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Abstract

O’Keeffe, S.M., Alternative use of Grassland Biosésr Biorefinery in Ireland : A
Scoping study. PhD thesis, Wageningen Universitag@hingen, The Netherlands.
With references — With summaries in English andcbu202 pp.

The need to reduce greenhouse gas emissions aedddggy on fossil fuels has been
one of the main driving forces to use renewableusses for energy and chemicals.
The integrated use of grassland biomass for thdyatmn of chemicals and energy,
also known as Green Biorefinery (GBR), has receinaeth attention and several
European countries have developed GBR systemsydimg) Austria, Denmark and
Germany. In lIreland, approximately 90% of the 4.3liom hectares used for
agriculture is under grassland and used in livésimoduction systems. Recently
livestock numbers have declined and a surplusagggbiomass is predicted. GBR has
potential to provide supplementary income from thigsplus grass. As part of a
scoping study, | assessed the economic, technichleavironmental feasibility of a
GBR in an Irish context, and developed a bluegant first generation GBR.
Scenario analyses suggested that the ideal cat¢rarefor a GBR was 700-800 ha
depending on biomass availability within the catelimarea, and the availability
should be in excess of 30% in order to containsfrart costs. An added benefit of a
decentralised GBR facility processing approx. 0@ try matter per hour is that it
allows for ease of operation, and better knowledfyéhe source and quality of the
herbage being supplied.

The viability of a GBR will be highest in areas whiexperience declining
numbers of livestock and lower farm income, patéidy, but not exclusively, occurs
in areas with many beef farms. These areas havigla gotential availability of
surplus grass biomass and in such a situation 8 @ould not have to compete
with traditional agricultural commodities, but rath would provide potential
supplementary income to farmers.

The transitional development of a GBR system isl{iko be most successful if
current harvesting practices (i.e. a two-cut silagetem) are adopted. The quality of
the biomass from such a harvesting system is cobipatvith the basic GBR
technologies used to produce insulation materiald proteinaceous products for
animal feed. In the longer-term, higher value patdicould be produced by retro-
fitting the GBR facility. Analyses also showed tHfaedstock quality can be best
controlled by operating a silage-only system, with-site ensiling of the grass
material at the GBR facility. The use of silageaateedstock also facilitates year-
round operation of the GBR facility.

Biorefinery processes are energy intensive. Theeetbe viability of the GBR largely



depends on self-sufficiency for energy. This carati@eved by anaerobic digestion
of the slurries that remain after processing.

The residual material remaining after the anaerdigestion can be used as fertiliser
on the farm supplying the biomass, as part of astevananagement strategy” that
aims to maintain nutrient balance between the GBR the source farms. This
recycling will reduce direct costs of the supplyfagms.

The blueprint outlined in this thesis providegariework for the development
of a first generation GBR. The blueprint has aldentified key areas that require
further research: improved ensiling techniquesegrdation of livestock farming
systems and GBR systems, and nutrient budgetitiied&5BR system.



Contents

Chapter 1 General introduction 1

Chapter 2 Alternative use of grassland biomasseilard:

Grass for Biorefinery 7

Chapter 3 Grass biomass scenarios for an Irishr@esefinery
Blueprint, under a two-cut silage system 27

Chapter 4 Scenarios for an Irish Green Biorefinery
Development of a blueprint 51

Chapter 5 Green Biorefinery (GBR) scenarios fava-tut silage system:
Investigating the impacts of sward botanical cosmjon and N
fertilisation rate on GBR profitability and pricéfered to farmers 87

Chapter 6 Farm case study scenarios to assesBdbeat biomass availability
on the profitability of the Green Biorefinery andpacts

for the farmer 125
Chapter 7 General discussion 153
References 175
Summary 189
Samenvatting 193
Acknowledgements 197
CVv 201

Education plan 202






1

General introduction

S.M. O'Keeffe



Chapter 1

1.1 General introduction

This chapter provides a general introduction totthgc of this thesis and a general
outline. A more comprehensive introduction to tapi¢ of the thesis and a literature
review are provided in Chapter 2.

1.2 Context

Grassland covers approximately 25% of the worlda dfFAO, 2007). The decisions
relating to grassland use and management have tampamplications for resource
stability, biodiversity and global change, as tteg the nexus between agronomic
production and environmental impacts of land ussesgies (Lemaire et al., 2005). Of
the 4.3 million hectares used for agriculture ieldnd, approximately 3.8 million
hectares is under grassland, the majority of wiigiermanent pasture.

1.3 Problem statement

The predominant usage of grassland herbage hasianatly been used to provide
feed for livestock production (Buxton, 1996). Ireland approximately 90% of the
agricultural area is devoted to grassland farmind animal production systems (O
Mara, 2008). Substantial destocking of grasslantbiscasted for Ireland over the
coming decade (Styles et al., 2008) due to the cmatibn of the Nitrates directive
(91/676/EEC) and recent full decoupling of EU agltiaral subsidy payments from
production. This will result in generating a potaty large surplus of grass biomass,
which could be used for energy or other purposesGiMth, 1991). The EU Biofuel
Directive (2003/30/EEC) promoting a “biobased eaogd has triggered
investigations into the alternative uses of gramtdg EU Commission, 2010).

“Green biorefinery” is a concept to utilise gregmassland) biomass as raw material
for the production of biobased products like praeilactic acids, fibres and energy
(via biogas) (Kromus et al., 2004). The pasturspht into two fractions: the solid
fraction or “press cake” and the liquid fraction &press juice”, by applying
technologies to chemically and physically separatdractionate the biomass. The
press cake can be utilised for products such asaitien materials for building. The
press juice can be used to produce high value ptedwhich could be used as
substitutes for mineral oil derived products such lactic acid for plastic and
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polylactide (PLA) production, proteins for the aminfeed and cosmetics industries
(Kromus et al.,, 2004). The Green biorefinery comcéas been successfully
demonstrated in Germany (Geveke, 2009), Austrian(Man Berg and Rademakers,
2007), Switzerland (Grass, 2004) and Denmark (Tleonest al., 2004).

1.4 Objectives

The objectives of this research were:

* To assess the quantity and quality of grass biornaser a two-cut silage
system and to assess whether the grass biomassitébles for Green
biorefinery (GBR) technologies.

* To assess which feedstock system is most viableannlrish context;
grass/silage system or silage only.

* To determine the most appropriate economy of scale.

» To determine whether Green biorefinery is a feastgtion for Ireland and for
Irish farmers using scenario analysis.

* To investigate potential catchment areas or “hatspfor green biorefinery
facilities to locate.

1.5 Methodological framework

The research consisted of a combination of liteeateview, field trial experiments,
and modelling work (Fig. 1.1). In the literaturevieww (Chapter 2) the research
guestions and hypotheses are further outlined lssktform the basis of the following
Chapters 3-7.

1.6 Outline of thesis

First, a literature review was conducted in oradeassess the biorefining experiences
of various European countries (Chapter 2). Thidoththeir findings to be used as a
benchmark, to assess the potential for establishir@green biorefinery system in
Ireland and a conceptual blueprint for an Irishédréiorefinery to be developed. The
relevant knowledge gaps associated with the sugigly of an Irish Green biorefinery
system were identified, these needed to be detethimorder to assess the feasibility
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of the conceptual GBR blueprint.

1.6.1 Field trials

Grass (2004) suggested that price schemes for dedisered to a Green biorefinery
should be established with respect to the raw nahteharacteristics required to
achieve the desired end product yield and qualdyameters. Two of the most
important quality parameters for assessing grasssteck for the GBR outlined in the
blueprint were the fibre and crude protein contgi@sass, 2004). Therefore, field
trials were established to assess the yields ofhdiger (DM), fibre and crude protein
of grass swards on six contrasting Irish farms.s€hiarms differed in geographical
location, soil type, weather, previous managemeudt @ward botanical composition.
They were all subjected to a two-cut silage managegmnsystem and assessed under
three annual input rates of inorganic N fertili$d6, 90, 225 kg N haa') in two
successive years. The grass harvested from thése was also ensiled in the
laboratory silos at Teagasc Grange. This allowed ditage quality produced from
these pastures, under the controlled conditiorlalwratory silos, to be assessed. The
field trial data was then used to develop biomagply models to predict the DM
yields, fibre and crude protein yields of grass\gesupplied to a GBR (Chapters 3 and
4). Data from laboratory silo experiment was alsedito develop silage models to
predict the ensiled grass quality or silage (ChapreThese models were then used to
provide insight into how the quality and quantity grass biomass coming from
permanent pastures under a two-cut system couhpally affect the profitability of
the GBR blueprint system outlined in O’Keeffe et(2009) (Chapter 5).

1.6.2 Desk study

The objective of the desk study was to develop &RGBueprint processing model,
which could generate the most appropriate GBR saefar Ireland. Therefore, three
biorefinery process models were developed whichewsmmbinations of feedstocks
(i.e. grass and silage or just silage) and teclyiedo(i.e. basic technologies or low-
tech to manufacture products from the fibres amatgimaceous fraction and future
technologies high-tech used to extract high valompounds from silage e.g. lactic
acid). The scenarios generated were defined dsov)tech / grass and silage, 2) Low
tech / silage, and 3) High tech / silage (also pooig LA). Each of these three
scenarios was then evaluated at three economissabé (small, medium or large),
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resulting in 9 scenarios (Chapter 4).

Once a suitable GBR process model was identified, grocess model was then
subjected to scenario analyses to investigate hamations in grass quantity and
quality, as a function of botanical compositionttifiser application, and biomass
availability affected the profitability of the sgsh. As an outcome of these scenario
analyses, the price the GBR could offer to farnssve their production costs (£ t
dry matter) was calculated (Chapter 5).

Steps
Step 1 Literature Review
Literature review / \

Field Trials Desk study
Step 2 Six sites around Ireland Literature collection ,
Data collection consultation with experts

N

Step 3 Biomass supply model

GBR - blueprint process model

Model development

Silage quality model

/

Step 4 GBR model application

Model application 1 . ]
Effects of quality and quantity

on GBR profitability

i

Step 5 Spatial study - GIS analysis & GBR model

Model application 2 Identify “Hot Spots” for Green biorefinery

Fig. 1.10Overview of steps taken to assess the GBR blueprin

The GBR model was subjected further to scenarityaes, using GIS spatial analysis
of two contrasting case studies: a) a dairy farrtha south of Ireland ; and b) a beef
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farm in the mid-west of Ireland. This was carried  investigate the extent to which
the geographical constraints of total biomass abdity and surplus biomass
availability would impact on the profitability ohé GBR system. The extent to which
socio-economic factors of each case study govesrattractiveness of GBR for both
the farmer and green biorefinery operators was ialestigated using partial budget
analysis (Chapter 6).

This thesis contributes to the knowledge base ferreative uses of Ireland’s grass
biomass resources. It provides a framework or wloewhich has identified specific

key areas which require further detailed researclorder to make green biorefinery
operations in Ireland an eventuality.
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Alternative use of grassland biomass in Ireland:
Grass for Biorefinery

S. O' Keeffe, R. P. O. Schulte and Struik, P. Q0@ In Grassland Science in
Europe Vol. 14 (Eds, Cagas, B., Mach&. and Neénik J.), pp. 297-313.
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Abstract

In Ireland approximately 3.8 million hectares aevated to grassland (silage, hay and
pasture). With maximum vyields ranging between 10+1BM ha®, grass has the
potential for energy production or other purpoddsGrath, 191). An alternative use
of grassland could be ‘Green Biorefinery’ (GBR). BBwolves applying technology
to chemically and physically fractionate grass graks silage into two streams: press
cake (the solid fibre fraction) and press juicee (liquid fraction). The press cake can
be utilised for products such as insulation malerier building. The press juice can
be used to produce high value products which cbaldsed as substitutes for mineral
oil derived products such as lactic acid for ptasind polylactide (PLA) production,
proteins for the animal feed and cosmetics indesstriUsing the biorefining
experiences of various European countries as a hbsark, the potential for
establishing a Green biorefinery system in Irelavas reviewed and a conceptual
blueprint for an Irish Green biorefinery was deywad. The relevant knowledge gaps
associated with the supply side of an Irish Greerefinery system which need to be
determined in order to assess the feasibility efdbnceptual GBR blueprint were also
identified.

Keywords: Grass, Ireland, Green Biorefinery, grassls, Europe

1 Introduction

For the last ten years in Europe and worldwide,néed to reduce atmospheric £O
emissions has been one of the main driving foroesse renewable resources for
energy and chemicals (Danner and Braun, 1999). 8ssrman be used to replace fossil
based raw materials for applications such as haattricity, transport fuels and
chemicals; together, these four uses comprise title df the western world’s total
fossil consumption (Sanders, 2005). ‘Green Bioerfyh(GBR) could theoretically be
used for all four. It is an integrated refinery cept using green biomass (pasture) as
raw material. High value biochemicals can be ex¢éédrom the grass liquid fraction
(press juice). These could be potential substitédesmineral oil derived products,
such as lactic acid, which can be used as a bugildiock for plastic production in the
form of polylactic acid (PLA). Proteins and amineids can be extracted for
applications such as animal feed or cosmetics.grass fibre fraction can be utilised
for lower value products such as building mater{i®omus et al., 2004).
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The residual grass slurries or ‘side streams’ ramgi after processing the green
biomass, can then be fed into an anaerobic digé&i2y to produce biomethane gas,
and used to produce biomethane gas, which can bé us electricity and heat
generation (Grass, 2004). During the last ten yehes activities in the field of
biorefinery systems have grown, particularly thee&r biorefinery concept, which is
currently in an advanced stage in many EU counthN&y European countries have
successfully demonstrated the Green biorefinergepn In Germany (Geveke, 2009),
Austria (Van Den Berg and Rademakers, 2007), Svismd (Grass, 2004) and
Denmark (Thomsen et al., 2004). Table 2.1 providesoverview of the available
literature on the conceptual and technological adements made by the predominant
European countries interested in Green biorefi(@BR).

2 A review: European countries and the driving for@s which led to the
Green biorefinery concept

2.1 Denmark: Green crop drying industry

In 1990, the Green biorefinery initiative begarDienmark (Kromus, 2002). The green
crop drying industries were generating large quastiof ‘Brown juice’ or waste plant
juices, during green pellet production. This brgwice was being used as a fertiliser
(high potassium and nitrogen); however land appboawas restricted to autumn
(Thomsen, 2004). The rising disposal costs andrenwiental restrictions catalyzed
the research into alternative solutions for ‘Broite’. The high protein content of
the juice gave it the potential to be used as stsaile for fermentations and this is
what catalysed the advancement of the Green bimamgficoncept in Denmark. The
aim was to convert a simple drying industry to aolehcrop utilization factory, with
lysine being produced from the plant juice streaiiisomus, 2002). The related
research is outlined in more detail in Table 22002, Agro Ferm A/S developed a
facility in Esbjerg using the waste brown juicerfrahe pellet generation as a growth
medium for lysine production (Van Den Berg and Radkers, 2007). The Danish
Green biorefinery encountered two problems thauired research. The first was
quality control due to the variability (seasonakather) of the plant juice and the
second was the storage of the plant juice as itamdsavailable in the growing season
of grass, i.e. from May to November.
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A conservation process was developed which useditiveated fresh brown juice
directly as a lactic acid fermentation medium (Arseé@ and Kiel, 2000).

2.2 The Netherlands: Combining potato and grass refing

The desire to enhance the viability of the potafinmg industry for starch production

was the driving force for the Netherlands developingd GBR. Potato refining was

restricted to potato availability (August to Marglierefore processing grass from
April to August meant the plant could be in opematall year (Sanders, 2005). The
Dutch ‘Prograss consortium’ fractionated grass ihi@e process streams of protein,
fibres and grass juice, at their pilot plant in Rok(Groningen). Four tonnes of fresh
grass material were processed per hour with th&ralgpart of the process being a
mechanical refiner as used in the pulp and papkrsiny. The Dutch consortium was
interested in extracting the protein content of ¢gnass. However, they found grass
fibres contributed the biggest bulk of the grased&ock and high-fibre grass
presented greater technical challenges for extrqqtiant protein. They focused on
advancing macerating or primary separation teclgiesoas outlined in detail in Table
2.1. They concluded that grass input should onst tee factory about 50-80 Euro per
tonne grass DM to make the processes economidalyev(Sanders, 2005).

