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A B S T R A C T

The Green biorefinery (GBR) is a biorefinery concept that converts fresh biomass into value-added products.
The present study combines a Process Flowsheet Simulation (PFS) and Life Cycle Assessment (LCA) to eval-
uate the technical and environmental performance of different GBR configurations and the cascading utiliza-
tion of the GBR output. The GBR configurations considered in this study, test alternatives in the three main
steps of green-biorefining: fractionation, precipitation, and protein separation. The different cascade utiliza-
tion alternatives analyse different options for press-pulp utilization, and the LCA results show that the envi-
ronmental profile of the GBR is highly affected by the utilization of the press-pulp and thus by the choice of
conventional product replaced by the press-pulp. Furthermore, scenario analysis of different GBR configura-
tions shows that higher benefits can be achieved by increasing product yields rather than lowering energy con-
sumption. Green biorefining is shown to be an interesting biorefining concept, especially in a Danish context.
Biorefining of green biomass is technically feasible and can bring environmental savings, when compared
to conventional production methods. However, the savings will be determined by the processing involved in
each conversion stage and on the cascade utilization of the different platform products.

© 2017.

1. Introduction

In recent years, the utilization of biomass for the production of
feed, fuel and fibers has been suggested as one of the most promis-
ing solutions to fight climate change and reduce our dependence on
petroleum derivatives. Several strategies have been proposed for the
upgrade of biomass feedstock into a large array of products. Initial
research, focusing on the utilization of food crops for the produc-
tion of biofuels showed the technology to be technically and econom-
ically feasible (Worldwatch Institute, 2006). However, concerns were
quickly raised regarding competition for land (i.e. the “food vs fuel
dilemma”) (OECD, 2008) and environmental savings, in comparison
to traditional fossil fuels, were shown to be small (if any) when land
use changes were included in the environmental sustainability assess-
ment (Fargione et al., 2008; Searchinger et al., 2008). Since then, in-
terests have shifted to the utilization of non-edible crops and crop
residues in biorefineries: the so-called second-generation feedstocks.
The goal of a biorefinery is to utilize all biomass fractions in order to
maximize the product yield per biomass input, in the same way con-
ventional refineries have been optimized to produce a multitude of
products by exploiting all the crude oil components.

Biorefineries can be classified depending on the type of biomass
feedstock they use (Bell et al., 2014; Cherubini et al., 2009; Kamm,
2013). The most prominent biorefinery concepts are: “yellow” biore-
fineries that utilize “dry” lignocellulosic materials; “green” biore

⁎ Corresponding author.
Email address: corona@dtu.dk (A. Corona)

fineries that utilize nature's “wet” grasses and immature crops; “blue”
biorefineries that use algae; and “grey” biorefineries that utilize food
waste.

Of particular interest, especially for the Danish context, is the
green biorefinery. The green biorefinery aims at exploiting certain
biomass components, which are generally lost during the maturation
or drying of the biomass. Those components are generally water-sol-
uble compounds, which become hard to fractionate when water is re-
moved from the plant cell. The green biorefinery generally fraction-
ates a “wet” biomass into a liquid stream and a solid stream (Xiu and
Shahbazi, 2015). From these two streams, different cascading prod-
ucts can be generated depending on the processes involved (Kromus
et al., 2006).

Three aspects make the green biorefinery concept interesting for
the Danish scenario, as it can:

1) Decrease import dependency on protein-rich feed for the extensive
Danish livestock sector.

2) Stimulate the local agricultural sector.
3) Increase synergies between different agricultural sectors (i.e. pig

and poultry husbandry, dairy production and crop farming).
Due to intensive livestock production in Denmark, approximately

36 million tons of feed-products were consumed in 2015. While
roughage and cereals are almost entirely produced in Denmark, ap-
proximately 80% of the protein-rich feed is imported (Bosselmann
et al., 2015), and local production consists mainly of rape cakes and
other by-products from the food industry. Soya by-product imports
(cakes) account for approximately 50% of the total protein-rich feed
consumption and 62% of the total import of protein-rich feed. Soya is

https://doi.org/10.1016/j.scitotenv.2018.03.357
0048-9697/ © 2017.
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imported mainly from South America directly, or re-exported from
other EU countries, and a minor import comes from USA (Termansen
et al., 2016). Fig. SI-5 in the Supporting Information (SI) shows the
soy-based feed import to Demark in 2015. Due to socio-political con-
cerns and environmental problems connected to soy production, as
well as the added benefit of not paying for soya imports (Cong and
Termansen, 2016), there is an active interest to reduce import depen-
dency and look for local alternative protein sources (Hörtenhuber et
al., 2011; Lehuger et al., 2009). In the SI, Table SI-17 presents the
consumption of the most important protein-rich feed in Demark be-
tween 2010 and 2015.

The second aspect is the intensification of Danish agriculture. Ce-
reals occupy a majority of Danish farmland and knowhow on cereal
cultivation is estimated to be already at its maximum. Thus, limited
improvement can be achieved in countries where intensive farming is
already practiced. Annual crops such as cereals cannot use a signifi-
cant part of the solar radiation during the growing season for photo-
synthesis and biomass production. Cereal crops mature from mid-July,
are harvested in August, are re-sown in September and green fields
are not seen until the very end of the year (Termansen et al., 2016).
Grasses on the contrary, are perennial crops that can utilize solar ra-
diation available year-round, achieving higher DM yields on a yearly
basis (Gylling et al., 2016). Having a permanent soil cover, not only
allows for higher yields, but can also bring benefits by minimizing nu-
trient losses. Eriksen et al. (2014) compiled a catalogue of measures,
which may be used to mitigate nitrogen leaching in Denmark. In this
context, the conversion of land from cereals to permanent intensive
grass has been suggested as a relevant mitigating measure. In addition
to reductions of nitrogen leaching, the transition from annual crops to
perennial crops is also expected to lead to an increase in the carbon
stock in the soil, due to the larger root system, and it will also lead
to a decrease in the pesticide use compared to cereals (Jørgensen and
Lærke, 2016).

