns of the table are presented for local transport of 3–4 km.
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Figure 5. The optimized expansion and configuration of green biorefineries for different values of the dry matter (DM) content 
and radius for the preferred/available supply area. The DM content of biomass resources varies in the range of 16–20% 
(Corona et al, 2018). The grass price and LUC limit are set to their respective base values (1.25 SEK/kg DM and 20%). As 
the results for Z1 (0–5 km) are the same for each value of DM content as those for Z2, they are combined and indicated as 
0–10 km. The arrows represent the transport of biomass between counties.

County-wise expansion and configuration 
of green biorefineries: Biomass supply 
area

We conducted analyses of the economically reasonable 
distances to biomass supply area for introducing grass–
clover leys that would feed the GBs. These were based on the 
variations in DM content of the grass–clover determining the 
extent to which the distance to the supply area influences the 
transportation cost. Figure 5 illustrates how the radius of the 
preferred/available supply area and the DM content of the 
grass influence the levels of profitability and GB deployment 
patterns and configurations in the different counties.

It is clear that GB deployment is more widespread when 
the distance-wise probability of reaching suitable agricultural 

farms to introduce grasslands, and/or DM content of the 
biomass, increases. For the lowest transport cost scenario, 
assuming all the biomass supply is available within 10 km, 
the model suggests a multi-regional deployment that favors 
small-scale biorefineries, irrespective of the DM content of 
the biomass (Fig. 5(a), (f), (k)). The lower the DM content 
of the biomass is, the higher the tendency to construct 
fewer biorefineries (Fig. 5(a–d)), even allowing for a slight 
increase in transport distance. For example, if the maximum 
distance to a supply of biomass of 16% DM content increases 
to 15 km, the economically viable deployment comprises 
fewer biorefineries, while medium- and large-scale GBs 
are preferred over small-scale GBs. However, in the case 
of transporting biomass of higher DM content, the model 
suggests relatively wider expansion of GBs, even with higher 
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transport distances. A total of 11 biorefineries with varying 
capacities can be operated economically across counties if 
biomass resources of at least 20% DM content can be supplied 
within a 15–30 km radius (Fig. 5(m)). When the radius 
increases to 30–50 km, the number of biorefineries decreases 
significantly.

For lower DM contents (16 and 18%), even a distance 
of 50 km to the biomass suppliers cannot be tolerated. 
The distance to the supply area has to be at most 36 km 
(with transport cost of 55 SEK/t) to transport biomass 
of 16% DM content to the GB. For transport distances 
longer than 36 km, the increase in transport cost cannot 
be counterbalanced, which means that the GB investment 
is not economically viable. The maximum distance to the 
biomass supply increases to 45 km (with transport cost of 62 
SEK/t) when the DM content is up to 18%. The model opts 
for large-capacity biorefineries in the case of a wider supply 
area, i.e., Z4 (15–30 km) for the transport of biomass with 
DM content <18%, and Z5 (30–50 km) regardless of DM 
content. Thus, the higher output levels and higher income 
levels from biorefineries that result from economies of 
scale counterbalance the higher costs incurred by transport 
over longer distances, to the extent that the GB sustains 
profitability. Biomass supply from Z6 (50–100 km transport 
distance) is not feasible when the DM content of the biomass 
is <20%, as the model cannot produce a feasible solution. 
Nonetheless, a maximum transport distance of 55 km can 
be tolerated (with cost of 69 SEK/t) if the DM content of the 
biomass is at least 20%.

By increasing the radius of the preferred/available supply 
area, a point is reached after which the model is unable to 
produce a solution with at least one GB, owing to excessive 

transport costs. This point can be considered as the maximum 
radius of the supply area that is economically acceptable for 
GBs to process fresh biomass and the changes that occur 
in the price of biomass related to the trade-off between raw 
material cost and transport cost in the profitability function. 
The profitability-lowering effect of the transport cost owing 
to a wider supply area can be compensated by a decrease in 
the raw material cost. When the biomass price is high, the 
GB tends to procure less feedstock, so as to avoid excess raw 
material cost, or chooses a supplier that is closer in distance, 
so as to keep the transport cost lower and counterbalance 
the high raw material cost. Therefore, to ensure maximum 
profitability, the model constitutes a balance between raw 
material cost and transport cost based on the grass price, level 
of supply and transport distance. Figure 6 illustrates how GB 
profitability changes with regards to grass price for six supply 
zones. Figure 7 indicates the grass price that can be tolerated 
for each supply zone, the so-called ‘break-even point’ of the 
grass price for each supply zone.