2.3 Germany and Austria: Biogas production

An Austrian study noted the dependency of ‘biorefies on biogas and determined
that provided the situation remained positive fozeln energy then the opportunities
for development of a Green biorefinery was gootp@GTDA, 2005). Both Germany
and Austria have state-of-the-art biogas technekgilready in place accredited to
The German Renewable Energy Sources Act (2000tendustrian Eco-Power Act
(2003). These policies proved to be crucial for pgupng the development of
technologies as they assured a fixed income fayasigroducers connected to the grid
for a specified period. The guaranteed fixed incofnem electricity sales encouraged
farmers to start producing biogas and in addittoripecome familiar with the related
technologies; expansion into other biomass teclymedowas the next progressive step.
Both countries have examples of ‘Green biorefirgrieat various stages of
technological implementation. An example from Aissts the biomethane gas station
for cars in Eugendorf. The vehicle gas fuel is entl of 20% C@neutral biogas and

13
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80% natural gas. The biogas is generated from eéhenting of smooth meadow-
grass Poa pratensis and all the grass is converted into a useablé dnd organic
fertiliser (Van Den Berg and Rademakers, 2007). €stblishment of the basic
biorefining infrastructures (biogas plants) in Awstand Germany has allowed
researchers from both countries to focus on theenamivanced down streaming
technologies for processing the press juice, adinedt in Table 2.1. These
technologies will determine the success of a Gleerefinery, as they will determine
the capital investments needed for a Green biagfilKamm et al., 2000; Reimann,
2006). The heterogeneous nature of the green fBEdstequires delicate unit
operations in order to produce an end product afeptable quality, which is
expensive. Without such processing, the produclisbeirestricted to low-grade (and
lower value) applications such as animal feedslaathte salts used as road de-icers
during the winter months. On the supply side, botluntries noted the need to
improve the technical and economic attributes lafgsi production, for it to be used as
a potential substrate for industrial chemicals (anet al., 2000). Mé&hnest al
(2005) noted that the quality of biogas produced walgo influenced by quality of the
silage.

2.4 Switzerland: A unique example

The Swiss biorefinery model is of interest to Inelaas the Swiss biorefinery plant
was built in 2000 without the advantage of presxgs green industry and in
conditions comparable to Ireland’s current day aitn (at time of writing).
Switzerland - with a high dependency on fossil $uér energy production and
renewable electricity generated from hydropowenwaelear power - had a minimum
emphasis on generating biogas from biomass (JegenW\astenhagen, 2001). The
Swiss researcher Grass (2004) noted that, as Sh\aitdeis a country which did not
have many biomass to biogas plants, it therefopeaed to be lacking the policy
framework to support a biorefinery initiative. THiell scale industrial pilot plant
demonstrated the practical application of grasselilmery and managed the issues of
handling grass (summer-autumn) and silage (wirgeng) (Grass, 2004). The main
products included technical fibres and biogas frgrass, which was used in a
combined heat and power (CHP) plant. In 2003, thmrebnery plant ceased
operations, as it was not economically viable, prethantly due to the fact that
production of biogas and power required high invesit and generated a low return
selling to the grid. Despite this, the Swiss hawparted many valuable insights into
the Green biorefining process. These include:
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» Small-scale operations were more advantageouslainge-scale operations, as
a smaller plant means lower levels of initial invesnt and enables easier
organisation of plant operation and managemenystem, obtaining biomass
from a cost-effective catchment area (i.e. lowansport costs);

» Determining the value added of a potential produoin a biorefinery and
having an adequate plant design is crucial for esecThe related yield per
tonne of raw material and the marketability of greduct on a large scale are
also vital parameters to be considered (Grass,)2004

3 Ireland’s current scenario relative to Europe: Clallenges for an Irish
Green biorefinery

Unlike in other European countries, there has bedmstoric under-investment in
energy networks and an absence of a coherent epehgy in Ireland. The result has
been the slow development of the biofuels indugirgdominantly attributable to the
lack of fiscal incentives and lack of transparenoygrid access to boost the
commercial viability of biofuels (EU and Irish Regs Office, 2006). In comparison
to continental Europe, Ireland currently lacks Haesic technological infrastructures
which have allowed for the European advancement&reen Biorefinery. These
include green crop drying factories (there is oohe Irish operation) and anaerobic
digesters for biogas production. Digester techrielbgre facing major stumbling
blocks in Ireland and have been reported as hawingiuch lower potential for
development than other renewable energy technaagithe country. However, in an
attempt to adhere to the guidelines of the Kyottqarol (2005) and the EU Biofuel
Directive (2003/30/EEC), the Irish government idmoed the REFIT (Renewable
Energy Feed in Tariff) scheme in 2006. This is #icgoframework similar to the
policies in Germany and Austria outlined above,hwite aim to provide financial
incentives for alternative energy sources (EU amsh IRegions Office, 2006) and
move Ireland in line with the European expertisebmimass to bioenergy. Another
issue for Ireland is the societal acceptance amgpat for these new bioenergy
technologies as they have not been widely demdesdirar proven to be viable in the
long-term for Ireland. This lack of knowledge coubtdve an impact on market
confidence, as well as farmer’s willingness to sujorefineries.

With livestock reductions due to CAP (Common Aglictal Policy) reforms
potentially generating a large surplus of grass E&wnmission, 2010), and farmers
already familiar with the techniques and equipnwdrgrass husbandry, grass could be
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one of Ireland’s most valuable biomass resourcethfuture. The most efficient and
sustainable means of utilising grass needs to besiigated and this includes
assessing the feasibility of ‘Green biorefinery @B Ireland is currently in an
advantageous position to assess its green bionpissm® Using the key findings of
Europe as a benchmark, a GBR blueprint for Irelarxash be developed and
investigated to assess the feasibility of GBR aaleamnative use of Irish grassland.

3.1 European Biorefinery findings for Ireland to cansider

The two key European findings which could hold gigance for an Irish Green
biorefinery concept are:

1) Knowledge of the quality (i.e. proportion of fibngotein, sugars) and quantity
(yields) of the green feedstock available and tlaeketability of the biorefinery
products was a guiding principle of the Swiss iosry model, as this helped
to develop and design a viable biorefinery con¢&pass, 2004).

2) Socio-economics and sustainable agriculture were fttundation of the
Austrian biorefinery approach in order to createefficient and cooperative
supply chain management. The Austrians highlighteel need to identify
potential catchment areas, where conditions arenapto support a biorefinery
system. Such areas should have good grassland anters interested in
guaranteeing a supply of green biomass (grass lage$ito a biorefinery
(Kromus et al., 2004).

The rest of this paper will outline the approadtetato develop a conceptual blueprint
for a Green biorefinery system in Ireland. The vale knowledge gaps associated
with the supply side of an Irish Green biorefineiif also be identified.

3.2 Available data and existing knowledge

3.2.1 Knowledge of green biomass (pasture) — gtyanti

Agricultural land is approximately 61% of the totahd mass of the Republic of
Ireland and approximately 90% of the agriculturaleais devoted to grassland farming
(O' Mara, 2008), which is dominated by dairy andfbsystems, as grass is the
cheapest feed available (O' Riordan et al., 1998 large extent of grassland area is
due mainly to climatic conditions (Keane, 1986) amational soil characteristics
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(Gardiner and Ryan, 1969). Total annual grass dgtten (DM) production is
predicted to vary from approx 15 t hin the south-west to 11 t fain the north-east
in an average year (Brereton, 1995). Theses highis/igive grass the potential for
energy production or other purposes (McGrath, 1994¢h as Green biorefinery. In
Ireland pasture growth begins in February or Maddpending on location and
accelerating rapidly up to peak growth rates in Nlapger day length). Growth then
declines gradually over the summer and autumn, sorae with a second peak in
August (O' Mara, 2008). Just over one million hdasvested for silage (O' Kiely et
al., 2004 ), with the first cut harvested arounel peak of the growth curve (May/June)
and the second cut taken at the tail end of thevtprourve (July/August).

3.2.2 Knowledge of green biomass (pasture) — qualit

Grassland species vary in their ontogeny (e.g. @gsnn components of leaves or
stem during ageing) and ontogeny has a dramatectefin quality, both in grass
species and in herbs (Bruinenbetgal, 2002). Permanent pasture is the predominant
pasture type in Ireland and also for use in silagting systems (Fositt, 2000; O
Connell, 2005; O' Kiely et al., 2000). Intensiverragement (reseeding, high cutting
frequency) and high nitrogen (N) application ratesult in high DM vyielding swards,
sometimes entirely dominated blyolium perenne(High quality swards-Class
Molinio-Arrhenatheretea; association Lolio-Cynosune) (Fositt, 2000). With less
intensive management moderate quality swaktidigio-Arrhenatheretegaassociation
Centaureo-Cynosuretynassociated with secondary grass species, sucheadomn-
grassesKoa spp), Yorkshire-fog Holcus lanatuy bent grassesAgrostis spp. and
herbaceous species including dockuifiex spp are dominant in the sward (Fositt,
2000). For Green Biorefinery, there needs to bdn@aough understanding of the
relationship between the quality of the end prodaistl the raw material (green
biomass) (Grass, 2004). Table 2.2 provides anhhsigo the potential grass fractions
or quality parameters from a range of selectedsgspscies and herbs associated with
Irish permanent grasslands and silage fields. RerSwiss biorefinery model which
produced insulation board and protein feed pellieis animals, Grass (2004)
determined that two of the most important qualigrgmeters for assessing a grass
feedstock, are the fibre and protein contents.

Forage quality outlined in the literature in gethasaa nutritional evaluation, used in

livestock production systems (Buxton, 1996). Altgbuhese analyses are limited with
respect to the raw material requirements of a GB&y still provide valuable insight
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Table 2.2.0verview of potential yields and grass fractions ofb@al species common to silage pastures

Yield 'NDF 'cp 'wsc
t DM™ha kg t* DM kg t* DM kg t* DM
Species
Lolium perenne 2.38-11.94 348-548.6 120.6-244.37 114-179.36
Fr H, M, P C,Dm, T,WI, Wr Fr,C, H, T, Wc, M, Wc ,Wr
Wr
Agrostis spp. 2.63-10.05 137.5-218.75 87
Fr,P,S Fr ,H, Wc Wc
Poa spp. 1.49-10.16 433-716 135-227.5 92-149
Fr,H, P B,HL Wr, Z Fr, H, HI, Wc Wec, Wr
JWr
Holcus lanatus 3.68-10.56 426-593.6 124-220.06 114-142
Fr,H C, Hr, Wr C, Fr, H, W, Wece, Wr
Wr
Trifolium repens 229 272.52-275 83
Wr Fry, Wr Wr
Rumex sp. 0.71-8.8 128.9-286 193.- 76-208
obtusifolius Dm, Hu Dm, Fb, Hp, Wr 298.13 Wr, Hp
Fb, Hp, Wr
Ranunculus sp. 152.8 250.06
bulbosus Fb Fb

1. NDF = Neutral Detergent Fibre, CP = Crude protein, WS&ater Soluble Carbohydrates

Subscript refers to the peer reviewed literaturenf which the ranges of values were sourced.
Figures reported in this table have been modifiekg t* DM

Brief description of experimental background fasuks referred to above:

B (Baronet al, 2004) three year mean, regrowths harvested mid, Apid Sept Poa spp =P. pratensiy

C (Chavest al, 2006) the averaged sum of the individual plamtspaummer harvest (leaf, stem, flower).

Dm (Derricket al, 1993) samples harvested on th& Z&t. Lolium perennavas leafy (results were reported in %
DM).

Fb (Fairbairn and Brynmor, 195Bumex sp= flowering stageRanunculus st pre-flowering stage. Figure refers
to crude fibre content calculated from absoluterdatter.

Fr (Frame, 1991) three years meaned at an anrteadfr, 120, 240, 360 kg N /ha respectively. Marige plots
(L. perenne cv. Perma, Agrostis spp. = commerciag 2 P. pratensis.

Fr, (Frameet al, 1998) figures for CP derived from N content (16.25).

H (Haggar, 1976) primary growth yields. CP deriftenin N content (N x 6.25), Monoculture ploRo@a spp. = Poa
trivialis, Agrostis spp. = A. stolonifera, L. perem= S23 fertiliser rate 400 kg N Haa™.

HI (Holman, 2007) mean of two yeaf3, pratensidgn R, (booting stage), Ranthesis) pooled across cvs.

Hp (Hejduk and DoleZal, 2004) crude fibre contdr2™8 cut forage (6 weeks after first).

Hr (Haperet al, 1999) mean values from one growing season (serefiorted as %DM).

Hu (Humphreys, 1995) under a three cut silage syste

M (McGrath, 1991), mean of three years of mediwadingL. perennecvs., First cut in early May. Monoculture
plots

P (Peeters and Decamps, 1994) yield values fa@4hpril, 27 May, 9 June respectively, at a raté@® kg N hd
during the first growth cycle in springPda spp. = Poa trivialis).

S (Sheldricket al, 1990) annual dry matter production for three esnsive years, at an N rate of 200 kg N-ha

T (Turneret al, 2006), mean values bf perenneat three leafy stage.

Wc (Wilson and Collins, 1980) results three yeaesaned.

WI (Wilman et al, 1996) to the mean result of three cuts over thieaes.

Wr (Wilman and Riley, 1993) meaned pot results n®a spp. = P. annya

Z (Zenmenchilet al, 2002) values the mean of three years (threeystiem) fertilised at two rates of 56 kg N'ha

and 224 kg N ha

into the composition of the biomass (grass or silagedstock. In the case of the
Green biorefinery the press cake comprises. 800 g fibre and 200 g other products
(e.g. proteins, amino acids, ash, sugars) per RMdHulst et al., 2004; Ketelaars and
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Rutgers, 2002). Although underestimating the paénguantity of press cake
available from the grass biomass, the cell walsard fibre fraction can be used to
approximate quantity of press cake (Brehmer, 2008jreiter et al., 2004) available
from the grass biomass. This can be estimated ulsendetergent system, i.e. Neutral
Detergent Fibre (NDF) (Cellulose, Hemicellulosed &mgnin) (Van Soest, 1963). The
crude protein (CP) content is used to describdéoaths of N present in a plant. The
amino acids in a plant usually contain on avera&@d N kg' DM; therefore the CP
content is calculated as 6.25N content value (g Kb (Ferguson and Terry, 1957).
This analysis can be used to indicate the initralde protein quantity available for
extraction from the feedstock products mentionealval{Brehmer, 2008).

3.3 Identification of potential location for a GBR: Socio-economic drivers

The different supply chains and process structimea Green biorefinery system will
depend on the natural and agricultural setting (@amnass availability, DM yields) of
the biorefinery catchment region. This also introehi regional economical factors
influencing the overall process structure (Halaszale 2005) i.e. in areas where
current farming systems are profitable, supplyingsg to a GBR may not necessarily
provide any additional financial benefits to farsarterested in supplying a GBR.

Hyneset al (2006) used the Simulation Model for the Irish abEconomy (SMILE)
to statistically match the more detailed data fribke National Farm Survey (NFS) to
the Census of Agriculture. The result is a geogialoutput which enables the socio-
economic development and policy changes in farnanterprises at a local level,
electoral division (ED) across Ireland to be anadysThese SMILE simulations
highlight Irish farm income to show a very distinet northwest/southeast divide (Fig.
2.1). The broad division of farming in Ireland imt@arginal farming areas in the north
and west and more commercial farming in the sontheast has also been illustrated
in the geographic study by Crowley et @007). Their detailed empirical analysis of
the geographic of farm structures, farming systeaggicultural measures and part-
time farming were synthesised into a typology ®kffarming zones or five different
agro-geo-climatic zones within Ireland (Fig. 2.2).

The three zones in the north and west of Irelactude: the Purple zone with main
characteristics of high nature value farmland, Bared Green zones with main
characteristics of agricultural sustainability thgh part-time farming The two zones
in the south and east are the Orange zone of cooahagriculture and the Red zone
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of threats to agricultural sustainability as theirmeharacteristics (Crowlewt al,
2007). The impacts of CAP reforms and reduced tosds numbers within these
regions will be a very important factor for GBR dbions, as a GBR facility needs to
be located in an area with adequate grass avatialse supplied.