Finally, the green biorefinery concept could improve synergies be-
tween pig and poultry farmers, dairy farmers and crop producers, on
the one hand developing alternative and local protein sources and on
the other intensifying the use of arable land (Cong et al., 2017; Gylling
et al., 2016).

Given the potential of GBR to bring benefits across sectors, sev-
eral projects have focused on developing the technology. Despite the
common basic technology, i.e. fractionation of a wet feedstock into
a liquid and a solid fraction, different process configurations and
different target products have been developed, see Table 1. Several

Table 1
Overview of the different GBRs concepts developed in Europe.

Country
Product
from cake

Product
from juice

Product from
residuals Reference

Netherlands Ruminant
feed

Protein
feed

Biogas www.grassa.nl

Germany Feed pellets Protein
feed/food

Biogas (Kamm et al., 2010)

Germany Composite
material

Protein
feed

Fertilizer www.biowert.de

Switzerland Composite
material

Biogas Biogas (Sharma and Mandl,
2014)

Austria Biogas Lactic acid
Amino
acid

Biogas (Ecker et al., 2012)

Ireland Composite
material

Protein
feed
Lactic
acid

Biogas (O'Keeffe et al., 2012)

Denmark Silage Feed Protein
feed

Biogas (Ambye-Jensen and
Adamsen, 2015)

Denmark Grass
pellets

Lysine Lysine (Andersen and Kiel,
2000)

techno-economical assessments have been published, suggesting that
the GBR could be feasible and economically competitive (Kamm et
al., 2016; O'Keeffe et al., 2012; Sinclair, 2009). However, until now,
knowledge on the best configuration remains limited, due to limited
penetration and implementation in the biorefinery market. Further-
more, few studies have looked at the environmental sustainability of
the GBR system (Cong and Termansen, 2016; Corona et al., n.d.;
Parajuli et al., 2017a) and none have focused on finding the most sus-
tainable GBR value-chain.

Therefore, the present study performs a techno-environmental as-
sessment of different GBR configurations. In order to estimate the
technical performance of different GBRs, at an early design stage, a
Process Flowsheet Simulation (PFS) of different GBR configurations
was developed. The PFS, based on experiments and production trials
performed at a pilot plant in (Foulum, DK), estimates material and en-
ergy input, as well as quantity and quality of the products for each
configuration. The PFS's results were used to populate the inventory
of the LCA model, in order to screen the best configuration in terms
of environmental performance, to identify hotspot and focus points for
the technology developers within the conversion pathway. Finally, a
sensitivity analysis was used to look at the effect of process optimiza-
tion on the environmental performance of the GBR.

2. Materials and methods

2.1. Description of the green biorefinery

A GBR pathway can be described in five main steps:

1) Biomass cultivation
2) Fractionation
3) Precipitation
4) Protein separation
5) Downstream processing of the GBR output

A general description of each step is presented in the following
paragraphs. Additional information is available in the SI.1. The stud-
ied GBR has a capacity of 20,000 tonDM/yr, and is assumed to oper-
ate between May and October. Data for the different processes in the
GBR, as well as estimates of a realistic process optimization, were
obtained from experiments and production trials performed at a pi-
lot plant facility at Aarhus University, located in Foulum, Denmark
(Hermansen et al., 2017). Energy consumption for each process in the
GBR value-chain is presented in Table 2. Data for alternative cascade

Table 2
Energy consumption of the different biorefinery processes.

Process Unit Energy Source

Shredder kWh/tonDM 20 BioValue
Fractionation kWh/tonDM 11.1 BioValue
Anti-foaming agent Kg/m3

press-juice 1 BioValue
Thermal precipitation MJ/m3

press-

juice

294 BioValue

Pumping kWh/m3
press-

juice

1 BioValue

Biological precipitation MJ/m3
press-

juice

84 BioValue

Centrifugation kWh/m3
press-

juice

11 BioValue

Drying heat (35%–60% DM) MJ/tonwater 2000 (Grabowski and Boye,
2012; Mujumdar, 2014)

Drying heat (60%–95% DM) MJ/tonwater 5000 (Grabowski and Boye,
2012; Mujumdar, 2014)

Drying electricity kWh/tonproduct 2.64 (Grabowski and Boye,
2012; Mujumdar, 2014)

Human-grade protein
separation and drying

kWh/tonproduct 428 (Kamm et al., 2009)
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utilization of the press-pulp and for the production of human-grade
protein were based on values taken from literature (Kamm et al., 2009;
Kromus et al., 2004).

2.1.1. Feedstock
Alfalfa (Medicago sativa) was assumed to be a representative feed-

stock for the GBR process, as it is one of the most important foraging
crops in Europe, covering 7.12million ha in 2010 (Kamm et al., 2016).
The inventory for the cultivation of alfalfa in Denmark and transporta-
tion to the biorefinery gate was based on Parajuli et al. (2017b). Al-
falfa is assumed to be a rotational crop, with a rotation cycle of three
years and three harvests per year (Jørgensen et al., 2011). Yearly yield
of alfalfa was assumed to be 12 tonDM/year. The complete inventory
for the agricultural stage of alfalfa is available in the supporting infor-
mation, SI-2.1.