From a different perspective, Figs 6 and 7 indicate the 
maximum radius of the supply area that is economically 
reasonable for GB. Figs 6 and 7 demonstrate that if the 
biomass supply requires long-distance transport (50–100 km), 
i.e. the agricultural farms that are suitable for the introduction 
of grassland for GB are available within Z6, the GB remains 
profitable only for grass prices up to 1.17 SEK/kg DM. When 
the supply radius is decreased to 30–50 km, the purchasing 
price of grass–clover can be increased to 1.22 SEK/kg DM. 
This can also be interpreted as meaning that the maximum 
transport distance for grass–clover prices in the range of 
1.17–1.22 SEK/kg DM is 50 km. Likewise, if a sufficient 
amount of grass–clover can be procured from the area within 

Figure 6. Grass price vs. GB profit for different supply zones (LUC is limited to 20%).
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a 15–30 km radius, then a grass price of up to 1.31 SEK/kg 
DM can be offered to suppliers to ensure the profitability of 
GB. The price goes up to 1.35 SEK/kg DM and 1.39 SEK/
kg DM when the suppliers are at distances of 10–15 and 
5–10 km from the GB, respectively. Finally, if the grass price 
is as high as 1.44 SEK/kg DM, the suppliers located within 
0–5 km of the GB should be reached. In other words, the 
maximum supply distance should be 5 km if the grass price 
is in the range of 1.39–1.44 SEK/kg DM, for the model to 
suggest the construction of at least one GB.

System dynamics and economic 
interactions based on grass biomass  
and cereal prices

Profitability can be improved at the farm level when 
temporary grasslands are introduced into the annual crop 
rotations through a combination of increased harvests, 
reduced costs for inputs and through crops with lower 
profitability in the crop rotation being replaced with grass.31 
However, wide-scale deployment of GBs requires functioning 
supply chains that impose interactions and tradeoffs between 
the economical situations of agricultural farms and GBs. 
The market price of biomass has a strong influence on both 
farm and GB profits, albeit in opposite directions. Biomass 
demand at the GB level increases with decreasing biomass 
prices and – conversely – farmers’ interest in shifting from 
cereal to grass cultivation increases with increasing biomass 
prices. Thus, there will be a break-even biomass price level 
at which the farmers’ and GB profit margins are balanced. 
Here, the system dynamics and interactions are analyzed and 
discussed based on three critical levels of biomass price: (1) 
the break-even price for the farmer (BEP-F); (2) the price 
ensuring maximum profit for the farmer (PMP-F); and (3) 
the break-even price for the GB (BEP-B). Figures 8 and 9 

show how the LUC patterns and farmers’ and GB profit levels 
change when the biomass prices change, for three different 
cereal prices (base, 20% lower, 20% higher) and two different 
limits on LUC.

BEP-F refers to the biomass price at which the profit made 
by the farm begins to exceed that of the current situation 
with only cereal cultivation, which can be considered as the 
minimum price that the farmer would like to be offered to 
avoid a decrease in profit. For grass prices lower than BEP-F, 
LUC induces unfavorable effects on the economics of the 
farm. As a consequence, farmers may be discouraged from 
introducing grass into the crop rotations. Figure 8 delineates 
that for the base scenario of cereal prices, BEP-F is 0.97 SEK/
kg DM grass–clover. In a case in which cereal prices increase 
by 20%, the farmer needs an 18.5% higher grass–clover 
price (1.15 SEK/kg DM) to compensate for the economic 
loss induced by changing some cereal cultivation into grass–
clover, whereas a grass–clover price of 0.76 SEK/kg DM (21% 
less than that of the base scenario) would be sufficient in the 
case of a 20% decline in cereal prices (Fig. 8(a–d)).

Farm profit reaches a maximum at PMP-F (depicted by 
the yellow dots in Figs 8 and 9), which refers to the price for 
biomass that the farmer probably wants to be offered. The 
PMP-F is 1.22 SEK/kg DM regardless of changes in cereal 
price settings (Fig. 8(a–c)). Prices that exceed the PMP-F 
lead to a rapid decrease in farm profitability because, as a 
consequence of the too-high feedstock price, the GB tends to 
buy less grass to maintain profitability. Consequently, LUC 
decreases, in detriment to the farm economy. Figure 9 clearly 
indicates that the share of current cultivation to be converted 
to grass cultivation drops rapidly just after the PMP-F for 
each cereal. The orange lines in Fig. 8(a–d) indicate that an 
increase in biomass price implies a downward trend in GB 
profitability, which causes a reduction in GB deployment. 
Thus, LUC is less triggered with increasing biomass price. 
On the other hand, up to the PMP-F, the effect of an increase 
in biomass price dominates the effect of a decrease in LUC 
on farm profits. Farm profit (represented by the blue line in 
Fig. 8) shows an upward trend to the PMP-F, after which the 
decrease in LUC, correspondingly to the decreased amount of 
biomass purchased by the GB, dominates the biomass price 
increase and farmer profits start to decline.