4 Conceptual Blueprint for an Irish Green biorefinery

From the literature review a blueprint for an IriGineen biorefinery was developed,
available technologies, green biomass and socinesnits were used as the
framework to describe the most suitable GBR systethe-short term for Ireland.

4.1 Technologies

The most available European literature, peer resteliterature and discussion with
biorefinery experts was used to assess the avéyabnd robustness of current and
emerging biorefinery technologies. The Swiss biosrly model adopted a gradual
approach, implementing the basic extraction teatgies or “crude technologies”
first, with the aim of retrofitting to produce othproducts when commercially viable
to do so. The model was also an example of a hnmef at an industrial level,
successfully producing fibre for insulation materg@rotein to be used as an animal
feed and biogas to produce electricity and heag. iliplementation of the basic GBR
technology would be a good starting point for aceas Irish Green biorefinery in the
short-to-medium term, with the longer-term goalrefrofitting the GBR facility to
produce higher value products. Therefore an adapesion of the Swiss GBR model
was used to develop aspects of the Irish GBR mdeleloping and appraising the
Swiss GBR model in an Irish context will help idéntproblems and potential
solutions or areas for further research.

The prices obtained in Ireland for biomass to epécg 0.12 €) (at time of writing) are
relatively low (approx. 0.07 €c lower than in maindl Europe) to be a viable option
for a GBR to sell the electricity generated on sitel buy in the required energy.
Unlike the Swiss model which sold the energy toghd, the energy generated by the
anaerobic digester would be used for the energnsgive Green biorefinery processes
(i.e. fiberization, drying).
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4.2 Green biomass

Farmers decisions to adopt new technologies cay exensively for a number of
different factors (i.e. demographics, farm sizea@denWalsh, 2002; Mathijs, 2003).
With both Irish farmers and specialised agri-carttves (who harvest the grass) skilled
in grass husbandry, particularly a two-cut silaggem, putting this knowledge to use,
would be beneficial for the GBR and the farmer. rEfiere the initial transition to
farming for a GBR system could potentially be srheotif “current harvesting
practices” were adopted. The Swiss GBR model opérasing a grass/silage system,
with grass processed in the biorefinery for 4-5 therof the year and silage for the
remainder of the year. The Austrian GBR, proposgdss) silage only as the best
feedstock for GBR (Kromus et al., 2004). Therefas, both feedstocks could be
viable in an Irish context, both contrasting feedktsystems will need to be assessed
to determine their feasibility for an Irish GBR &, using the current herbage
cutting regimes as the bench mark for grass avbhiijab

Farmers Gross Margins

I 500 - 23865
[ | 238es - 37887
[ |37ee8 - 52082
[ 52963 - 52933
B =2040 - 192007

Fig. 2.1 Farmer's Gross margins (€% GIS output of SMILE

simulation. 21
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4.3 Socio — economics - centralised or decentralike

Most European studies emphasise the importancaletentralised approach, because
of the decentralised nature of the raw materiaé &im of a decentralised concept is to
have a direct impact on the economic structure usélrregions, supporting the
sustainable development of such areas (Grass, 200Muset al, 2004). Therefore
we hypothesise that the Irish biorefinery shoulddeeentralised and based in the
centre of a rural catchment using small-scale djers and which were deemed as
more advantageous by Grass (2004) for a numberasions, the main one being ease
of operation and flexibility.
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Blueprint:

To summarise:

“the optimum conceptualised Green biorefinery systa Ireland should be a small-
scale decentralised plant located in a catchmephawhich is experiencing declining
livestock numbers and hence increased surplus edérgbiomass (pasture), with low
farm income. The GBR will operate using a grassgslsystem, or silage only system.
The processing plant should be situated in reaskEnploximity to rural settlements,
so that there is potential to supply local amesitigith heat or electricity from the
plant. The products potentially produced by thisogassing plant will include
insulation products and protein pellets for animé&ed, produced from the
proteinaceous fraction of the press juice. The wadteams or stillages from the
biorefinery will be used to generate biogas prodl&é®m anaerobic digestion of the
fibre slurries. The biogas produced will be usedupply the biorefinery plant with its
own electricity, and heat for drying the press cakbe residual material remaining
after the anaerobic digestion will then be usedasliser and supplied back to the
associated farmers as a part of a “waste managersrategy” and to maintain an
adequate nutrient cycle within the supply chain”.

4.4 Knowledge gaps and actions required to asses®tGBR blueprint

4.4.1 Green biomass quality

Grass (2004) suggested that price schemes for dedisered to a Green biorefinery
should be established with respect to the raw nahteharacteristics required to
achieve the desired end product yield and qualdyameters. Variations in grass
quality harvested from Irish permanent pastures$ dgpend onjnter alia, botanical
composition, geographical location, local climdtatiliser management, and growth
stage at time of harvesting (Van Soestal, 1978; Buxton, 1996). Therefore the
suitability of green biomass under current harmgstiegimes in Ireland, i.e. two-cut
silage system, for supplying a GBR facility desedbin the blueprint needs to be
assessed. The fundamental objective of grasslandageanent for conventional
pasture-based systems is to match herbage suppéribtage demands. However, with
the potential variability of grass quality fromdhi permanent pastures, the application
of modelling (Barrett et al., 2004) and scenarmgrtedict biomass yields and quality
from permanent pastures could be a useful apprwabkgin identifying the potential
of permanent pastures as a feedstock for a GBRcagiph.
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4.4.2 Socio-economical data used to identify thteémapm locations

It is important for Ireland to identify suitablegiens with adequate grass supply and
the ‘socio-economic’ factors, which would support @Green Biorefinery.

A list of criteria has been identified from theeliature, which need to be considered
when determining the potential location of a GBRe3e include:

1) identifying regions with declining livestock nipers resulting in a potential excess
of grass, which could be supplied to a biorefinery;

2) identifying regions where the gross marging (Ril) of livestock farming systems
are currently low;

3) locations with higher percentages of part tiareners as these farmers would have
less time to devote to livestock production and masfer the less labour intensive
option of supplying a Green Biorefinery;

4) the logistics involved in a supply chain managetwill also be considered.

5 Conclusions

» Despite the specific local reasons for each Eumops@untry to pursue the
concept of Green Biorefinery, it is very clear tipaticy is one of the major
impetuses providing the foundations and support goch advancements.
Without the political infrastructure the basic piogd infrastructures, such as
the green pellet industries, starch refining orgh® technologies would not
have been likely to materialise or given the oppuity to advance towards a
Green biorefinery concept.

* In the last decade, the Irish government has begsablishing a policy
framework to move Ireland in line with the Europeaxpertise of biomass to
bioenergy, putting Ireland in the advantageous tjposito assess its green
biomass options using key findings of Europe.

* The conceptual blueprint for an Irish Green biagrefy is envisaged to ba
small scale decentralised plant, located in a cateht area which has a
surplus of green biomass (pasture) and farmersngilto supply the processing
plant. The idealised products include from the gréibre fraction: insulation
materials, heat and energy from anaerobic digestbfibre slurries. From the
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grass juice fraction: protein pellets for animakte

However relevant knowledge gaps associated withstipply side of an Irish
Green biorefinery system haven been identified s€heeed to be determined in
order to assess the feasibility of the concepti@R®lueprint and include:
o The quantity and quality of grass biomass und&roadut silage system
and its suitability for the GBR model outlined hretblueprint;
o Which feedstock system is most viable in an Irightext, grass/silage
system or silage only?
0 Is a decentralized Green biorefinery the most gmmte economy of
scale?
o How will grass/silage quality impact the profitatyilof the GBR
system?
o0 Where are the potential catchments for the GBRriest in the
blueprint and what factors will determine the opsied locations?
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Grass biomass scenarios for an Irish Green
Biorefinery blueprint, under a two-cut silage systen

S. M. O' Keeffe, R.P.O. Schulte, P. O' Kiely, an@ PStruik. Grass biomass scenarios
for an Irish Green Biorefinery blueprint; undernvotcut silage system.Submitted for
publication.
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Abstract

It has previously been established that Green fan@mes (GBR) could be operated
using Irish grasslands, and a blueprint for a susbde GBR industry in Ireland has
been developed. The objective of this study was)tmvestigate if the quantity and
quality of biomass available from permanent grasbskwards on six contrasting farms
across Ireland and managed under a two cut silggiera were suitable for a GBR
producing fibre products such as insulation maltena protein for animal feed, and
2) to develop dry matter (DM), fibre and crude pmt(CP) biomass supply models as
a function of the combined effects of botanical position of pastures, phenological
growth stage (GS) at time of cutting, nitrogenifisdr application rate and weather,
and to subject the biomass supply models to saem@aralysis to investigate system
trends. Fibre was determined to contribeité00 g kg pasture biomass DM or greater
and CP fractions contributed greater than 100 g kgsture biomass DM. It is
concluded that permanent pastures under a twatagessystem are compatible with a
GBR blueprint model. All of the biomass supply misdelisplayed satisfactory
goodness of fit and the sensitivity analyses suggethat some secondary grass
species may have potential to be used in a GBRIsyst

Keywords: Grass, Ireland, Green Biorefinery, permiainpasture, scenarios

1 Introduction

Grasslands are one of the world’s most importammnieis covering approximately 69%
of the agricultural area or 26% of total land a(EAOSTAT, 2008). In Ireland,
approximately 90% of the agricultural area is dedaio grassland farming (O' Mara,
2008) and reforms in the Common Agricultural Polafythe EU (CAP) have reduced
livestock numbers resulting in surpluses of grassdme areas. ‘Green Biorefinery’
(GBR) is a potential alternative use of Irish grhgsmass. It involves chemically and
physically fractionating grass and/or grass sil@ggel, 1998) into two streams: press
cake (the solid fibre fraction) and press juicee (lilquid fraction). A “Blueprint for an
Irish GBR” has been proposed by O’Keeffe et al.0@0 based on an adapted Swiss
GBR model producing methane from an anaerobic thgemsulation materials from
the press cake and a proteinaceous product foraame@ad from the press juice. They
also proposed the adoption of “conventional” fagnpractices (i.e. a two-cut silage
system) for the initial transition to a GBR systéfnowledge gaps associated with the
feedstock supply side of an Irish GBR system ineglath assessment of the quantity
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and quality of grass biomass available from Irishnpanent pastures under a two-cut
silage system and its suitability for the GBR moaolelined above.

The grass quality harvested from Irish permanestypas will depend onpter alia,
botanical composition, geographical location, loesdather, fertiliser management,
and growth stage at time of harvesting (Fositt, 30t Ireland permanent pasture is
the predominant pasture type (O' Kiely et al., 20@IConnell et al., 2004). Intensive
management of permanent pasture results in swardstsnes entirely dominated by
Lolium perenne Less intense management, e.g. reduced cuttirqudrey, lower
animal stock rates, lower rates of fertiliser aqgiion, results in more species or
secondary grass species in the sward, such as mepdesesHoaspp.), Yorkshire-
fog (Holcus lanatus) bent grasseAgrostisspp) and herbaceous species e.g. docks
(Rumexspp.), creeping buttercRanunculus repenglositt, 2000).

Grass (2004) suggested that price schemes for geds®red to a GBR should be
established with respect to the characteristicsiired to achieve the desired end
product yield and quality. With the range of theswracteristics outlined above,
models (Barrett et al., 2004) and scenario analgsesrequired to estimate grass
biomass quantity and quality from permanent pastwieen identifying the potential
of permanent pastures as a feedstock for a GBRefidre, the aims of this paper are:

1) To assess the yields of dry matter (DM), fibmeutral detergent fibre - NDF) and
crude protein (CP) of grass swards on six contrgdtish farms. These farms differed
in geographical location, soil type, weather, poergi management and sward botanical
composition. They were all subjected to a two-dage management system (with the
grass produced between March/August and the erdeofrowing season not being
included in the system) and assessed under thmgabmput rates of inorganic N
fertiliser (45, 90, 225 kg N faa®) in two successive years.

2) To use the data from the same six contrastingsdo:

a. Develop biomass supply models to predict DM, fiarel CP yields as a
function of the combined effects of botanical cosipon of pastures,
phenological growth stage at time of cutting, rgen fertiliser rate and
weather.

b. Subject the biomass supply models to scenario seslio investigate the
combination of botanical composition and manageménth maximises
DM, fibre and CP vyields, and apply sensitivity as&ls to the optimised
scenario to examine trends in the feedstock opfiona GBR.
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2 Materials and methods

2.1 Harvesting of grass biomass

Site selection was based on the five farming zamesgro-climatic regions identified
by (Crowley et al., 2007b) (Table 3.1). In earlygta 2007, plot areas were fenced to
prohibit further animal grazing. Herbage was rentbt@ a 5 cm stubble height to
ensure a similar sward state when spring growthncented. Herbage was similarly
removed in late autumn to ensure a satisfactoryityuat the grass biomass for the
following harvest season. At each of the six sitesge annual nitrogen treatments of
45, 90, 225 kg N Hj respectively, were applied as calcium ammoniuirate (275 g

N kg') to the plots (2.5 mx 2.0 m), each treatment with four replications in a
completely randomised design. Fertiliser was apptie the plots annually in two
applications, 125 kg N HaMarch (for the primary growth) and 100 kg N“ha
May/June (after first cut). Annually, 30 kg phospi®ha' and 120 kg potassium ha
was also applied, at the same time as the nitraggfications, 20 kg P Hg 120 kg K
ha' for primary growth and 10 kg P h&5 kg K h& after ' cut . All six sites were
fertilised in the same week.

Simulating the national silage harvesting campaignieland, grass was harvested
from the plots in two annual cuts (late May / eaiye and late July/ early August).
All sites were harvested within approximately oneeW; except for the most Northern
site (Fermanagh), which had only one annual cutate& July (harvesting regime of
region). In 2008, the second harvest from site @aoot be included in the analysis.
A strip (1.03 mx 2.5 m) was harvested from each plot using a firlgger mower
(Agria, Haag, Germany) to determine plot yield abav5 cm stubble. Representative
core samples of the harvested grass were takerh&mical analyses; and five to ten
grab samples per plot were sorted into individuadsg species to establish their
relative abundance. The most common species foandhe harvested biomass
included: Lolium perenneg(Lp), Agrostisspp. (As), Poa spp. Poad), Holcus lanatus
(HI), Trifolium repengTr), Ranunculus repen®r) andRumex obtusifoliuRumex).
The GS of approximately 400 to 500 tillers per ploas also assessed for the
individual species, using the mean stage count (M8®/1oore et al., (1991) (Table
3.2).

30



Feedstock scenarios

( TY6T ‘uebliol) uonn|os ajgeloelixa s,ueblo '€
oiel Jayem [10S Z:T Hd ¢
sasayjuaJed ul ale sepod alS ‘T

c6 6 €ET'S
G/ ¢S 009

SO0T 88 %l

6T G0T 919

96 ¢e LES

paurelp Allooweo| Apues diuebiQ

paurelp Aja1eI1apoN

paurelp Aja1eIapo

paurelp Aja1eI1apoN

paurelp Aja1eI1apoN

[A)) GET  0€'9 pal ||am — Ajpresapoi

10w 6w

e od  Hd

(Kejo Aneay)
wreo| Aejo Apues

8dA] |10s AweoT

wreo| Aejo Apues
weo| Aejo Apues

adAy jios Aweon

snjejs sjuauinu jIos

adAy abeurelqg

aInixay/adA] J10S

(usayuoN)
0T-§ deays M.Lo8 ‘N 920 2§ (4) ybeuew.ad
(spuepiin)
0T < 1899 M.PP09 ‘N.6S0ES (3) ueyBbeuon
(1se3 ynos)
0T-S 1999  M.0E09 ‘N.8ToZS (@) pioxam
(daays)
Y001S8AI| (1se3)
0T < ®abenpaxiN  M.Bol ‘N.0ZoES (0) Areo
(spuelpin)
0T-§ 1999 M.208 ‘N.0EoES (g) uowwoosoy
(ynos)
0T-S Aire@  M.2¥08 ‘N.ETo2S (V) 10D
(sreah) adA apnie| pue SuoIedO|
abe prems juswabeuew apnubuoT als |el p|al4
snoinald/wireH

310/d reu@an wod) puejsselb pue |ios ‘adA) wey Jo sjre1sq T'E 9|gel

31



Chapter 3

Table 3.2. Botanical composition of swards at the six sigpgcies relative abundance,
meaned across 2 years férand 2% cut, at 3 rates of N 45, 90, 225 kg't&l (sample
no = 251)

Site' Botanical composition Growth stagg
Cutl

Lp Poa As HI Tr Rumex Rr Min Max
A 91 8 0 1 0 0 0 2.60 3.37
B 74 4 6 15 1 0 0 2.29 3.20
C 63 13 22 0 2 0 0 2.42 2.93
D 95 3 1 0 0 1 0 1.90 3.36
E 61 17 11 11 0 0 0 2.70 3.29
F 14 1 49 26 6 2 2 2.65 3.37
Cut 2
A 94 2 2 2 0 0 0 0.98 2.58
B 68 2 14 14 2 0 0 2.17 2.58
C 49 2 41 0 7 0 1 1.44 2.94
D 90 5 1 0 0 4 0 1.01 3.04
E 50 4 29 16 0 1 0 2.13 2.64

1. For site codes refer to Table 1

2. Relative abundance of species (%); Lpcium perenngPoa = Poaspp As =
Agrostisspp, HI = Holcus lanatusTr =Trifolium repens Rumex =Rumex
obtusifolius Rr =Ranunculus repens

3. Growth stage at time of cuttingegetative stage 1.9, Elongation stages 1.9 - 3,
Booting stage 3.0 - 3.1, Inflorescence #pikelet visible 3.1- 3.3, Spikelets fully
emerged/ peduncle not emerged 3.3 - 3.5, Inflorescemerged /peduncle fully
elongated 3.5 - 3.7, Anther emergence/anthesis 29, Post anthesis 3.9 (Mooreet
al., 1991).