2.1.2. Fractionation
The fractionation step aims at separating the liquid stream i.e. the

press-juice, from the solid fiber-rich fraction, i.e. the press-pulp. The
biomass is initially shredded and fed into a screw-press were it is me-
chanically separated into the liquid and solid stream. The fractiona-
tion step can be performed once or twice, with a washing step in-be-
tween. In this study, the baseline consists of a single-step pressing. As
an alternative, after the first pressing, water is added to the press-pulp
to achieve a 25%DM concentration, which is then re-pressed, result-
ing in a two-step pressing (O'Keeffe et al., 2011b). The latter allows
for a higher extraction of soluble components, proteins and carbohy-
drates. One-step pressing has a protein extraction efficiency of 45%,
while with a two-step pressing the overall extraction efficiency can be
increased to 65% (DCA, 2016). After the fractionation stage, the two
streams are separated and sent to the following downstream processes.

2.1.3. Press-pulp utilization
The press-pulp- or fiber-rich fraction- mainly contains the insol-

uble components of the biomass. This fraction is rich in structural
carbohydrates, predominantly cellulose, and contains the fiber-bound
proteins, as well as residual non-separated soluble proteins. This study
analysed three different cascade utilizations for the press-pulp. Stud-
ied utilizations include:

1) Use as ruminant feed
2) Use as composite material for insulation
3) Use as feedstock for lysine production

2.1.3.1. Utilization as ruminant feed
In this scenario, the press-pulp is ensiled and used as animal feed.

The scenario aims at utilizing the carbohydrates and fiber-bound pro-
tein content as feed for ruminants, which requires that the press-pulp
is ensiled and stored for further use. When utilized as ruminant feed,
the press-pulp must meet a minimum protein content requirement of
140g/kg DM of the dried press cake (Kamm et al., 2010). The ensiled
press-pulp is assumed to replace alfalfa silage.

2.1.3.2. Utilization as composite material for insulation
This scenario aims at utilizing press-pulp fibers in thermal insula-

tion panels. The press-pulp is initially dried to reach a DM content of
92%. Subsequently, the dried fibers are mixed with Borax to increase
fire resistance, and be compliant with current fire and safety standards
for buildings. The product is assumed to enter the insulation mater-
ial market and replaces other conventional insulation panels e.g. pan-
els made from mineral wool. Inventory for this scenario is based on
(Biowert, 2014; Kamm et al., 2009; Kromus et al., 2006, 2004).

2.1.3.3. Utilization as fermentation feedstock
This scenario aims at exploiting the carbohydrate content of the

press-pulp by producing sugars for downstream fermentation
processes. The targeted fermentation product is lysine. The press-pulp
first undergoes a hydrothermal pre-treatment to break down the bio-
mass structure. The biomass is subsequently treated with enzymes,
to induce hydrolysis of the carbohydrates into shorter-chain sugars
that can be metabolized by yeast or bacteria during the fermenta-
tion process. The sugars from the hydrolyzed press-pulp are used as
carbon source for the fermentation organisms, replacing the conven-
tional carbon source used in lysine production, which is glucose syrup
(Anaya-Reza and Lopez-Arenas, 2017; Blonk Consultant, 2010; Leiß
et al., 2010). Inventory for this scenario is based on (Bentsen et al.,
2006; Blonk Consultant, 2010; Larsen et al., 2012; Wang et al., n.d.).

2.1.4. Press-juice utilization
The press-juice contains most of the soluble content of the original

biomass, such as soluble carbohydrates and protein. Depending on the
targeted compound i.e. generally the soluble proteins, different down-
stream processes can be used for separation from the press-juice. The
proteins are precipitated from the press-juice to facilitate the separa-
tion and are subsequently dried, while the residual press-juice is sent
to the biogas plant for anaerobic digestion.

2.1.4.1. Protein precipitation from press-juice
Two different precipitation methods have been included in the

model, thermal and biological precipitation. During thermal precipita-
tion, the press-juice is heated to 80°C by steam and heat exchangers.
At this temperature, proteins denature and coagulate into larger ag-
glomerates that will settle or float in the supernatant surface. Alterna-
tively, precipitation can be induced by lowering the pH of the solution.
In this scenario, lactic acid bacteria are inoculated in the press-juice,
which acidifies the fermentation solution and brings the pH down to
4 to make the proteins coagulate (Santamaría-Fernandez et al., 2017).
This second scenario has lower energy needs, but also a lower precip-
itation efficiency.

2.1.4.2. Protein separation
For the protein separation process two main process set-ups have

been included in the model. In the baseline scenario, a simple decanter
centrifuge separates the protein from the press-juice (Termansen et
al., 2016). The resulting product has a protein content of approxi-
mately 46–50% DM, which can be used as protein-rich feed for mono-
gastric animals (e.g. pigs) in substitution of other protein-rich feed
and has a similar composition and protein content to soybean meal
(Kragbæk, 2014). The combined protein extraction efficiency from
both the decanter centrifuge and thermal or biological precipitation
processes ranges from 90% if thermal precipitation is used to 70% for
the biological precipitation.

An alternative scenario has been proposed by Kamm et al. (2016),
where two different protein products are produced; an “animal-grade”
protein-rich feed that can be used for monogastric animals; and a “hu-
man-grade” protein-rich food that has higher quality and purity, and
can be used by humans. This two-step process requires milder heat-
ing, at 60°C, in the precipitation stage and cannot be performed with
biological precipitation. In the first stage, the animal-grade protein
is separated by centrifugation, with a protein separation efficiency
of 70%. The quality of this feed is similar to the protein-rich feed
of the baseline protein separation process. In the second stage, the
human-grade protein is separated from the remaining liquid stream
by acid precipitation and membrane filtration. Protein separa
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tion efficiency of this second step is 90% of the available protein in
the residual press-juice.