Figure 8(c) shows that a LUC pattern that makes 
agricultural production profitable cannot be proposed for 
any grass–clover price, given a scenario in which cereal prices 
are 20% lower than the base price and LUC is limited to 20%. 
However, increasing the limitation imposed on LUC to 30% 
eventuates positive farm profits in those cases in which the 
grass–clover price is in the range of 1.1–1.24 SEK/kg DM, 
with the highest profit being obtained at a price of 1.2 SEK/kg 

Figure 7. Maximum grass price that can be tolerated for 
each supply zone.
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DM (Fig. 8(d)). It also evident that the PMP-F is not affected 
by the cereal price and only slightly by the extent of LUC.

BEP-B represents the break-even point for the GB, which 
is the maximum biomass price that the GB can offer to 
the farmer above which the GB investment would not be 
reasonable. Figure 8(a–d) shows that the BEP-B is 1.31 SEK/
kg DM for all settings and that the levels of GB profitability 

(both the trend and values at different grass prices) do not 
change according to variations in the cereal prices. This is 
expected because the objective function is formulated around 
the maximization of GB profitability, so cereal prices do not 
have a direct impact from the modeling perspective.

The introduction of a grass–clover ley into annual crop 
rotations reduces the area used for cultivation of annual 
crops. However, the displacement effect, i.e. expansion and/
or intensification of annual crop production elsewhere, is 
moderated in several ways and in some instances the need 
for annual crop production elsewhere can even be reduced51. 
First, improved soil quality owing to soil organic carbon 
(SOC) increases, enhanced disease control and improved 
supply of nitrogen and water can lead to a 3–20% increase in 
yields of annual crops following ley in modified rotations.31,52 
Second, when the biomass is used in GBs to produce protein 
feed that replaces soybean meal there will be a reduced need 
for soy cultivation.36 Given average soybean yields at 2.8 t ha−1 
in Europe (IDH and IUCN NL, 2019) and 2.8–3.5 t ha−1 in 
Brazil (SIDRA, 2020), and assuming that 80% of the soybean 
is used for soymeal, each hectare in Sweden that is used for 
ley instead of annual crops reduces the need for soybean 

Figure 8. Change in farmer and GB profits with varying biomass prices [the break-even price for the farmer (BEP-F), the price 
ensuring maximum profit for the farmer (PMP-F) and the break-even price for the GB (BEP-B) are shown with red, yellow and 
dark-blue dots, respectively].

Figure 9. Changes in LUC pattern with varying biomass 
prices (BEP-F, PMP-F and BEP-B are shown with red, 
yellow and dark-blue dots, respectively).
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cultivation by approx. 0,8 ha in the EU or 0,64–0.8 ha in 
Brazil. Finally, displacement effects can be mitigated through 
targeting abandoned or low-productivity cropland where 
the yields are most negatively affected by historic land use 
and accumulated SOC losses. Indicative of the potential for 
this strategy, Naess et al.53 identified 50 Mha of abandoned 
cropland outside biodiversity hotspots from 1992 to 2015 out 
of which 20% was found in Europe.

Conclusions

The present study indicates a strong potential for GBs in 
Sweden. It is estimated that protein feed and biomethane 
production from the expansion of GBs can be up to 154% 
of soybean meal import and 13% of the natural gas import 
to Sweden, respectively. However, successful deployment 
will require that farmers within a region perceive 
incentives for making significant changes to their land 
use. These incentives could include payments for carbon 
removal in agricultural practice, which is a topic that is 
attracting interest from both the private sector and EU 
policymakers, as well as benefits associated with changes 
in land use, e.g. improved soil health, reduced nutrient 
leaching, lower use of pesticides and increased crop 
diversity. New opportunities for payments may incentivize 
farmers to engage in a transition towards increased 
grass–clover cultivation in cereal-dominated agricultural 
landscapes.
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