2.2 Chemical analysis

In addition to DM content, two of the most impoitauality parameters for assessing
grass feedstock for GBR are the fibre and CP ctsm{@rass, 2004). In the case of the
GBR the press cake comprisexo800 g fibre and 200 g other products (e.g. prstein
amino acids, ash, sugars) per 1 kg DM (Hulst et2004; Ketelaars and Rutgers,
2002). Although underestimating the potential gitgrdaf press cake available from

the grass biomass, for this study the neutral deterfiore (NDF) (Van Soest, 1963)

content was used to estimate the quantity of pceke in the grass biomass in a
consistent and objective manner.

The CP content (total M 6.25) of the grass was estimated using a LECO &P 4
nitrogen analyser (AOAC 1990, method 990-03) and used to calculate the yield of
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CP of the fresh biomass. As some of the CP willaienm the presscake, the CP yields
can only provide a rough estimation of press j@éeyields. he mass fractions (g'kg
DM) of fibre and CP and DM yields (t Hawere multiplied to calculate fibre and CP
yields.

2.3 Weather data

Meteorological data from the nearest synoptic weatktations were used. The
climatic variables used (Table 3.3) were averagéy dar temperature (°C), solar
radiation (J crii day?), rainfall (mm day) and soil moisture deficit (SMD) (mm)
calculated using the SMD model outlined in Schattal. (2005).

Table 3.3. Silage cutting dates and mean daily weather cheriatics during each growing period for field tria
plots during 2007 and 2008

Growing
Year & cutting dates  period Weathet

Days of Radiation Air Rainfall  SMD
Management of 2007 2008  growth Temperature (mmdY) (mm)
sites Year 1 Year 2 (d) (J cm®day?) (°C)
First cut silage
Cork (A) 29" May 75 1452 10.22 1.02 32,01
27" May 62 1376 9.79 188 11.56
Roscommon (B) BJune 72 1622 10.82 126  31.68
3% June 70 1543 10.33 132 30.49
Offaly (C) 28" May 76 1527 9.18 0.89  33.77
29" May 66 1502 9.22 120 16.78
Wexford (D) 28 May 74 1429 10.38 1.26  47.18
26" May 61 1407 9.78 2.48 8.92
MonagaharE) 7" June 87 1360 9.57 1.61  20.49
5" June 72 1491 9.90 1.94  16.15
Fermanagh (F) ®July 116 1664 11.38 230 1244
25" June 92 1723 10.98 213 21.97
Second cut silage
Cork (A) 24" July 57 1521 13.14 3.65 16.50
30" July 65 1490 13.41 328 17.70
Roscommon (B) ébJuIy 56 1567 14.45 3.16 13.09
M/D? - - - - -
Offaly (C) 25" July 58 1539 13.40 3.65 17.22
5" Aug 69 1480 13.88 338 21.99
Wexford (D) 28 July 57 1520 13.05 3.81 6.87
28" July 64 1625 14.08 3.47  11.62
Monagahan (E) Fuly 55 1421 13.91 390 1171
6" Aug 63 1394 13.98 253  27.05

1. Growing period = period between fertilizer apgtion and harvest

2. Radiation = average daily radiation (J7mtay ), Temperature = average daily temperature (°Qpf&lh= average daily
rainfall (mm day), Soil Moisture Deficit (SMD) = average soil mhige deficit (mm); all were averaged over the grayi
period

3. M/D = Missing harvest data
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2.4 Statistical analysis

Analysis of site data

ANOVA was used to test for significance betweem,sytear, and harvest, across N
application rate (45, 90 and 225 kg N'ha'), significance between N rate and site
was tested across two annual harvests and two.yBEaesleast significant difference

(LSD; P<0.05) test was used to separate means withinysige, and harvest across N
fertiliser application rate. Means for N fertilise&pplication rate and site were
separated after averaging across two annual haraedttwo years.

2.5 Biomass supply model

2.5.1 Model generation

The diversity-interaction effects model of Kirwah &. (2009) was the statistical
approach taken with the field trial data to devetlog GBR biomass supply models for
DM, fibre and CP yields. This statistical modellifg@amework was developed to
quantify the direction and magnitude of the spetiesractions that produce diversity
effects (performance of a mixture of species ovet above that expected from the
component species performances in monoculture).

The fixed effects included botanical compositidme(proportions®; of thei™ species),
species interactions (specified B$; among thei™ and j™ species), N fertiliser
application ratel]), soil and weather variable€)(and growth stage at cuttinG§.
The form of the fixed effects model for each frantyield EY) was:

FY:;,B,R +.Zld,j PP +aN+A,C, + 9GS
1= !'].:
i<j

where the effects of species within a functionadugr [grass (LpPoa As, HI) and
forbs (Tr, Rumex, Rr)] were found to perform in emigar manner the species
coefficients were combined to give a composite fional group coefficient. A linear

for both the fixed effects (botanical compositiospecies interactions, N rate,
phenological GS, weather variables) and randonceffésite, year, harvest) and the
model of best fit was determined for each chemimaiponent using Akaike’s
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Information Criterion (AIC). The compound symmetramdom structure was the best
fit for the random model of the DM and fibre yieldshile a variance components
structure was the fit best for the press juice G#dg. The final biomass supply
models presented are those that gave the lowestvAl@e. All models were fitted
using MIXED procedure in SAS (v. 9.1).

2.5.2 Validation of model predictions

The DM and CP biomass yield models were estimaieddcuracy of prediction using
data from field trials on old permanent grasslakdating and O’Kiely, 2000). The
relevant fertiliser rate (kg N Hy weather data and botanical composition were used
with the DM and CP biomass supply models to gergregdicted values for the field
trial plots described by Keating and O’Kiely (2000Bhe predicted DM vyields were
compared with the observed DM vyields over threegjghe CP yields were compared
with one year’s data.

2.5.3 Scenario analysis

2.5.3.1 Optimised maximum scenario models

The coefficients of the final linear mixed modelable 3.5) were used to generate
scenarios which predicted the maximum DM yieldshdt) or maximum fraction
yields (t h&) as a function of botanical composition and gers$imanagement (i.e. N
fertiliser application rate, GS at time of cuttin@ptimised scenarios for maximum
yields were carried out using the Microsoft Exc@02 solver functionMicrosoft
Corp., Seattle, WA)

The optimisation process was constrained to re@ahstlues, i.e. the ranges that were
observed during the two-year experiment, in ordgurevent untested extrapolation of
results. The nitrogen fertiliser was constrainedh advised annual application rates
for two successive silage harvests of 225 kg &a(Coulter and Lalor, 2008). The
relative abundance for the legume proportions werestrained to less than or equal to
5% of the biomass and Lp was constrained to grehger or equal to 50% relative
abundance, as this was the predominant range aukenthe field trials. The relative
abundances of Rumex and Rr were constrained toagetbe aim of the optimisation
process was to determine the optimum pasture spetigrasses and legume in the
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mixtures. The GS parameters were constrained taghge 1.9-3.3 (Mooret al,
1991). For the press juice fractions GS was coimgdato < 3.0 (before inflorescence
emergence). The reason for this was to simultagopsimise for high DM yield and
high CP content, which is usually associated witirarwegetative swards (GS < 3.0)
(Heath and King, 1976). Average daily rainfall andtemperature were constrained to
the average daily values obtained from the fiell tlata of 2.4 mm dayand 13.14
°C, respectively.

2.5.3.2 Scenario sensitivity analysis

Sensitivity analyses were carried out for eachhefdptimised scenarios to investigate
the sensitivity trends of the maximum values tonges in the relative species
proportion, N fertiliser application rate and G®ie§e combinations of variables were
chosen as it was thought they would provide insigtdt management considerations
for farmers and for the GBR. The sensitivity anelysas carried out as follows, e.g.
the DM model predicted L@t a relative abundance of the sward to be 50%. The
effects of Lp proportion on DM yields were examinbyg changing the relative
abundance of Lp to 15, 25, 5, 75, 85 and 90%. r€n@aining relative proportion of
the sward was partitioned across the other sppcegcted by the models, in the same
ratio predicted by the model (i.ePoa (0.45) + Tr (0.05) = 0.5,Poa =
(0.45/0.5)*remainder and Tr (0.05/0.5)*remaindefhe sensitivity analysis was
maintained within the model constraints outlinedova The sensitivity of the
optimised scenario to changes in N fertiliser aggtlon rate and GS was investigated
by reducing the optimised predicted values to 2&mMb 50% of the value predicted.

3 Results

3.1 Observed yields across six contrasting sites

3.1.1 Yield of DM (t DM H3)

The mean DM vyields for each site, cut and yearsamvn in Table 3.4. Between-site
differences for first cut in Year 1 were greatearthin Year 2. There was relatively
little between-site differences for second cut, éeer for both years site C produced
the highest DM yields for the second cBk(Q.001). The between-year differences for
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first cut showed both sites D and(B<0.001) to have higher yields in Year 1 and
lower vyields in Year 2 (Table 3.4). The DM yieldem higher for sites C and F in
Year 2(P<0.01) The between-year differences for the second astawnly significant
for site C P<0.001). The biggest difference was shown between cuit, fivst cut
always having the higher DMP&0.001)) yields for both years. For all sites, the annual
DM vyields significantly increased with increasiragas of N fertiliser application, site
B was the only exception. There was relativelyditifference between site annual
mean DM yields (Fig. 3.1). The mean DM yields freite F were for only a single
annual cut and, therefore, significantly lower thlamse of the other sites. The average
response to increasing rates of N fertiliser ajgpikin rate for all the sites ranged from
15-32 kg DM kg N.

I 45N
[/ 90N
16 . mEmm 225N
14 - f
f
cf
i bef

12 of abe
"m f
- 10 - cf C
©
N oy
» 81
o
Qo
> 6 -
=
a

4 -

2 -

0 -

A B C D E F

Sites

Fig. 3.1 Dry matter yields for six field trial sites at tlereates of nitrogen (45, 90, 225 kg N
ha' a) averaged across two years and two annual harvEséssites codes on top of a
column (sitex N) denote those sites which had significantlyedight mean DM vyields to
that site at that N application rate. Differencegween N application rate means are
denoted as significant with a capital letter (inith placed between the treatment
columns. The 45N and 225N application rates wageifgcantly different for all sites,
except D*P<0.05**P <0.01}** P <0.001. (Site« treatmentP < 0.001).
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3.1.2 Press cake component - Yields of fibre {j ha

The fibre yields equated to approximately 500 @ kgsture biomass DM, under the
prevailing harvesting regime (Table 3.4), and hawhds similar to the DM vyields.

However, fibre yields had greater between-siteed#fihces for the first cut. There was
relatively little between-site difference for thecend cut; however, for both years site

Table 34. Effects of site, year and cut on DM (dry mattéd’), fibre (NDF) (t h&) and CP (t hd) yields
averaged across three N fertiliser applicationsrate

Site’ Yer DM & Y C NDF S Y C cP S Y (C
Cutl

A 1 8.19 be 4.10 ef 0.98 bcef

B 1 8.69 ae 472 e 1.12 ac

C 1 7.20 ef 3.57 0.98 abef

D 1 981 5.43 129 b

E 1 790 acf 4.37 abf 0.86 acf

F 1 714 ce 4.28 abe 0.89 ace

A 2 8.26 bcef ns 4.20 bedf ns 0.88 bf ns

B 2 745 8 @ ® 4.0 acef * 0.77 adf ™

C 2 886 af b 439 abf * 0.96 af ns

D 2 502 Hkk 2.43 Kk 0.75 abef  **

E 2 740 ab ns 382ab * 0.74 abdf ns

F 2 8.39 ac ** 448 a-c ns 0.80 a-e ns
Cut2

A 1 3.29 bde ¥* 1,53 bde *%0.49 bde ok
B 1 3.79 ade wx - 1.80 ad ¥*0.63 a,c-e Hkk
C 1 484 w235 w077 b Kk
D 1 3.94 abe ¥k 1.82 abe ***(0.59 abe Hork
E 1 3.60 abd ¥ 1,72 abd ** 0,52 abd ok
A 2 4.07 de ns *™ 193 de ns *** 0.52 de ng
B 2 M> M * M

C 2 6.61 ad Fik ke 353 KRk wkk () 87 ns ns
D 2 4.25 ae ns * 207ae ns ns  0.50ae ns
E 2 362 ad ns * 196 ad ns *** 052 ad ns *

Model : Sitex yearx harvest* P<0.001
1. Site list: see Table 1
2. S = Least significant of difference (LSD) for betmesite means. Site means are denoted as noticamly different (at
P<0.05) from site codes listed; if no site codéofos, sites are significantly different from everther site.
3. Y =LSD for between—year means. ns, non significé0.05*P <0.01** P <0.001
4. C=LSD for between-harvest means, Cut 1 and Goit &ddividual years of field trials
5. M= Data missing for this harvest
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C produced the greater fibre yield3<0.00]). Site D had the significantly higher fibre
yields for Year 1 P<0.00)), site F had the highest fibre yields in Year @r Both
years, site C produced the highest fibre yieldsthe second cutP<0.001). The
biggest difference observed for fibre yields unitiés cutting system was also between
cuts; with first cut having the significantly highébre yields for both years.

3.1.3 Press juice component: Yields of CP {Hha

The CP fractions ranged from 110-130 g'kgf the pasture biomass DM for the first
cut, and 110-160 g kyDM of pasture biomass for the second cut. Thers wa
relatively little between-site differences in eithgar for first or second cuts (Table
3.4). The between-year differences showed the btgG® yields for the first cut in
Year 1, with site B and D having significantl<{0.001) higher CP yields in Year 1
compared with Year 2. The between-year differemcetfe second cut was not found
to be significant for this study. The biggest difiece observed for CP yields was
again between-cuts, particularly for Year 1, willhséies showing significantly higher
CP vyields for the first cut. In Year 2, all siteadhsignificantly lower second cut
(P<0.00]) CP vyields, except site C.

3.2 Biomass supply models and optimised scenarioayses

3.2.1 DM Yields
3.2.1.1 Model generation

The individual pasture species contributed sigaiiity to DM vyields of the sward
(Table 3.5). The GS of Aat cutting P = 0.0002) and the interaction of average
nitrogen application rate with the functional greugrass <0.0001) and forbsH =
0.0227) were significant for increased DM yieldbeTinteraction of average rain with
both functional groups grasB<0.0001) and forbsP(= 0.2733) had a negative effect
on DM yields. Overall, the model displayed a satithry goodness of fit (R= 0.78)
(Fig 3.2a).
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The DM yields model was estimated for accuracy refdjction using data from the

field trials of Keating and O'Kiely (2000b). Pretid values were approximately 5-
10% lower than observed values and when plottethsighe observed values had an
R? value of 0.70 (Fig. 3.3a).

Dry Matter Fibre Crude Protein

=
]
o

-~ 20

o

.