2.1.4.3. Drying
After the separation process, the animal grade protein product has a

DM content of approximately 34% and the human grade protein prod-
uct a DM content of approximately 24%. All products are dried un-
til a 95% DM content is achieved. A drying step has yet to be imple-
mented at the pilot plant at AU Foulum. Estimates of energy consump-
tion for this step are therefore based on general energy usage in indus-
trial water removal operations, as reported in the literature (Grabowski
and Boye, 2012; Mujumdar, 2014), as well as on communications
with the green pellet industry in Denmark (Dangrønt products A/S).
The estimated energy consumption is divided into two steps, (i) from
35 to 60% DM and (ii) from 60 to 95% DM, due to differences in ef-
ficiency of moisture removal at lower dry matter concentrations. It is
thereby estimated that 2000kJ/kg of evaporated water are used for the
first stage and 5000kJ/kg for the second stage. Furthermore, it is es-
timated that the consumption from external energy sources in the fu-
ture may be reduced by a factor of five to ten. This estimated energy
optimization would be a result of e.g. process development, heat in-
tegration with energy production such as biogas, and mixing the wet
product with other dried feed ingredients, which would aid the sub-
sequent drying process. (Grabowski and Boye, 2012). In the model's
baseline, a semi-industrial scale of the process is represented by as-
suming a fivefold reduction of heat consumption, and 50% of the heat
used in the drying process is recycled in the system from drying to pre-
cipitation (Grabowski and Boye, 2012; Mujumdar, 2014). The influ-
ence of heat optimization is further analysed in the sensitivity analysis,
Section 2.2.4.

2.1.4.4. Utilization of the residual juice
The deproteinated press-juice still contains valuable organic com-

pounds that can be fermented by anaerobic digestion in a biogas plant.
The amount of biogas produced by the residual fraction was esti-
mated using Buswell's formula (Buswell and Mueller, 1952), assum-
ing a biogas conversion efficiency of 70%, in a hypothetical 2-stage
wet mesophilic anaerobic digestion plant (Hamelin et al., 2014). The
biogas produced is supplied to a combined heat and power engine
(CHP) with an electrical efficiency of η = 40% and thermal efficiency
of η = 45% (O'Keeffe et al., 2011b). The digestate was assumed to be
subsequently spread on the field within the catchment area supply-
ing the GBR, hence avoiding the production of conventional fertilizers
(O'Keeffe et al., 2011a). Calculation of the fertilizer potential of the
digestate was taken from (O'Keeffe et al., 2011b) and adapted to the
selected biomass, based on its biochemical composition of the depro-
teinated press-juice.

2.2. LCA model description

2.2.1. Goal and scope definition
This study aims to compare different GBR configurations at the

early stages of biorefinery design. Furthermore, the study attempts to
answer the research questions: “What are the environmental impacts
connected to different GBR configurations?” and “What is the best uti-
lization for the press-pulp and press-juice?” To answer these specific
questions, the functional unit selected for the analysis is the “Produc-
tion and conversion of 1tonDM of alfalfa biomass in the GBR”. Thus,
the LCA can be used to estimate the environmental impacts associated
with the production and conversion of the feedstock, while using dif-
ferent GBR configurations and/or targeting different final products. In
Table 3, an overview of the different scenarios tested in the PFS and
LCA model is presented.

Table 3
Overview of the tested scenarios in the PFS and LCA model. Configuration scenarios
are indicated with a number, while utilization scenarios are indicated with a letter.

Scenario name Pressing Precipitation
Protein
separation

Solid fraction
utilization

Baseline
(1.T.1.S)

1step Thermal 1step Feed

1.T.1.Fa 1step Thermal 1step Fermentation
1.T.1C 1step Thermal 1step Composite
1.T.2.S 1step Thermal 2Step Feed
1.T.2.F 1step Thermal 2Step Fermentation
1.T.2.C 1step Thermal 2Step Composite
1.B.1.S 1step Biological 1Step Feed
1.B.1.F 1step Biological 1step Fermentation
1.B.1.C 1step Biological 1step Composite
2.T.1.S 2Step Thermal 1Step Feed
2.T.1.F 2Step Thermal 1Step Fermentation
2.T.1.C 2Step Thermal 1Step Composite
2.T.2.S 2Step Thermal 2Step Feed
2.T.2.F 2Step Thermal 2Step Fermentation
2.T.2.C 2Step Thermal 2Step Composite
2.B.1.S 2Step Biological 1Step Feed
2.B.1.F 2Step Biological 1Step Fermentation
2.B.1.C 2Step Biological 1Step Composite

a The abbreviations used as scenario names signify (x,T,y,F): were x indicates the
number of pressing step (one or two), the middle letter indicates the type of
precipitation process used (T thermal, B biological), y indicates the separation steps
(one or two), and the last letter indicates the solid fraction utilization (S silage, C
composites, F fermentation).

2.2.2. System boundaries and life cycle inventory data
The system was analysed from cradle to biorefinery exit gate. Fig.

1 shows the system boundary and the unit processes included in the
analysis. The system was expanded to include the substitution of con-
ventional products by the GBR products. The PFS model calculated
the inventory for biomass conversion in the biorefinery in terms of
product yields and quality, and consumption of energy and auxil-
iary materials, while the EcoInvent 3 life cycle unit process database
(Wernet et al., 2016) was used to supply the background data.

2.2.3. Environmental impact categories and the LCA methods
The environmental impact categories used in this study are: Global

Warming Potential (GWP), Eutrophication Potential (EP), Non-Re-
newable Energy (NRE) use, Agricultural Land Occupation (ALO),
and Potential Freshwater Ecotoxicity (PFWTox). The selection of the
environmental Impact Categories considered in this study was based
on Parajuli et al. (2015) and to be in line with the LCA data used
for the cultivation stage provided by (Parajuli et al., 2017b), which
is used in this assessment. For the first three impact categories (ICs)
the “EPD” method (Environdec, 2015) was used. For the calcula-
tion of climate change impacts, the contributions from indirect land
use changes (ILUC) induced by the occupation of arable land for the
production of the biomass and those avoided by the displaced con-
ventional products, were also included. ILUC factor was taken from
Schmidt et al. (2015). The ReCiPe method (Huijbregts et al., 2015)
was used to estimate agricultural land occupation impacts, while the
ILCD method (JRC, 2011) was used for the PFWTox impacts.

2.2.4. Sensitivity analysis
In the sensitivity analysis, the parameters connected to the heat

optimization, which has not been implemented at the pilot plant yet,
were varied in the GBR model to observe the effects of different
plant maturity levels on the NRE impact score. The effect of opti-
mization values from 1 to 10 and heat recycling from 0% to 100%
were evaluated in the baseline scenario. This allows simulating the
biorefinery at different optimization/maturity levels: from a non-opti
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Fig. 1. System boundaries of the LCA study. The system boundaries include biomass cultivation, biomass conversion in the GBR and the conventional products avoided by GBR
products. The biomass conversion section shows the most important conversion processes. The baseline scenario follows the solid arrows between processes, while the alternative
scenarios are identified with dotted lines. Dark grey boxes show the GBR products while white dashed boxes show the avoided products displaced by the GBR products.

mized/lab-scale level (optimization = 1, recycling 0%) to semi-indus-
trial/pilot plant (optimization = 5; heat recycling = 50%) and finally to
optimized/industrial level (optimization = 10, recycling = 100%) calcu-
lated after Kamm et al. (2016).

2.2.5. Substitution factor
Each of the GBR products is assumed to replace a conventional

product. To estimate the impact due to the avoided production of con-
ventional products, substitution factors were calculated based on the
individual product's quality and the market that the GBR products en-
ter. Table 4 shows the conventional products replaced by the GBR
products and the basis for calculating the substitution factor. SI-2.3 de-
scribes how the substitution factors were calculated.

3. Results and discussion

3.1. Process flowsheet simulation results

3.1.1. Product yield and composition
The PFS model was used to estimate the quantity and composi-

tion of the GBR's outputs, as well as energy and auxiliary materials
consumption in the GBR. Results are calculated for the conversion of

Table 4
Overview of the conventional products replaced by the GBR output. The last column
lists the property for which the substitution factor is calculated. Details of the calcula-
tion of the substitution factor are presented in SI-2.3.

GBR Product Replaced product Substitution factor

Animal-grade protein Soybean meal Nutritional Value (digestible protein
content)

Human-grade protein Soymilk Nutritional Value (digestible protein
content)

Feed from press-pulp Alfalfa silage Nutritional Value (digestible energy
content)

Composite from
press-pulp

Rockwool insulation
panel

Insulation properties (thermal
insulation)

Lysine from press-
pulp

Lysine from glucose
syrup

Sugars-to-lysine productivity

1tonDM of biomass. Fig. 2 shows a Sankey diagram of the baseline
scenario. Results for the other configuration scenarios are presented in
the supporting information, SI-3.

From Fig. 2, it is possible to observe that the fractionation process
mainly separates the soluble biomass components from the insolu-
ble. Soluble components end up in the press-juice, while insoluble
ones, such as lignin, cellulose and hemicellulose, mostly end up in the
press-pulp. In the baseline scenario, approximately 70% of the DM
ends up in the cake (press-pulp), 17% in the protein-feed and 13% in
the residuals. Approximately 40% of the protein available in the whole
biomass is separated into the animal-grade protein. The animal-grade
protein has a protein content of 46%DM in the animal feed, which is
similar to the protein content in soybean meal (Nemecek and Kägi,
2007) and in line with previous works ((Kamm et al., 2009). Of the
remaining protein, approximately 55% is separated into the cake and
5% ends up in the residual liquid. It is important to note that a substan-
tial part of the protein found in the cake is fiber-bound, and thereby
can only be digested by ruminants, as it is impossible to separate
this type of protein by mechanical means only (Dotsenko and Lange,
2016). Insoluble carbohydrates, fiber bound proteins, and lignin are
the main components of the press-pulp, with carbohydrates making up
the largest share of 62% press-pulp dry matter. Lignin accounts for
12%DM of the press-pulp, which accounts for 99% of the lignin con-
tent in the original biomass.

Table 5 shows the output of the GBR, from the conversion of
1tonDM in all configuration scenarios. The yield of animal-grade pro-
tein varies from 153kg/tonDM for scenarios 1.B.1 and 1.T.2, to 206kg/
tonDM for the 2.T.1 scenario. In comparison to the baseline, the yield
varies within a range of −11% for the lowest yielding scenario to
+20% for the highest yielding one. The yield of animal-grade protein
is similar for scenarios 1.B.1 and 1.T.2, however, a more advanced
processing method allows for human-grade protein to be produced
in 1.T.2, resulting in an overall protein output of 189kg. Press-pulp
yield is only affected by the number of times fractionation is car-
ried out. Pressing twice decreases the press-pulp yield by approxi-
mately −6%, while at the same time increasing the protein-feed yield
by approximately +18% compared to the baseline. Moreover, when
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Fig. 2. The Sankey diagram shows, for the baseline scenario, how the biomass components are separated during the GBR process and the composition of the final GBR products.

Table 5
Breakdown of GBR product quantities in the different configuration scenarios from the
PFS analysis. Amounts shown per 1tonDM of converted feedstock biomass.