0.5

Observed Yields (t ha )
.
-
.ﬁ:_

Observed Yields (t ha

Y]

Observed Yields (t DM ha )

=
=
=
=

Model Predicted Yields (t DM ha'1)
Fig. 3.2 Goodness of fit for the mixed linear models DM @&pre (b) and CP (c).

3.2.1.2 Optimised scenarios and sensitivity analysi

The optimised scenario for maximum DM vyields préetic 8.72 t DM ha (Table 3.6)
from a sward dominated by L@oa and Tr (Fig. 3.4a), and with N fertiliser
application rate and GS at their upper limits, 125 kg N h& and 3.3, respectively.
The sensitivity analysis for the DM optimised saemalemonstrated the DM yield
value predicted was highly sensitive to changespecies’ relative abundance, in the
orderPoa >Tr> Lp, with increasing relative abundanceRafa resulting in improved
DM vyields (Fig. 3.4a). The sensitivity analysis sleal the greatest sensitivity to
reduced GS, compared with sensitivity to N appiwatate, with lower DM vyields
predicted with reduced GS (Fig 3.5a and b).
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3.2.2 Presscake: fibre yields
3.2.2.1 Model generation

The individual species contributed significantlyfiore yields of the biomass (Table
3.5). Grass species As interacted significanBy<(Q.0233) with the other species
present in the sward. The grass functional grotgraction with average N fertiliser
application rate (grassN) was highly significant® < 0.0001) for increasing the fibre
yields. The functional groups interaction with aage daily rainfall (grass x rain)
significantly reduced the vyields for fibr® € 0.0121). Overall, the model displayed a
satisfactory goodness of fit {R= 0.69), but with reduced accuracy with increasing
fibre (Fig. 3.2b). The field trials experiments Kéating and O'Kiely (2000b) used to
validate DM vyields and the CP model did not meashecefibre value and, therefore,
the fibre prediction model was not assessed fanracy of prediction.
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Fig. 3.3 The predicted DM (a) and CP (b) yields of the bhatal model and the observed
values obtained in the field trials outlined.
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Chapter 3
3.2.2.2 Optimised scenario and sensitivity analysis

The optimised maximum scenarios for fibre yieldedicted 3.35 t fibre Kafrom a
sward dominated by grasses, Lp, As, HI, with re&atbundances of 50, 21, 29%
respectively (Table 3.6). N fertiliser applicaticate and GS predicted at their upper
limits, i.e. 125 kg N ha and 3.3, respectively. The sensitivity analysisveéd a
pronounced reduction in fibre yields when the reéaabundance of Lp was increased
and relatively lower reduction when the relativaiadlance of Lp was decreased. A
similar trend was observed for As and HI (Fig. 3.4hhe sensitivity analysis for the
optimised fibre yield scenarios showed relativeitglel effect when N fertiliser
application rate, rainfall and GS were altered fribra values predicted for the fibre
yields (Fig. 3.5a and b.)

optimised model prediction
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Fig. 3.4Results of the sensitivity analysis for the optied maximum models, DM (a) yields
and fraction yields fibre (b), CP (c), plotted
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3.3.3 Press juice fraction: CP yields
3.3.3.1 Model generation

Overall, the CP model displayed a satisfactory gesd of fit (R= 0.78) (Fig. 3.2c).
All species made a positive and significant conititn to the CP yields of the mixed
sward, except Rumeand Poa which were non-significanThe effect of N fertiliser
application rate significantly increased the CHdgeof the swardK < 0.0001). The
GS of Lp at time of cutting had a positive effect the CP yieldsK = 0.028). Rain
had a significant negative effect on the CP yidRls 0.0002). The CP yields model
was estimated for accuracy of prediction using faa the field trials of Keating and
O'Kiely (2000b). Predicted values were approximat20% lower than observed
values and when plotted against the observed veden Rvalue of 0.47 (Fig.3.3b).

Nitrogen Growth stage
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0 20 40 60 80 100 120 0 20 40 60 80 100 120
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O NDF
v CP

Percentage Deviation from optimised model prediction (%)

Fig. 3.5Results of the sensitivity analysis for the opsied maximum models, DM yields
and fraction yields (NDF, CP) plotted against thed®viation from optimised model
predicted N application rate (a) and GS (b).
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3.3.3.2 Optimised CP scenario and sensitivity asisly

The optimised maximum CP yields scenarios predift8é t CP ha (Table 3.5) from

a sward consisting of Lp at its lower limit (50%)s (45%) and Tr at its upper limit
(5%) and with N fertiliser application rate and &she upper limits of 125 kg N Ha
and 3.0, respectively. This was a lower Gs thanGkepredicted for maximum DM
and fibre yields., i.e. DM yields and fibre weregicted at 3.3, which refers to the Gs
when spikelets are fully emerged, stage 3.0 rdtetee Gs when the grass is booting,
and there is more leafy material present in theegwacreasing the relative abundance
of Lp resulted in a reduction in the predicted Ge@ds (Fig. 3.4c). The model was
highly sensitive to changes in species proportiothe order Lp>Tr> As. Changes in
N fertiliser application rate, rainfall and GS hadhatively little effect on the CP yields
(Fig. 3.5a and b).

4 Discussion

4.1 Year effects and cutting on biomass yield anduality

The temporal differences (between year and cuthénbiomass quantity and quality
was greater than the between site differences.DMeyields were comparable to the
ranges (6.72 - 9.92 t Haand 2.40 - 5.89 t hafor first and second cut respectively)
reported by Keating and O'Kiely (2000b). Howevére DM production on site C
differed significantly from other sites, particuiafor the second cut. One explanation
could be the greater relative abundancAgrostisspp. in the sward of site @grostis
species in general produce a higher proportiorheir tannual yield later in the year
(summer growth- July/August) relative to Lp, whialould result in higher biomass
yields for the second cut (Cowling and Lockyer, 398aggar, 1976; Henderson et al.,
1962; Peeters, 2004).

The fibre yields were also comparable to the liteaat 2.08 - 4.80 t HgKeady and
O'Kiely, 1996; Mc Eniry et al., 2007) and this wtag prevalent fraction at 500 gkg
DM, or greater. The yield of CP were comparablehi lower ranges found in the
literature, at 0.40 — 1.52 t hiéeating and O'Kiely, 2000b). These low CP yields a
likely related to the low CP content of pasturenéss, cut at a mature GS (Heath and
King, 1976), particularly for the first cut. Thedmnass from the first cut would have
greater plant stem (greater fibre fraction) contean leaf content, hence the lower CP
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yields. However despite these low yields, the foecof CP present in the permanent
pasture biomass still contributed more than 10§ M pasture biomass cut, which
could still make it a potential product option far GBR system. However, the
feasibility of this would need to be investigateutiier. The results of these field trials
suggest that biomass from permanent pastures umder-cut silage system was
compatible with a GBR focused on producing fibreoducts such as insulation
materials and protein products for animal feed.

4.2 Farm effects

All sites received the same fertiliser managemeuwit \&ere cut within approximately
one week of each other, resulting in relatively ieimgrowth periods for all farms.
Under the controlled conditions of this experimenmith the exception of site F, there
were no large differences observed in pasture yialdd quality between sites. A
potential explanation could be related to the remhadf grazing animals from the
pasture. The grazing animal modifies the botanmaihposition of a pasture by
selective grazing (i.e. eating species of prefeernaneven re-distribution of ingested
nutrients via urine and faeces and treading or l[pogcRook et al., 2004). Therefore
mown and grazed swards will differ due to the waies introduced by the grazing
animal, which can have a positive or negative ¢fbecthe pastures yields (Lantinga et
al., 1999) and quality (Dumont et al., 2007; Mogqukeosada et al., 2000). These
results would suggest that understanding the eaffe€tthe grazing animal on the
quality of the pasture biomass could be an impomaguirement for GBRs supplied
with surplus pasture biomass (i.e. pasture bionmasxcess of the requirements of
livestock on the farm).

4.3 Model development and validation

A second purpose of this study was to develop aemadhich could be used to
generate biomass supply scenarios from lIrish pegntapastures under a two-cut
system for a GBR. Botanical composition and theelies of species diversity has
been recognized as an important considerationdstupe biomass quality (Duru et al.,
2008; Nyfeler et al., 2009) and for the sustaingbi(e.g. carbon sequestration,
increased yields with low input) of alternative ggkand use (Prochnow et al., 2009;
Tilman et al., 2006; Tonn et al.,, 2010). Therefdtee diversity-interaction effects
model was used to develop the biomass supply mdéoilets GBR system. It takes into
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account botanical species interactions (e.g., nparétioning and facilitation) leading
to a diversity effect, which is the excess of migtperformance (i.e. increased DM,
fibore, CP vyields) over that expected from componemecies’ monoculture
performances (Kirwan et al., 2009). The model dao account for the combination
of weather (rain, SMD, air temperature, solar raoiig and management (N fertiliser
application rate and GS at time of cutting) factmnsbotanical species effects, species
interactions effects and functional groups effégtass and forbs) on the pasture DM,
fibre and CP yields.

The N application rates interaction with the fuantl groups, GS interaction with Lp,
Poa and As were the management factors determinptbtluce the best model fits.
The functional groups interaction with rain and pemature were the weather effects
which resulted in the best model fit. It was thembmation of both these
environmental and management factors with functigmaups effects and botanical
species effects which resulted in models with theelst AIC (Akaike’s Information
Criterion) and therefore were included in the bismaupply models. The fibre model
was the only biomass supply model to include aisgdateraction effect in the final
model. The final CP model had no functional grooferiaction effects and therefore
the main effects of N and rain were fitted and pictl the model with the lowest
AIC. All of the final models displayed satisfactaygodness of fit.

When validating with an independent data set frofield trial reported by Keating
and O’Kiely, the model accounted for 70% of theiaaace in DM vyield and for only
47% of the variance in CP yield. This could be exmgd by the relatively low CP
yields and small range found in the original daused to develop the model and this
limitation of the models must be considered whesessing the outcomes of the
optimized maximum scenario.

However, despite these limitations of the biomasppk/ models, they can be
employed to investigate feedstock trends for a G&Rtem, rather than predict
absolute values. This would provide valuable insigto how the quality and quantity
of grass biomass coming from permanent pasturegruadiwo cut system could
potentially affect the profitability of the GBR dprint outlined in O’ Keeffe et al.
(2009).

4.4 Scenario Analysis — Implications for Irish GBRmodel

The optimised DM yield value predicted was reatisthd comparable to the literature
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range (2.40 - 9.92 t Ha reported by Keating and O'Kiely (2000Bje sensitivity
analysis for the optimised DM yields scenario sshe@ that increasing thBoa
content of the sward can increase the DM yields Tinding was a little unexpected as
it is Lp, in general, which is considered the high&lding species (Frame, 1989;
Peeters, 2004). Howev@woa pratensids being used in Europe as a feedstock in the
production of vehicle fuel in the form of compresdseatural gas (CNG) (Van Den
Berg and Rademakers, 2007). Therefore there caufmbtential folPoa pratensigs a
species suitable for an Irish GBR; however this iaweed more detailed research.
The optimised fibre yield predicted was also corapla to the ranges found in the
literature, 2.08-4.80 t Ha(Keady and O'Kiely, 1996; Mc Eniry et al., 2007)hel
sensitivity analysis suggests that both nitrogesh secondary species (common to the
pasture swards assessed) such asmksHI, which have a lower agricultural value
(Frame, 1989; Peeters, 2004; Sheldrick et al., 1290ld benefit a GBR system
producing fibrous products such as insulation nigte(Grass, 2004).

The optimised scenario predicted relatively lowyi#ds, and therefore the sensitivity
analysis showed relatively little deviation fromethCP vyields predicted in the
optimised maximum model. The model predicted a dvemmbination of Lp, As and
Tr and cutting the grass biomass at an earlier &&ive to the fibre model. The
important consideration to be taken from this sdenanalysis is the modifications
required to conventional cutting systems to incee@# yields for a GBR facility
producing proteinaceous products as a main or adyat. These scenarios suggest
that grass would have to be cut at a relativellyegas for high CP vyields. This would
require a GBR producing both fibre and proteinasgmoducts from the CP fraction,
to optimise between high DM yields and CP content.

5 Conclusions

The findings of these field trials suggest thatnss from permanent grassland
pastures under a two-cut silage system is compatiith a GBR focused on
producing fibre products such as insulation andf@Panimal feed. All of the final
models displayed satisfactory goodness of fit, ililda DM model demonstrating the
greatest power predicting DM yields with & Ralue of 0.70. The CP model had
relatively lower R value of 0.47. The optimised models and scenarialyaas
demonstrate the significance of permanent pastspesies for the quality of the
biomass and suggest that some secondary grasesesie the potential to be used
for industrial applications in a GBR.
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Chapter 4

Abstract

The aim of this paper is to review the potentiat o Green Biorefinery (GBR)
initiative in Ireland and to identify the most appriate base case scenario for an Irish
GBR blue print. Three biorefinery process modelshiclv were quantitative
conservative mass and energy balances, were deffined the literature and
consultation with various biorefinery experts. Thedels were combinations of
feedstock (grass/silage or silage only) and prodesfinologies (manufacturing
products: fibres, protein or lactic acid). The fimgs of this study show the most
appropriate scale (from those analysed in thisygttat an Irish GBR blueprint is the
medium scale, with a minimum government subsidy cdf0%, using a silage
feedstock. Two possible production scenarios waeatified; the first was to produce
fibre products alone as insulation material (“NotPscenario), and the second was to
include a secondary proteinaceous product as anaarieed (“Prot” scenario). The
technologies are still developing for lactic acidbguction; and therefore it was
included as a potential retrofit for an establisthéatefinery plant. The current Irish
silage harvesting practices may require adaptafimna biorefinery application more
interested in crude protein production e.g. indreashe frequency of cutting would
lead to a biomass feedstock with greater crudeepra@ontent, as it would be cut at a
more vegetative stage.

Keywords: Green biorefinery, grasslands, silageergw, fibre, biomass

1 Introduction

Background of grassland as an important land use

1.1 Overview of grasslands

Grass covers about 3.4 billion ha, which is appmately 69% of the world’'s
agricultural area or 26% of total land area (2008)assland (e.g., rangeland,
agricultural land, semi-natural grassland) bion@w#ribute significantly to global land
use. The traditional use of grasslands has beé&edsfor animal production systems,
particularly in Ireland where approximately 90%tbé agricultural area (3.8 million
ha) is devoted to grassland farming and animal ymton systems (O' Mara, 2008).
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These production systems are facing many envirotaheand socio-economic
pressures. The Common Agricultural Policy (CAPprefs coupled with the Nitrates
Directive (91/676/EEC) have led to declining liviest numbers and a potential
surplus of (Connolly et al., 2009; Teagasc, 200@sgjand biomass. These negative
pressures combined with a low family farm incomed ahe EU Biofuel Directive
(2003/30/EEC) promoting a “biobased economy” hasl l@rmers to begin
investigating alternative uses of their grasslafidsh Farmers Monthly, 2008). The
production of biogas for energy or transport fuedr(ehan, 2004; Murphy and Power,
2008; Nizami et al., 2009; Smyth et al., 2009) & such use, another option for
grasslands is producing feedstock for a “Greenelbioery” (GBR).

1.2 The Green biorefinery concept: technologies poigntial products

GBR involves applying technology to chemically aplysically fractionate (split)
biomass such as grass and grass silage (Kiel, 18@Bjwo streams, press cake (the
solid fibre fraction) and press juice (the ligdiidction). The press cake can be utilised
for products such as insulation materials for bodgdKromus et al., 2004). From the
press juice proteins and amino acids can be egtidor applications such as animal
feed or cosmetics. There is also great potentraéxtracting high value biochemicals
such as lactic acid, which can be used as a bgildiock for plastic production
(polylactic acid (PLA)). After extracting the desit fractions from the biomass the
residual grass/silage slurries or ‘stillage’ caenttbe fed into an anaerobic digester to
produce biomethane gas, which is converted intotréddy and heat (Grass, 2004).
The technology used in a GBR depends upon sewa@lrE, including the desired end
products, the required yield and quality, the stafyjdevelopment and availability of
the technology, the efficiency and cost of progesdgiThang Vu et al., 2005). The
technological advancements described in the lilegatwvhich have been made by the
European countries interested in GBR has already Bammarized (O' Keeffe et al.,
2009). The down-streaming (purification) technoésgisuch as electrodialysis,
chromatography and ultrafiltration, required to quwoe high-value chemicals such as
lactic acid (LA) from the grass juice streams, atdl in medium stages of
development (Kromugt al, 2004) and yet to be scaled up to industrial leVéle
more fundamental technologies — separation intespecake (fibre) and press juice for
protein — have been successfully demonstrated §Ge484; Wiedemann, 2008). A
“Blueprint for an Irish GBR” has been proposed b €effe et al. (2009), based on a
modified Swiss GBR model, producing insulation miate from the grass fibre
fraction and from the grass juice fraction a préeeous product for animal feed.
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However, this blueprint has yet to be assessediddbility.