Scenario
name

Animal-grade
protein [kg]

Human-grade
protein [kg]

Press-pulp
[kg]

Residues
[kg]

Baseline
(1.T.1)

1.71*102 [−] 7.03*102 1.27'102

1.B.1 1.53*102 [−] 7.03*102 1.44*102

1.T.2 1.53*102 3.55*101 7.03*102 1.09*102

2.T.1 2.06*102 [−] 6.64*102 1.31*102

2.B.1 1.80*102 [−] 6.64*102 1.56*102

2.T.2 1.80*102 4.60*101 6.64*102 1.10*102

looking at the GBR residues, lowest output of residues is found when
the two-step protein separation process is in place; i.e. in the 1.T.2 and
2.T.2 scenarios. On the other hand, the output of residues is highest
when biological precipitation is used because of the lower efficiency
of this process i.e. scenarios 1.B.1 and 2.B.1. The yield of GBR output
is in line with previous publications (Kamm et al., 2009; O'Keeffe et
al., 2011b).

Fig. 3 shows a detailed analysis of the protein distribution in the
GBR products. In the baseline scenario, the overall protein extraction
efficiency, i.e. the protein that ends up in the protein-rich feed, is ap

Fig. 3. PFS results: Protein distribution between the GBR products in the studied sce-
narios.

proximately 41%. By using biological coagulation, the overall protein
extraction efficiency decreases to 32%, while increasing the protein in
the residues from 5% to 14%. Contrastingly, using a two-step protein
separation increases the protein extraction efficiency to 44%; 32% in
the animal-grade and 12% in the human-grade protein feed.

Two-step fractionation allows for an increase in the protein extrac-
tion efficiency of approximately +18% for scenario 2.T.1, +5% for
scenario 2.B.1 and + 23% in scenario 2.T.2, compared to the base-
line. Since more protein is extracted in the press-juice, the protein
content in the press-pulp decreases. Thus, the protein content of the
press-pulp drops from 15%DM with one-step fractionation to 10%DM
with two-step (see Table SI-10). This results in a protein content lower
than the minimum requirement for animal feed as stated by Kamm et
al. (2010) of 140g/kg. Hence, the utilization of the press-pulp as rumi-
nant feed in the 2.X.X scenarios is excluded in the LCA results.

Table 6 shows substitution factors (SF) and biogas yields calcu-
lated for the LCA model from the PFS analysis. SFs for the ani-
mal-grade protein to soybean meal vary from 1.15 to 0.81kg/kgsoymeal
depending on the GBR configuration scenario. The cake-silage SF is
slightly below one when compared to alfalfa silage, because part of the
protein originally available in the biomass has been removed into the
press-juice, decreasing its nutritional value. When utilized as compos-
ite, all scenarios have a similar SF, since it is assumed that a reduction
of protein and other soluble products in the press-pulp does not affect
the thermal properties of the composite.

Table 6
PFS results: quality parameters for the LCA model.

Parameter Unit 1.T.1 1.B.1 1.T.2 2.T.1 2.B.1 2.T.2

SF animal protein kg/kgsoymeal 0.95 0.81 0.81 1.15 1.01 1.01
SF human protein kg/kgsoymilk [−] [−] 1.40 [−] [−] 1.56
SF cake-silage kg/kgsilage 0.96 0.96 0.96 [−]1 [−]1 [−]1

SF cake-composite kg/kgrockwool 0.90 0.90 0.90 0.90 0.90 0.90
SF cake-lysine kg/kgsyrup 0.79 0.79 0.79 0.84 0.84 0.84
Specific biogas yield2 m3/kgDM 0.25 0.26 0.25 0.26 0.26 0.25

1 Excluded because the protein content of the press-pulp below the minimum
nutritional threshold.
2 Based on Volatile Solid (VS) content of the residual fraction.
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For the fermentation utilization, the SF is correlated to the carbo-
hydrate content in the press-pulp. Two-step fractionation increases the
carbohydrate content per DM of press-pulp and thereby the SF for ly-
sine increases.

The biogas yield has a very limited variation between the studied
scenario and ranges from +4% in scenario 2.B.1 to −1% in scenario
1.T.2. Specific biogas yields are in line with previous results found in
the literature (Santamaría-Fernández et al., 2017).

3.1.2. Energy consumption in the GBR
Fig. 4 presents the GBR energy footprint in the different configura-

tion scenario. The figure shows total heat and electricity consumption
for each configuration scenario. Results are shown for the utilization
scenario where the press-pulp substitute animal feed. Figs. SI-2 and
SI-3 in the SI show the analysis for electricity and heat separately.

The total energy consumption in the GBR ranges from 399MJ/
tonDM in scenario 1.B.1 to 1694MJ/tonDM for scenario 2.T.2. The
lower range of energy consumption is in line with results presented
by Kamm et al. (2009), while the upper range is higher in this study
due to differences in precipitation temperatures. While Kamm et al.
(2009) takes into consideration a pre-heating step with recycled heat
and lower precipitation temperature, which result in an overall lower
energy consumption, the present study had one heating step with a
precipitation temperature of 80°C, which leads to the high energy
consumption at the upper range. The most energy consuming process
is the coagulation followed by drying and protein separation. Press-
ing the biomass twice increases the energy consumption by approxi-
mately +45%. However, the increase occurs in the precipitation step,
as an extra washing step leads to a larger water content that has to
be heated during thermal precipitation. Therefore, 38% of the added
energy consumption is present during this step, while only 7% is
due to the energy consumed in the additional fractionation process.
Furthermore, the energy consumption of protein separation and dry-
ing shows a slight increase, due to the higher protein content of
the press-juice. The use of biological precipitation, which requires a
lower operating temperature, allows a reduction in energy consump-
tion of −65% for the 1.B.1 and − 43% for the 2.B.1 scenarios com-
pared to the baseline. The energy produced by anaerobic digestion of
the residues has a limited contribution since the Volatile Solid (VS)
content available in this stream is very low. Part of the heat produced
is used internally in the biogas plant to warm up the residues. For the

most advanced scenario, i.e. 2.T.2, the energy produced from biogas
does not offset the heat requirement in the biogas plant, resulting in an
overall net heat consumption for processing the residues.

3.2. LCA results

3.2.1. LCA results baseline
Fig. 5 shows midpoint LCA results for the baseline scenario. Neg-

ative values represent environmental savings, while positive values
show burdens to the environment compared to the production of the
conventional products. The net results are negative throughout the ICs,
with the exception of Non-renewable energy (NRE), since the avoided
production of conventional protein-feed, silage and energy replaced
by GBR products, is associated with larger impacts than those induced
by the GBR value chain. For NRE, the system has a positive score,
which is connected to the agricultural inputs and the energy consump-
tion in the biorefining process.

Savings related to substituted protein dominate the overall score
for the freshwater ecotoxicity impact category (PFWTox IC) and are
two orders of magnitude higher than the induced impacts from the
agricultural and GBR steps. There are two reasons for this: (i) the
feedstock biomass used in the biorefinery has lower pesticide applica-
tion rates compared to highly industrialized crops like soy and corn/
maize that are substituted (ii) implications from the inventory model-
ling approach used for the pesticide emissions. For the biomass con-
verted in the GBR (i.e. the induced impacts), PFWTox is modelled us-
ing PestLCI (Dijkman et al., 2012) to quantify the pesticide emissions
at the field level (Parajuli et al., 2017b). In contrast, for the avoided
crops (e.g. soy) the modelling approach is based on the EcoInvent
guidelines, which assume that 100% of all pesticides applied to the
field are emitted to the soil. It is not possible to apply the PestLCI
model to the credited EcoInvent processes, since the avoided crops are
grown outside Europe and the pesticide model cannot yet assess other
geographical regions than Europe.

Looking at the induced impacts, the agricultural stage plays a ma-
jor role, contributing with a range of 97% for Agricultural land occu-
pation (ALO) to 48% for NRE. The biorefining stage shows high con-
tribution in the energy related ICs, such as GWP and NRE, where it
induces a total impact of 40% and 52%, respectively for each IC.

Regarding the avoided impacts, i.e. the credits connected to the
replacement of conventional products, the largest credits arise from
the production of silage feed. This is due to the large yield (biomass-

Fig. 4. Total heat and electricity consumption in the GBR calculated from the PFS analysis. Positive values indicate energy consumed; while negative values indicate energy pro-
duced.
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Fig. 5. Midpoint LCA results for the conversion of 1 tonDM alfalfa for the baseline scenario (1.T.1.S). The figure shows the percentage contribution of each life cycle stage and the
total score for each impact category.

to-product) of this product compared to the others products, as approx-
imately 70% of the feedstock ends up as silage feed. Thus, the avoided
impacts induce savings in the range of −85% for EP and − 4% for
PFWTox. For climate change, the protein product contributes 40% of
the avoided impacts, demonstrating that the production of local, pro-
tein-rich feed alternatives to soybean meal can lead to a reduction of
climate change related impacts.

3.2.2. Utilization of the press-pulp
Fig. 6 shows impacts of the baseline GBR configuration scenario

(1.T.1) for different downstream utilizations of the press-pulp. A sim-
ilar trend is observed for the other configuration scenarios (see SI-4).

The environmental performance of the system changes depending
on the type of downstream application and consequently according to
the type of avoided product. If the press-pulp is used for silage pro-
duction, and thereby the avoided product is an agricultural product,
the largest impact reduction potential can be achieved in the agricul-
tural related impact categories, such as ALO and EP. If the press-pulp
is used for the production of insulation panels, there are large reduc-
tions in the energy related impact categories, i.e. GWP and NRE, since
the pulp based product replaces an energy intensive product. Thus,
burden shifting is observed between the silage and insulation applica-
tions, since benefits for agriculturally related ICs are exchanged for
burdens in the energy related ICs. Lastly, the best overall performance
between the studied utilization scenarios occurs when the press-pulp is
used for lysine production, where the net scores are below zero across
all impact categories.

3.2.3. GBR configuration
LCA results of 15 different GBR scenarios are presented in Table

7. The 2.T.2.F scenario exhibit the best environmental performance in
the ALO, EP (together with 1.B.1.S), GWP and PFWTox impact cate-
gories. For NRE, scenarios 2.T.2.C and 1.T.2.C have the lowest score.
The worst performing scenarios are 1.B.1.C in ALO and EP, 1.T.1.S
in GWP and NRE and 1.B.1.S in PFWTox.

Table 7 reveals a visible pattern and highlights the importance of
protein recovery for the overall LCA results. It is evident, by ob-
serving the color pattern, that biorefinery configurations that prioritize
protein extraction efficiency reach the largest savings across the ICs,
as can be observed by looking at the scenario group X.X.2, which has
two-step protein separation for all scenarios. Moreover, scenario 2.T.2
which has two-step fractionation and two-step protein separation and
thereby has the highest protein recovery is the best performing sce-
nario.

The following paragraphs describe the variation in the LCA results
between baseline and alternative processes in each biorefining stage.
Results are presented for the utilization scenario where the press-pulp
is used for lysine production. A similar trend can be seen for the other
utilization scenarios (see SI-4).