1.3 Focus of chapter

In order to develop a blueprint for a successfishlilGBR and to assess the proposed
blueprint a number of key factors must first belgsed. These are: feedstock systems
which are applicable to Irish agriculture; econamié scale; process technologies and
energy balances.

1) Feedstock system®’Keeffe et al. (2009) summarised the various GB&lstock
models in operation in Europe, of which there ave main models: a) The Swiss
GBR model described by Grass (2004), which wasaasgsilage system, where grass
was processed in the biorefinery for 4-5 monthsthed year and silage for the
remainder of the year. The products this biorefinproduced included fibre for
insulation material, protein feed for animals anecticity. b) The Austrian GBR,
outlined by Kromus et al. (2004), proposed (gradape only as the best feedstock for
GBR (Kromus et al., 2004; Mandel, 2003).

2) Economies of scalelhe economies of scale of a biorefinery plant finge by the
throughput — determines: i) the size of the catatiraeea, ii) the investment required,
and iii) the profitability of the system. On constion with experts and from the
literature, three economies of scale were considéwebe potentially applicable in
Ireland: 1) High volume, with a throughput of 5MOh™* ( J. Sanders, unpublished), 2)
(decentralised) medium volume, with a throughpud&ft D h' (Grass, 2004), and 3)
pilot scale - low volume, with a throughput of ®2M h* (Steinmidiller, 2007).

3) Process technologiedrevious work by O’ Keeffe et al. (2009) suggehbtst the
basic or cruder more established technologies, dvoelthe most applicable to an Irish
GBR system. The products of these GBRs include fibr insulation material, protein
to be used as animal feed and energy from the wsstams. Technologies for
extracting higher value chemicals are advancingatds pilot scale levels (at time of
writing). Therefore advanced technological exti@ttsystems, to produce products
such as lactic acid (LA), with down streaming tedbogies such as ultra filtration and
bipolar electrodialysis (Kamm et al., 2009), shobédconsidered as a potential future
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scenario for an Irish GBR.

4) Energy balance:Biorefinery operations such as fiberising the grdeedstock,
drying the fibre and protein cake have a high epetgmand. The dependency of
biorefineries on combined heat and power plantsRClivas been noted (Kamm et al.,
2009; Popa-CTDA, 2005). In developing a bluepriot GBR the energy balance
between supply and demand is critical in deterngirtime economic viability of the
system (Kamm et al., 2009).

The aim of this chapter is to identify the chardstes of a first generation of GBR,

using three, fully integrated technical and ecomomodels, to generate nine
scenarios, which are combinations of the key fac¢tBeedstock type, Economies of
scale, Process technologies and Energy balanaeén to:

1) Identify the most appropriate base case sceiarian Irish biorefinery blueprint,
and;

2) ldentify by means of a sensitivity analysis, ttes which will be important
determinants of the economic sustainability of tiigeprint.

2 Development of the base models - materials and theds

The biorefinery process models, which were quantéaconservative mass and
energy balances, were derived from the literatund aonsultation with various

biorefinery experts. The models were combinatiohglifierent types of feedstocks
and technologies and were defined as: 1) Low tegtags and silage, 2) Low tech /
silage, and 3) High tech / silage (also producimy).LNine scenarios were then
generated by altering the economies of scale (smmatium, large) for each of the
three models. The energy balances were calculateti¢ biorefinery processes which
had the greatest energy demands. For geometrioalisity the biorefinery plant is

assumed to be at the centre of a circle of radifsig. 4.1), the size of circular
catchment area was defined by the throughput ofbtbeefinery system (Overend,
1982).
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Urban centre

Small scale: radius x;
Size: 202 (210) ha
-~ Availability-factor: 0.9

# farmers: ~ 6
Throughput: 0.2 t DM hr!

Urban centre

Harvested grass:
# farmers: ~ 25-26
Throughput: 0.8 t DM hi!

Fig. 4.1 Economies of scale assessed for feasibility. Thoeebnery plants were
assumed to be at the centre of a circle of ragiuke size of circular catchment area
was defined by the throughput of the biorefinergtegn. Values in parenthesis refer to
results for the silage only feedstock system.

2.1 Feedstock variables

2.1.1 Feedstock type

The duration of operation (weeks) depends on bismasailability. Biomass

processing was assumed to run for approximately wigks, 6 weeks (late
autumn/winter) will be needed for maintenance agghir of the system and annual
holidays ( J. Sanders, unpublished). In Irelandyvasgrowth begins in February or
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March depending on location and accelerates rapidlyo peak growth rates in May.

Growth then declines gradually over the summer aotimn, sometimes with a

second peak in August (O' Connell, 2005). The cotiweal harvesting practices for

livestock systems have a two-cut silage systemfittbiecut at the end of the May-June
period and the second cut at the end of the Julyd&uperiod (O’ Kiely et al., 2004).

The harvesting of the green feedstock for the filmeey scenarios follows these

conventional trends, with approximately two thifsthe annual harvest taken in by
the first cut and one third taken in by the seconotl The grass/silage biorefinery
model processes fresh grass for approx. 12 weeaksgdine harvesting periods (Grass,
2004) (May — September) and silage for the reshefyear. The silage only system
uses silage for the full year of production, withthe grass harvested being ensiled
directly after cutting.

The quality (proportion of desirable fractions)bafth grass and silage feed stocks will
vary depending on a combination of many factorsjuting geographical location,
botanical composition, climate, and growth stagena¢ of harvesting (Buxton, 1996;
Van Soest et al., 1978). However, for the modets@nted here it was assumed that
the grass feedstock came from a “typical silageldfilL. perennedominated) under
long term grassland, with a sward age of 7-10 yeaarsa loamy soil with moderate
drainage and managed by a cutting system. The gezemanual grass/silage qualities
used in the model are outlined in Table 4.1. Therdatter yields were estimated at
10.2 t DM h&" a* using the NCYCLE Ireland model (for full descrigiisee del Prado
et al. (2006)).

2.1.2 Transport of harvested feedstock — catchiueat calculations

The amount of annual biomass required for eaclesafbiorefinery was calculated
from the throughput volume. The catchment area .(Hidl) for each of the
biorefineries was calculated using equation (i) eh@ (t DM a') is the feedstock
quantity required for the 46 weeks of biorefinepyemation. As grasslands occupy
approx. 90% of agricultural area in Ireland an i availability factora, of 0.9 was
assumed, for the smaller scale and medium bioméimeHowever, as the larger scaled
operations would require a substantially largeraatee probability of inclusion of
non-grassland farm areas (i.e. arable land, foregteat land) and urban areas
increases (EPA, 2008a). Therefore, grass availabiias assumed to be 0.55 (as
pasture occupies approx. 55% of Irelands’ oveeaaltllarea)Y (t DM ha'a') was the
average grass yields (10.2 t DM'ad).
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The correction factorg, was included in both models to account for dry erdtisses
in the supply chain, from field to ensiling with®&BR facility, in order to allow for
processing to be carried out for the full year pem@tion (46 weeks). Areas where
losses were accounted for included transport to llwefinery (3%), for the
grass/silage system potential losses were assumieel approximately 1-2% (Pizarro
and James, 1972), accounting for respiration loshes to potential delays in
processing. In the silage-only system losses duthdoensiling process (10%), and
feed out losses (7.5%) were taken into accountthén grass/silage systern,was
determined to be 0.2. In the silage only systenthallgrass harvested was ensiled and
as a result a greater correction factor was redquineaccount for the greater losses
(through effluent released during ensiling) (Gordb®67; Holmes and Muck, 2000) in
comparison to the grass (Fig.4.1), so¢halue was set to 0.25

_Qc+Q
A=y Eqgn 1

A
The radiusy, was determined using the area, A, calculated teom 1. X_\fﬂ . The
average haul distanc&)( between the biorefinery plant at the centre oirele radius
of silage fields was calculated using the formuldlioed by (Overend, 1982) (Eqn 2).
The tortuosity factort) was taken into account; defined as the ratioctdia distance
travelled to line of sight distance = r (assumingia slice’) this factor is a function of
the terrain. It can range from 1.27 for a rectaagubad grid superimposed over a flat
terrain or to in excess of 3 for a complex or hikyrain constrained geographically.
The tortuosity value taken here=£ 1.33) was assumed to be similar to that taken by
Walla and Schneeberger (2005).

Egn 2

x|
I
wlN
o
'\‘

2.1.3 Grass feedstock storage - Ensiling process

In the grass/silage system it was assumed thdtdbl grass will be processed within
1-3 days of harvesting, it was also assumed torésepved in a series of pre-washing
troughs, containing a weak acid solution (mostlytemauntil processing (Ketelaars

and Rutgers, 2002). There is a great diversityaw Isilage is made and stored in
Ireland, given the wide variation in conditionsfanms (e.g., soil, geographic location,
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management). The same scale of diversity is aso gethe chemical compositions of
silages (O’ Kiely et al., 1993).

Table 4.1.Feedstock parameters modelled in Green BiorefiS8egnarios

Range Value taken

Fraction (gkg'DM) (g kg'DM)  Source

Grass

DM* 160-200 200 (Haigh, 1998; Holliday et al.,
2005; Hopkins, 2000; Mc Eniry et
al., 2007; Smyth et al., 2009)

Fibré 500-600 550 (Haigh, 1998; Hopkins, 2000; Mc
Eniry et al., 2007; Neureiter et al.,
2004)

Ash 80-120 100 (Hopkins, 2000; Sanders, 2005)

CP 150-20 168 (Haigh, 1998; Hopkins, 2000;
Keady and O'Kiely, 1996;
Ketelaars and Rutgers, 2002;
Patterson and Walker, 1979)

obwm* 80-270 182 (Halasz et al., 2005; Ketelaars and
Rutgers, 2002)

Silage

DM?! 16-30 220 (Haigh, 1998; Keady and O'Kiely,
1996; O' Kiely et al., 1993)

Fibre? 50-60 500 (Haigh, 1999; Nizami et al., 2009)

Ash 70-120 100 (Keady and O'Kiely, 1996; Haigh,
1998, 1999)

CcP 120-150 150 (Haigh, 1998, 1999; Nizami et al.,
2009)

LA 70-110 70 (Haigh, 1998, 1999; Nizami et al.,
2009)

obm* 20-240 120 (Keady and O'Kiely, 1996; Haigh,

1998; Nizami et al., 2009)

1. DM units are g kg-Fresh Matter

2. Fibre = NDF (Neutral Detergent Fibre) fraction.

3. CP (Crude protein) = Nitrogen value taken fro@WCLE Ireland (CP= Nk 6.25) (del Pradet al,

2006).

4. ODM (Organic Dry Mater) = a term to group compds such as water soluble components e.g.
sugars, VFA (butyric acid, acetic acid, propionitdy, as well as insoluble components fats, oils
and smaller fibre fractions.
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Therefore to minimise variability in the compositiof the feedstock, the grass was
assumed to be stored on the biorefinery site. Ehalso in keeping with the green

biorefinery scenario proposed by (Kromus, 2002)tlees silage effluent has the

potential to be used for biogas (Barry and Colled®82) or as animal feed (Patterson
and Walker, 1979; Steen, 1986). The DM recoverythaf silage, assuming good

management practices was estimated to. i88%.

Losses of volatiles during the feed-out stage (sip®ning) were also taken into

account and were assumed to be 3%. The effluenuses in this study as a fertiliser,

which was returned to the fields harvested fordioeefinery (Mulqueen et al., 1999).

Table 4.2.Range of Biorefinery Throughput (t DM processegalid the fractionation ratios of press cake
to press juice, or solid fraction to liquid fractidound in the literature and values used in thgetmodels.

Literature values ~ References  Values used
Throughput 0.188-5tDMh 0.2,0.8,5  (Grass, 2004; Halasz et al., 2005;
Smyth, 2007; J. Sanders,
unpublished)
Press juice fraction of FM 0.5-0.7 0.7 (Halasz et al., 2005; Mandl et al.,
Press cake fraction of FM 0.3-0.5 0.3 2006; Kamm et al., 2009)

1.FM- The fresh biomass processed refers to theidracf the raw material ending up in the two preoeg
streams. On a dry weight basis presscake = 0.fr8s5juice = 0.4-0.3.

2 Biorefinery processes - Fractionation of the feetiock

2.2.1 Factory operations

All operations were assumed to run for approxinyatéb weeks (J. Sanders,
unpublished). The systems were modelled to be pnedmtly self-automated with
approx. 4-8 people, dependent on biorefinery dimeng directly employed for the
day-to-day operations of the plant. An anaerobigesiier and combined heat and
power plant (CHP) on site was used to processtiltegs to generate most of the heat
and electrical energy required to process the fpitege feedstock. It was assumed
that the digestate was returned to the farmerldgie/hich supplied the biorefinery.

2.2.2 Material flow mass balance assumptions
Idealised material flows were modelled and (Tables - 4.5) and steady state was
assumed with no transformations of the plant coraptswithin the different fractions

(e.g. hydrolysis of proteins to amino acids). Tae feedstock had a water content of
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approx. 80%. In order to reduce overheating offiberising plates additional water
was added to the system (Hansen and Grass, 1998¢ iratio 0.55:1 (grass: water)
(Keijsers, 2003).
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Fig. 4.2Mass and energy flow diagram of the green bioegfirmodel
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Table 4.% Material flows— mass balance of the biorefinery fractionation pssc The chemical constitue
of the various fractionation steps are presentatiea® DM of the associated fraction, i.e. prese
press juice, unless otherwise stated.

Process step

Fraction Ranges
constituents (% DM)

Values
taken

References (% DM)

Press cake composition

(after 2nd pressing
-before drying)

Press juice composition

(before washing)

DM 28-48
Fibre 42-90
(70-99}

Protein 5-29
content

Ash in press 2.5-6
cake

Lactic acid® 2-3

DM 3.6-32

Fibre 1-12

content

Protein 19.4-
38.3

Ash content 14-20
on a DM
basis

Rest fraction 7.36-78
in juice’

(Favati et al., 1989; Hansen and 42
Grass, 1999; Ketelaars and Rutgers,
2002; Keijsers, 2003; Hulst et al.,
2004; Halasz et al., 2005)

(Favati et al., 1989; Hansen and 80
Grass, 1999; Ketelaars and Rutgers,
2002; Keijsers, 2003; Watcher et

al., 2003; Hulst et al., 2004; Halasz
et al., 2005)

(Ricci et al., 1989b; Hansen and
Grass, 1999; Ketelaars and Rutgerkl
2002; Keijsers, 2003)

(Favati . et al., 1989; Hansen and 6
Grass, 1999; Keijsers, 2003)
(Halasz et al., 2005) 2

(Favati et al., 1989; Hansen and 6
Grass, 1999; Ketelaars and Rutgers,
2002; Keijsers, 2003; Hulst et al.,
2004; Halasz et al., 2005)

(Favati . et al., 1989; Hansen and 10
Grass, 1999; Keijsers, 2003)

(Favati et al., 1989; Hansen and 31
Grass, 1999; Ketelaars and Rutgers,
2002; Keijsers, 2003; Hulst et al.,
2004; Halasz et al., 2005)

(Favati et al., 1989; Hansen and 19
Grass, 1999; Keijsers, 2003)

(Hansen and Grass, 1999; Keijser25
2003; Halasz et al., 2005)
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Table 4.3. (Continued)Material flows — mass balance of the biorefinegcfronation process. The
chemical constituents of the various fractionasteps are presented as the % DM of the associated
fraction, i.e. press cake or press juice, unlelssratise stated

Fraction Ranges Values taken
Process step constituents (% DM)  References (% DM)
Press juice silage

LA 2 2.53-24  (Danner et al., 2000; Halasz etl6

extraction  (45-90}  al., 2005; Thang Vu Hong et (70)*
al., 2005; Steinmdiller, 2007)

Products

Protein cake (pre drying)
DM 23-29 (Ketelaars and Rutgers, 2002) 27
CpP 18-80 (Hulst et al., 2004; Kamm et  66-67

(28-96)  al., 2009) (28-32f
Fibre 7-13 (Ketelaars and Rutgers, 2002) 12
Ash 7-17 (Ketelaars and Rutgers, 2002) 12
ODM® 2-10 (Ketelaars and Rutgers, 20029
Grass, 2004)

LA (in 0.0045 (Halasz et al., 2005) 0.004
silage)

1. Extraction efficiencies are in parenthesis.

2. Lactic acid refers to the composition of thesgmake from the silage feedstock system

3. Rest fraction and ODM (organic dry matter) tgian to group compounds such as water soluble
components e.g. sugars, VFA (butyric acid, acatid,gropionic acid), as well as insoluble compdsen
fats, oils and smaller fibber fractions, the adutieil mass fractions which are modelled as sum
component:

The composition of the material being fiberisedsisted of approximately 14% DM
and 86% water. Water was circulated within theaasiprocesses in order to meet the
plant's water demands and optimise the system’ssrhagance (Fig. 4.2). After a
double pressing and washing the press cake wamadsio have a dry matter content
of 42% (Table 4.3), before drying and processirtg technical fibres for insulation
material. After a double pressing and washing tlesgp cake was assumed to have a
dry matter content of 42% (Table 4.3), before dyyand processing into technical
fibres for insulation material.
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It was estimated that approximately 8-10% of thedius material (finer fibres) was
assumed to be lost to the juice stream during thghimg step (Table 4.3). The press
juice was assumed to have a dry matter conteniwith approximately 35% of the
original biomass dry matter ending up in the fipagss juice (contains press cake
washings) (Table 4.3). The protein content wasreded to be 31% of the juice dry
matter.