By using two-step fractionation and thereby increasing the protein
content in the press-juice, savings are achieved throughout all ICs ex-
cept for NRE, as shown in Fig. 7. The choice of fractionation fre-
quency affects the system in three different ways: in the biorefining

Fig. 6. Midpoint LCA results for the different downstream utilization scenarios of the press-pulp. Results are shown for the conversion of 1tonDM of alfalfa, for the baseline GBR
configuration and are internally normalized to show contributions relative to maximum savings.
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Table 7
LCA results of the different GBR configurations. The 15 different scenarios have been grouped into the three utilization options analysed. Color-coding identifies best and worst
performing configuration scenario within each utilization scenario moving in gradients from green to red, respectively for each impact category and press-pulp utilization option.

Fig. 7. LCA results assessing the effects of one-step vs. two-step fractionation. Results are presented as a percentage difference between one-step and two-step fractionation. Results
shows the difference on the total LCA score (first column) and on the affected processes (biorefining, credit press-pulp, credit protein and credit residues).

stage, in the savings obtained by replacing conventional protein feed
and in the amount of biogas produced.

Firstly, two-step fractionation leads to higher impacts, since it in-
creases energy consumption at the biorefining stage. However, this
is counter-balanced by a higher yield of protein in the feed products
and biogas, which leads to an overall lower impact score for the alter-
native scenario for all ICs except for NRE. Having one or two frac-
tionation steps does not, however, change the fermentation potential
of the press-pulp, since the cellulose and hemicellulose content in the
press-pulp is not affected by this procedure. Hence, the savings con-
nected to press-pulp utilization remain unaltered.

As with fractionation, the same life cycle stages are affected by
the choice of precipitation method, however the trend is inverted
when biological precipitation is employed, see Fig. 8. The use of bi-
ological precipitation induces higher environmental impacts across all
ICs, except for NRE. Despite having lower energy consumption, bi-
ological precipitation has a lower overall protein precipitation effi-
ciency. Hence, the reduction in energy consumption is not enough to
counteract the reduction in product yield, resulting in a net overall

impact increase in all IC, except for NRE, which is strongly reciprocal
to energy consuming processes.

By using a two-step protein separation process, the production of a
higher value product i.e. human-grade protein, is possible, which leads
to a reduction in the environmental impacts of the GBR across all ICs,
see Fig. 9. However, the GBR stage becomes more burdensome, due
to higher energy consumption needed in the extra protein separation
stage, and because a part of biogas credits are lost, since the residual
juice has a lower VS content. On the other hand, the production of hu-
man protein fully counteracts the higher impacts induced in the other
life cycle stages and results in a net overall impact reduction.

3.2.4. Sensitivity analysis
The results of the sensitivity analysis connected to the heat con-

sumption in the GBR are presented in this paragraph and in Fig. 10.
The NRE score ranges between 2480MJ/tonDM, +57% compared to
the baseline, and 1479MJ/tonDM, −6% from the baseline. It can be
observe that a variation of the parameter connected to heat optimiza-
tion has larger effect when there is limited heat recycling. Further
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Fig. 8. LCA results of thermal vs. biological precipitation. Results are presented as a percentage difference between biological and thermal precipitation. Results shows the difference
on the total LCA score (first column) and on the affected processes (biorefining, credit press-pulp, credit protein and credit residues).

Fig. 9. LCA results assessing the effect of one-step vs. two-step protein separation. Results shows the difference on the total LCA score (first column) and on the affected processes
(biorefining, credit press-pulp, credit protein and credit residues).

Fig. 10. Sensitivity analysis results for non-renewable energy. The figure shows the
NRE score varying the parameters connected to the heat consumption in the GBR. The
heat optimization parameter (x-axis) has been varied between 1 and 10 while the heat
recycling (y-axis) has been varied between 0% and 100%.

more the NRE score is positive even in the most optimized scenario
(i.e. optimization parameter = 10 and 100% of heat recycling) suggest-
ing that the GBR system still has a lower performance in this IC com-
pared to the conventional products. As shown in (Corona et al., n.d.)
this could be avoided by a different energy source for heat production,
e.g. substituting natural gas with biomass or biogas.

4. Conclusion

Maximizing product yield proved to be the most important en-
vironmental optimization parameter for the GBR, even more impor-
tant than reducing the biorefinery's energy consumption. This can be
observed when the protein content of the products is increased by
applying either two-step fractionation, advanced protein separation,
or both. Decreasing the biomass-to-product ratio influences the cred-
its gained by substituting conventional products, which in the case
of scenario 2.T.2 counteracts the higher energy consumption. On the
other hand, biological precipitation results in low protein yields, which
cannot be counterbalanced by the reduction in the energy consump-
tion, showing once more that focus in the designing phase should
lie on increasing the efficiency of product recovery in order to at-
tain a more sustainable biorefinery. However, this does not rule out
biological precipitation as such, but instead suggests an optimization
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of the separation step after the biological precipitation e.g. using mem-
brane technology.

The utilization of the press-pulp was shown to be another impor-
tant optimization parameter with extensive influence on the environ-
mental profile of the GBR system, since approximately 70% of the
biomass ends up in the pulp. If the press-pulp is used to replace con-
ventional energy-intensive materials e.g. mineral wool, large savings
are achieved on energy related ICs (GWP and NRE), while if the re-
placed product is agricultural, large savings are observed on agricul-
ture related ICs (ALO, EP).

Green biorefining is shown to be an interesting biorefining con-
cept. Biorefining of green biomass is technically possible and can
bring environmental savings, when compared to conventional produc-
tion methods. However, those savings are very much determined by
the processing involved in the conversion stages and on the cascade
utilization of the different platform products. An insight in the envi-
ronmental implications of the different products and GBR configura-
tions is the first step that complemented with an economic assessment
of profitability can bring about sustainable choices for future bio-pro-
duction.
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