Table 4.4. Parameters assumed for anaerobic digester and &Hihined heat and power plant)
and on site energy generation derived from theglitee and consultation with bioenergy experts

Decanted juice

- biogas feedstock Range Source Value taken
Fraction of original 12.5-44 (Favati et al., 1989; 26%
DM Hansen and Grass.,
1999; Kamm et al.,
2009)
DM 2-22.8 (Favati et al., 1989; 6%

Hansen and Grass,
1999; Ketelaars and
Rutgers, 2002;
Keijsers, 2003; Baier
and Delavy, 2005)

Vst 72-89 (Baier and Delavy, 79-81%
2005) (grass/silage-
silage)
Biogas
VS Rate of 60% (Nizami et al., 2009; 60%
destruction Smyth et al., 2009)
Biogas (M)/VS ~ 0.89nikg (Nizami etal., 2009; 0.89 mkg VS
VS Smyth et al., 2009)
CHP efficiencies ~ >90 % (Al Seadietal., 85%
2008)
Boiler efficiency ~ 85% (Smyth et al., 2009)  85%
Heat loss of 15% (Smyth etal., 2009)  15%
digester
Electrical 30-43% (Braun, 2007; 40%
efficiencies Knitter, 2009)
Thermal 25-50% (Knitter, 2009) 45%
efficiencies
1. VS =represents the organic matter in the sampieugrash), that is readily used during anaerobic
digestion
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The “ODM fraction” (remaining smaller plant fractis) is made up predominantly of
soluble sugars and lipids in the grass feedstoakgldars and Rutgers, 2002); the
silage feedstock also includes volatile fatty adjl@stic, acetic, butyric, propionic)
(Table 4.3). For the high tech scenarios the laatid produced was assumed to have a
purity of 90% .After the fractions have been extiedcfrom the press juice, by means
of heat coagulation and centrifuging, the decantece fraction was sent to the
anaerobic digester to produce biogas, which waverted into electricity and heat
(by-product). The mass balance in these modelmattd approximately 26-33% of
the original dry matter ending up in the digestewf(Table 4.4). Decanted press juice
or stillage is a

heterogeneous solution of dissolved organic substarsugars, organic acids, amino
acids, small fibres, lipids and oils (Table 4.4whs assumed to have a low total solid
(TS) content of 6% (Table 4.4).

The data available on the nutrient content of dagjesfor GBR systems is very
limited. The ryegrass digestion study by Hollidetyal (2005) describes the nutrient
content of the aqueous digestate fraction (liquay)e the solid digestate contains the
fibre fractions, which in the GBR system have bermacted. Smytlet al. (2009) and
Baier et al. (2005) describe the nutrient conteindigestate from the biorefinery
stillages digested using a UASB (upwards flow aobier sludge bed) reactor.
Therefore, for this model the nutrient content wiasermined using a nitrogen mass
balance sub model as a guiding mechanism to mbeepotential nutrient content
available in the biorefinery digestate. The valoakulated in the digestate were for
the available N, which was found on average froitt [sbudies to be ca. 72.5% of the
total N, therefore the N content calculated for tigestate was divided by 0.725 in
order to determine the total N (100%) in the digtsstlt was the total N which was the
indicator value to maintain the nitrogen mass badain the sub model balanced. The
values observed in the model were always withirréimges outlined in Table 4.5.

2.3 Energy balance — consumption and generation

2.3.1 Energy consumption

The energy assumptions have been made based otakatafrom the literature and
consultation with biorefinery and process engimeesgxperts, values (M3 DM) are
outlined in Table 4.6. It is a partial energy Inala, taking into account the biorefinery
and CHP processes which were required for the enmnoonsiderations of the
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Table 4.5 Potential fertiliser composition of digestate aildge effluent and fertiliser quality

of combined waste streams

Value
Source taken

Range
Digestate
DM 2.5-6%
N (kgm®)* 0.76-2.63
P (kgmd) 0.19
K (kgm?) 3.08

Silage effluent

DM losses of original 2-14 %
material

Effluent produced in L per80-290 L t
t ensiled ensiled

DM content in effluent 5-20%

pH 4.1-45
N N total 2-3gL’of
effluent

(Holliday et al., 2005; Smyth et3

al., 2009)

(Baier and Delavy, 2005; 0.9-1.65
Holliday et al., 2005)

(Baier and Delavy, 2005; 0.19
Holliday et al., 2005)

(Baier and Delavy, 2005; 3.08
Holliday et al., 2005)

(Gordon, 1967; Steen, 1986 ; 10%
Haigh, 1999)
(Jones and Jones, 1995) 182 L

(Deans and 11%

Svobodal992 )(Patterson and
Walker, 1979; Galanos et al.,
1995) (Barry and Colleran,
1982) (Haigh, 1998)

(Deans and. Svoboda 1992 )
(Galanos et al., 1995) (Barry
and Colleran, 1982)
(Deans and. Svoboda, 1992 ) 2.6 gL*
(Galanos E. et al., 1995)

(ammonia-4% of total N) (Haigh, 1998) (Steen, 1986 )

P 0.5-0.6 gL*
K 3-6 gLt

Assumed composition of
combined slurries

DM 4-5%
N 0.77-0.88 gr*
(1.38-1.6 gr')°
P 0.24-0.28 gLt
(0.24-0.26 gLY)*
K 3.38-3.55 gr*

(3.33-3.46 g[*)°

(Binne and Frost 1995)

(Mulqueen et al., 1999) (Binne 0.55 gL
and Frost 1995)

(Mulqueen et al., 1999) (Binne 5.0 gL*
and Frost 1995)

From models
From models

From models

From models

1. Plant available N

2. Range of N values produced by the models, totaiai the nitrogen mass balance in the sub model

balanced for the different scenarios modelled

3. Values in parenthesis refer to the scenariosowit protein extraction; the variation in valueslis
to the varying volumes of digestate being produnezhch scenario.
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biorefinery scenarios. Minor operational energgsh as computers, lights, etc. have
not been taken into account. It is a partial endrglance, taking into account the
biorefinery and CHP processes which were requicedhie economic considerations
of the biorefinery scenarios.

2.3.2 Energy generation

It was assumed that the decanted juice (stillagmpming from the biorefinery system
was sent to the CHP to produce biogas. The dryematintent of the stillage has been
reported to range from 12.5% of the original DM twm (Favati et al 1989) to
approximately 44% of the original material (Hansemd Grass, 1999; Kamet al,
2009). The mass balances of the GBR models wddlaws: 22% (high tech) - 27 %
(grass/silage and silage only) of the original mateending up in the digester flow
(Table 4.4), depending on the system modelled. Readailable data on biogas
production and energy balances from biorefinerytes®r stillages is also limited,
therefore the assumptions for the CHP plant pracgsthe biorefinery wastes or
stillages were taken from the model outlined by 8mgt al. (2009), with some
modifications. Biogas was produced using a contisustirred tank reactor (CSTR)
system, operating at a DS (dry solid) content <10%.

There were two digestion stages in the process, wib tanks working in series. The
total retention time for the digester was assunoebet between 70 and 80 days, with
an operating temperature of 38 °C (mesophilic)hwilite substrate (stillage) spending
approximately half of the time in each tank. Thilagfe streams remaining from the
biorefinery processes were fed into the first tamkryday, e.g., for the medium scale
model, 3.93- 4.41 t VDS ddysilage only and grass/silage respectively, waplged

to the digester at a loading rate of 1.44 kg VD$day"). For a full description of the
reactor set up we refer to Smyth et al. (2009) Mizdmi et al. (2009).

Modifications were made in relation to the volatdelid content of the feedstock.
Smyth et al. (2009) determined that the grass eifagdstock had a VDS content of
approx. 90%, however the stillage coming from addiaery will not have the fibrous
fraction and only some of the crude protein renmgnand therefore the quantity of
VDS in the biorefinery stillage will be relativelpwer. There was very little data on
the differences between the two feedstocks or tfexts these changes in substrate
composition would have on biogas production fro@STR. For this model the mass
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Table 4.6.Process energy for the biorefinery plant

Process Source Energy MJt DM
Pre-treatment and pressing

Receiving and feeding (Ricat al., 1989a) 2.16

Feeding of grass from bunkers (Smgthal., 2009) 25

Water addition for cleaning (pumping)

Pressing and chopping

Drying

Protein extraction

Steam coagulation

Skimming
Centrifuging

Decanting

Downstream technologies

Ultrafiltration
Bipolar electrodialysis
Distillation

Biogas energy

Feeding of stillage to digesters
Specific heat capacity of water
Scrubbing of biomethane

(Smythal, 2009) 2.5
(Keijsers, 2003; 540
J. Sanders, unpublished)

(Hansen and Grass, 199230¢
Keijsers, 2003; (2300-2382)
J. Sanders, unpublished)

(Keijsers, 2003; Karatm 270

al., 2009) (126-2705%
(Kammet al, 2009) 4.73
(Kamnet al, 2009) 12.28

(J. Sanders, unpublished) 3.70

(Kamm et al., 2009) 17.46
(Kamm et al., 2009) 118.8
(Kamm et al., 2009) 4.75

(Ricci et al., 998 2.3
(Smyth et al., 00 4.18
(Smyth et al., 2009) 1.26

1. Tonne of fresh weight

2. Per tonne of D evaporated — (MJ'tH,O removed) latent heat of water, range of values

in parenthesis

3. Ranges from the literature in parenthesis

4. The values here refer to a liquid feed going through the ultra filtratiors)u(i1 = 1%)

5. The specific heat capacity of water (MJE) — in this case a 28°C rise in temperature was
required for the digester contents (stillage wastes from GBRyac
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balance resulted in the stillage streams havingtielsolid contents of 79-81%, which
was within the range outlined by Baier and Dela®@05) for grass and silage stillages
from a GBR process (Table 4.4). They used a UASBvéards flow anaerobic sludge
bed) reactor set up, for digestion of biorefineiifagyes, however despite the removal
of the fibres, the biogas yields outlined in Nizaghal. (2009) and Smyth et al. (2009)
were similar to the ranges found by Baier and Del@003). Therefore the following
assumptions of Nazami et al. (2009) and Smyth.g2809) were maintained for the
CHP model component: destruction of VS at 60%, destruction of 1 kg VS
producing approximately 0.89 *mbiogas, at 55% CH content. The remaining
digestate consisted of 12-15% of the original V&t{liser component). It had a DM
content of approx. 3% DM (Table 4.5). The CHP plais assumed to have an
electrical efficiency ofj= 40% and thermal efficiency gE 45% (Table 4.4).

For the various green biorefinery processes diffetl@nds of energies (heat and
electricity) were used, e.g. electrical energy wsead for the mechanical fractionation
(pressing and chopping) into press cake and press, jheat (by product from the
CHP plant) was assumed to be used in the dryirtgeofibre products (Kamrat al,
2009). For this paper we have kept the energiethénone unit of MJ and the
conversion rate to kWh was taken to be 3.6 MJ 2AMhkenabling the economical
aspects of the energy balance to be considered.

2.4 Economies of scale

2.4.1 Raw material

In these scenarios it was assumed that the gradstéek was supplied by agricultural
contractors hired by the farmers of the biorefineatchment area (Fig. 4.1). In
Ireland, approximately 86% of all grass silageasviested by contractors (O' Kiely et
al., 2004); this cost will be included in the fewa& price. The cost of raw material
(grass/silage feedstock) was calculated using neadiflata from the Teagasc (Irish
agricultural and food development authority) farrmnagement data handbook 2008
(Table 4.7). The original price for the feedstociclided the cost of the field
maintenance (fertiliser, lime) and harvesting (cactor and plastic for ensiling). The
fertiliser costs were modified to account for thertifiser rates recommended by
Teagasc for grassland with a two cut silage managei225 kg nitrogen Haa®, 30
kg phosphorus (P) Haa', 145 kg potassium (K) Ha'). The fertiliser costs were (at
time of writing) determined to be €0.83, €1.56,X1per kg, respectively (S. Lalor,
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pers. commn). The price for the harvested biomass was matfiiether to account for
the nutrient replacement value of the returnedrglaomprising of the biorefinery
digestate and silage effluent (Table 4.5). The adsthe green biomass was then
calculated using only the cost of the fertiliseficle which was required to meet the
recommended fertilisation rates outlined by Teagd$e savings arising from the
recycling of the digestate and subsequent redudiorchemical fertilisers were
assumed to be transferred onto the biorefineryutiinaeduced feedstock prices (Table
4.7). There was also an additional operation cmsaéiditives to preserve fresh grass
for 1-3 days storage prior to processing in theg/salage models.

2.4.2 Transport costs

Transport costs were calculated for both the trarispf grass and slurry returned.
Transport costs were estimated per tonne of grasgested following consultation
with silage experts and contractors. Transportsceste assumed to be included in the
contractor price outlined in Table 4.7, provided #verage haul distance travelled to
the silos remained under 2 km; for each additikkmaloutside this zone a transport
cost was applied. It was assumed that when theageedistance X ) to the
biorefinery exceeded 2 km, the additional transposts were calculated according to
Eqgn 3 outlined in Walla and Schneeberger (2005).

The analysis assumed two tractor trailers for thall/medium scale and four for the
large scale (S. Lalopers comn). Total transport costs for herbage (T) compriséd
unloading (L) costs €1.07 (€2.14 for large scale)DM silage, distance dependent
costs (d) per tonne of dry matter (double the ayef&ld distance, given travelled to
and from the plant), €2.13"t multiplied by the quantity of forage required &gch
economy of scale (t DM3:

T=0Q (L+2(x -2) d) Eqgn 3

The transport costs for the slurry of digestate effildent were assumed to be paid for
by the biorefinery, as part of a “waste managensénattegy”. The mixture of silage
effluent and digestate was assumed to have sisplagading requirements to that of
slurry (Table 4.5) and costings were estimatedhis hasis (S. Lalompers. comn).
Transport costs for the slurry did not take then2“kree” zone into consideration and
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Table 47. Estimated costs of raw material - grass/silagelyction from Teagasc (Irish
Agricultural and Food Development Authority) 2008dlified costs generated from the

medium model output.

1st cut silage 2™ cut silage

€ ha' € ha'
Prices quoted by Teagasc
Roads and fencing 43 34
Reseeding 20 16
Fertiliser* 280.1 141
Lime 20 16
15 12
Plastic (0)* (0)*
Contractor € ha 247 227
625 446
€ ha' (Teagasc estimate) (610Y (434
Modified prices used in model
Cost of fertiliser deficits after digestate applion
Fertiliser costs after returned sluttgrass/silage) — 133 89
Fresh grass 92y (68)
128 86
Fertiliser costs after returned sluttgilage/low-tech) (94) (69)
149 94
Fertiliser costs after returned sluttgilage/high-tech)  (110) (74)
®Total costs used for estimating biomass price
Total cost of biomass€Hdgrass/silage) — grass 464 382
processed fresh (422) (361)
478 394
Total cost of biomass € Hégrass/silage) — grass ensiled437) (373)
473 391
Total cost of biomas€ ha'(silage/low tech) (439) (374)
494 399
Total cost of biomass € Hésilage/high tech) (459 (379)
Yields used in modétonnes/DM ha
(NCYCLE Annual yields = 10.2 t DM) 6.7 3.5

1. These values based on the recommended fertéites for a two cut grass/silage system

(225 kg N hd a*, 30 P kg hd a* 145 K kg hd a%). Fertiliser costs were at time of writing detemed to be

€0.83, €1.56, €1.21 (Lalor, 2010).

2. The values are modified due to the changertfiser costs described in foot note 1.

3. It was assumed that the only difference betwkemgrass harvested and the grass ensiled wasshef the
plastic. Values in parenthesis refer to the camtshie grass processed fresh.
4. Slurry refers to the combined slurry of theedigite and silage effluent which is returned badké farmer.
5. Values in parenthesis for modified prices irdedprefer to the estimated prices for the nonginot
scenarios.
6. Total costs = (Roads & Fencing + Reseeding + Fertiliser cogts aéturned slurry + Lime + contractor +
Plastic for the silage system, it was assumeddah&actor would also ensile on site ), calculated .
7. Yields predicted from NCYCLE model, the annyialds were estimated to be proportioned into a31f"
cut and 1/3 for ¥ cut.

*No land charge has been included.
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were calculated using Eqn 4, and included both itmp@énd spreading costs (L),
calculated for the medium scaled, grass/silage?44C8M), silage only (4.7% DM),
high tech (5.0% DM) were as follows: €18.43, €16:6P5.69 t'DM fertiliser loaded
and unloaded. Distance dependent costs (d) we4& €DDM slurry transported

T=Q(L+2K)d) Egn 4
2.4.3 Estimated capital investment
2.4.3.1 Biorefinery plant

The capital cost for the low tech biorefinery sa@smwere estimated using data from
the Dutch “Prograss consortium project” (J. Sandargpublished). Economies of
scale for the differing scenarios were calculatsthgl the “point—six rule” method
(Cameron, 1974); Fig. 4.3 shows the relationshipween capital investment and
throughput. Huang et al. (2007) noted that theres walack of information on
processing cost and it was difficult to assesdiorefinery applications. Therefore for
the high tech scenarios outlined in this papersimption was that an extra 0.5 Mio,
1 Mio and 1.5 Mio € estimates were added to theehnt scales in order to try and
account for the additional costs of UF (Ultra &lion) and Bi-Polar electrodialysis
units.
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Fig.4.3 Tendency line for capital cost of Low Tech Greaar8finery and capital cost
equation.
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2.4.3.2 The capital cost of a CHP plant

It was assumed that specifications of an anaerdigiester and CHP plant designed
for a slurry feedstock would be comparable (to ater) with the requirements for
digesting stillages from a biorefinery, as botHuaht streams had a DM content less
than 10%. Therefore the capital cost for CHP plalgsigned for a slurry feedstock
were calculated using the capital cost equation=(y6.6892%°%%3 outlined by
Poliafiaco and Murphy (2007). This equation was\&l from various Danish CHP
plants. Capital costy] was estimated as a function @ @nnual biomass digested in
cubic meters (ffe’*) in the CHP plants.

The total capital costs for the biorefinery scemmincluded the capital investments for
the Green biorefinery plant, plus the additionastsoof the CHP plants. The loan
repayment for the total capital investment was meslito be 7%, to be paid over 10
years; depreciation was calculated using the $trdilge method over the same period.
Indirect capital costs (approx. 10% of capital istveent) are also included in the
model and refer to the expense of research, engigesnd developmental costs.

2.4.4 Operating costs

Operational costs for the CHP were assumed to $edfGhe capital investment made
(Keijsers, 2009; J. Sanders, unpublished; Smytl@7R00perational costs for the
biorefinery were estimated at 3% of the initialestment capital. The cost for utilities
includes the electricity deficit bought in and thater required for the processing of
the grass. The cost of water supply in Irelandeigeshdent on the location of the plant
and what local government jurisdiction it falls @ndFor this analysis, the water costs
from several local authorities were averaged amd tis estimated water supply to the
plant at 1.40 € m (Department for the Environment Heritage and Ld@avernment,
2009). Storage costs were also included and wéiraaed to be approx. € 16 DM
month* for the protein product and € 2.77 DM month® for the shed storage of the
fibre products (Styles et.aR008).

Cost of purchasing electricity is dependent on ahmsage. Electrical prices were
determined by the industrial end user estimatiep®nted in Understanding Electricity
& Gas Prices in Ireland(SEI, 2008). The larger and medium biorefinery scers were
in the category band with a cost of 0.11 € k¥urchased and the smaller biorefinery
scenarios with a lower energy demand were withm ¢htegory of 0.12 € kWh
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purchased. The assumption was made that the CHPqaeaered its own energy costs
(i.e. heating of digester and circulation of sudigty and contributed significantly to
cover the costs associated with the high energyaddm of refining the grass/silage
feedstocks.

It was assumed that, as the water and materiakflsgre being re-circulated, no waste
streams were produced, other than the digestate fihe biogas plant and the silage
effluent, which were land spread as a fertiliseoattined above. Sales costs were also
calculated at 3% of the initial investment capi(iletelaars and Rutgers, 2002).
Labour costs were calculated (min. industrial w&$&5/week) (Central statistic
office, 2009) for each economy of scale. In thgdéamedium and small scale, it was
assumed that approximately 8, 6, 4 people werenattd to be directly employed
respectively, with a minimum of 2-3 people assumed12 hour shift.

2.4.5 Revenue assumptions

The fibre insulation material was assumed to béhefsame specifications as outlined
by Grass (2004), with approx. 60 kg’mensity and a heat conductivity of 0.04 W m
K (Watts per meter Kelvin) comparable to the averageeral wool insulation on the
market. The revenue generated from the fibre itsmanaterial was estimated based
on the literature and from consultation with mensbef the insulation industry. The
selling prices ex factory wemstimated between 0.80 - 1.20 €'kgrass, 2004). The
cost of the protein as an additive for animal fpestlucts was obtained from the CSO
(Central statistic officet al, 2008) data relating to the amount of comparabdéemn
feed additives (alfalfa pellets, soya derivativesichased in Ireland between 2004 and
2008. It was calculated to be € 271.95df protein additive. For the high tech
production as assumed in the literature, the pofitye lactic acid product was at 90%
- with a higher energy demand (Kanmen al, 2009). The price for the Lactic acid
product was estimated to be valued at € 3)@fter consultation with the biorefinery
experts (Food Navigator, 2005).

2.4.6 The profitability indicators

Net present value (NPV) Eqn 5, was used as a nerasmt of cash flow (CF) in the
GBR system and as a financial indicator of viapilNlPV was calculated using Eqgn 4,
with the Net Cash Flow (CF) calculated as profiteatax + depreciation. The time
period of investment was estimated to be 10 yeérstune zero equal the first year of
start up, with time 10 corresponding to the finahyin the 10-year period. For the
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GBR model, the (NPV) was calculated over a 10-ymarod. The discount rates for
biomass to bioenergy systems range in the litegaftom 4-20%. Studies in Ireland
have usedr values of 5% forMiscanthusbioenergy systems (Clanat al, 2008;
Styleset al, 2008) and 8% for anaerobic digestion of slur(Rsliafiaco and Murphy,
2007). However in a previous study for GBR feagipilan ir value of 12% was
estimated (consultation with industry experts),GBR is relatively more advanced
biomass system then bioenergy or anaerobic digestiohigher risk factor for the
invested capital was decided upon, but still witthie literature ranges. Therefore, a
discount rate (risk factor)r) of 10% (Gebrezgabhera et al., 201@)positive NPV
indicates a potentially positive cash flow (profiby the period in question and would
suggest that the project has economic potentialedative NPV indicates the project
to be unviable and needs to be modified in ordératce potential. The Internal Rate of
Return (IRR) is ther interest rate which results in an NPV of zerojgating that the
present value of the projects’ cash flow is eqadhe initial investment. For the model
scenarios in this study, the was fixed at the same rate as the hurdle rates Whs
done in order to determine the minimum subsidy ireguwhich would allow the
biorefinery system to financially break even, wdat was invested would be equal to
what was returned. The reason for taking this aggrpas opposed to using the NPV
and IRR as the main financial indicators, is beeatlse establishment of such
technology applications will need governmental suwpp(Popa-CTDA, 2005),
particularly in relation to subsidies towards thepital investment. The minimum
subsidies for each scenario were determined usiagMicrosoft Excel 2003 solver
function (Microsoft Corp., Seattle, WAJo return an NPV value of zero, or the
financial break even point of the GBR scenario.oBethis minimum level of subsidy
the biorefinery systems have a negative NPV, irtigdack of profitability

.
NPY =Y SR Eqn5
= ([L+ir)
where: CF = net cash flow at time t (€/a)

T = period of operation (a)
t = year of operation (a)

ir = interest (discount) rate for the cost of bugithe capital (%)
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3 Scenario results

3.1 Feedstock systems

Of the two feedstock systems analysed, the silaglg esystem appeared to be
marginally better, with the lowest level of subsitBquired, indicating that it had
greater financial return (higher NPV). In genetare was relatively little difference
between both systems with regards financial felitsibHowever, due to the smaller
catchment area of the grass/silage system, gragg per ha supplied to the GBR
facility were marginally bigger than (Table 4.9)etlsilage system. Differences in
transport costs were negligible as both catchmeats with the 2 km zone.

When modelling both feedstock systems the aim waactount for realistic system
losses, the data available on potential lossesenstlage system was more readily
available than those for the grass/silage systdrarefore, the losses modelled for the
grass/silage system are a more conservative egiimatf the true losses. The
grass/silage GBR model has been shown to work ssftdly under Swiss conditions,
however, the issue with storage and spoilage adsgrpuality due to time delays in
processing was an issue for the Austrian GBR mdde. Austrian model solved the
issue with grass storage, by ensiling the grassumedl silage as the starting raw
material thus avoiding the loss of quality ass@datvith processing grass feedstock
(Kromuset al, 2004; Mandekt al, 2006; Steinmduller, 2007). Ensiling the grass also
had many operational advantages: 1) it ensured naard availability of the raw
material, allowing the factory and downstream psses to operate continuously; 2)
ensiling the grass also provided the opportunitesmprove the feedstock quality
through the manipulation of the fermentation prgcescurring while it was ensiled
(Danneret al, 2000); 3) during ensiling the grass also alloi@dthe conversion of
carbohydrates in the green biomass to lactic adalaszet al, 2005) removing the
need for energy intensive fermentation processgsnex for its production (Dannet

al., 2000). The future scenarios modelled in this ytaldo focused on the production
of lactic acid, produced as a result of ensilimg grass (Halasz et al., 2005; Kromus et
al., 2004), and showed the silage system to havenpal for future biorefinery
technologies coming online.

However, it must be noted that these models aredoas feedstock with an expected
average quality. Changes in biomass quality (progorof fractions), could result in
differing scenario predictions. The models’ semgiito potential variability in the
feedstock’s chemical composition was not includethis analysis.
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Overall the silage only system appears to be tlelsieck system which has the
greatest potential in Ireland, with the greateséraponal feasibility and a lower
subsidy requirement.

3.2 Economies of scale

The most suitable economies of scale will be deteethby:1) the size of catchment
area needed and the availability of feedstock, Wwhidll in turn determine the
transport costs associated with such an area;2ntingber of farmers required to
supply the biorefinery and the organisational dtrec of the biorefinery operator,
whether it will be a private limited company or @operative of farmers. The most
favourable scale in this analysis was that of tieelioom scaled (decentralised) models.
The throughput at 0.8 t DM’ hresulted in a still relatively small catchmentaa(size),
with biomass availability to be assumed at 90% hedce lower average transport
distance than the larger biorefinery.

The average distance calculated to the biorefiptagt was 1.6 (1.64) km, which was
within the 2 km zone and therefore feedstock trartsposts were not a factor. This
was not the case for the larger scale operatioh withroughput of 5t DMh a
disproportionately larger catchment area was requio supply it, this needs also to be
considered when assessing the scenario outcomessadditional area led to reduced
biomass availability to 55% (Fig. 4.1). The averagasport distance increased by a
factor of three to 5.15 (5.23) km, which led torsiggantly greater transport costs
(Table 4.9). The average size of an Irish farmpisraximately 32 ha (Connolly et.al
2008), from this the number of farmers supplyingi@efinery or the potential size of
the farmers’ coop can be estimated. For the smm&t/ium and large scale biorefinery
a minimum of 6, 25 and 258 farmers respectively ldae required as stakeholders
(Fig. 4.1).

Biorefinery facilities and AD CHP plants are sulosia capital investments (Kamm et
al., 2009; J. Sanders, unpublished) and finan@sistance and government support
will be required, in the initial stages of develogm (Popa-CTDA, 2005). The venture
capital for each scenario is outlined in Table dma per hectare basis. For a small
scale Green biorefinery investments were estimategl 3 million or 15-16 k€ Ha
Indicators for the biorefineries at the small saddenonstrate that this would not be a
wise investment, as they required government sigstd80%, to get an NPV value
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Table 4.¢. Scenario results for biorefinery products and variqesational parameters. Values
are calculated per ha of catchment area supplied to the GB

Grass/silage Silage only High tech

Biorefinery biomass streams Small/Medium Scale

Qty of fibre product (t hd) 4.95 4.77 4.77
Qty of protein (t hd) 0.51 0.46 0.46
Qty of LA (t ha') - 0.00 0.31
Qty of VS going to the digester (tha 1.60 1.51 1.16
(2.05) (1.91) (1.57)
Energy parameters
Methane from stillage FCH, ha* 471 443 342
(602) (562) (461)
Total energy produced (GJ hHa 15.53 14.59 11.27
19.88 (18.51) (15.19)
Total energy demand (GJ ha 31.18 29.25 34.03
(28.20) (26.37) (30.71)
Recycled waste streams
Digestate (t hd) @ 3% DM 32.49 30.60 24.52
(40.62) (38.06) (31.98)
Effluent (t ha") @ 11% DM 6.20 8.01 8.01

Biorefinery biomass streams - Large scale

Qty of fibre product (t Ha) 3.03 2.91 2.91
Qty of protein (t hd) 0.31 0.28 0.28
Qty of LA (t ha') - 0.00 0.19
Qty of VS going to the digester (tha 0.98 0.92 0.71
(1.25) (1.17) (0.96)
Energy
Annual methane from stillage@H, ha’ 288 270 209
(368.4) (343.15) (281.68)
Total energy produced (GJ ha 9.49 8.92 6.89
(12.15) (11.31) (9.29)
Total energy demand (GJ Ha 19.05 17.88 20.17
(17.24) (16.11) (18.76)
Recycled waste streams
Digestate (t hd) @ 3% DM 19.85 18.70 14.99
(24.82) (23.26) (19.55)
Effluent (t ha') @ 11% DM 3.79 4.90 4.90

1. AD CHP plant efficiencies are assumed to be 85%
2. Digestate includes ash, for which mass into digesasregual to mass out of digester. Approx
50% of ash in original feedstock, the rest removed dusiarefinery processes

Note: values have been rounded to the nearest alquiace.
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of zero. At this economy of scale the large enedgyand related to the biomass
processing makes the small-scale operations madatiethis study unviable. A
potentially viable operation at this scale couldidiegas generation (Geveke, 2009).
For the larger scale biorefineries an investmeng, 21 million (€ 2,407- € 2,681 Ha
was estimated. At this scale, a private limited pany would be the likely GBR
business structure, which could successfully raigeh large capital. At this scale of
production, no government subsidies were required e economic indicators
showed very favorable returns with large NPV valudswever, these should be
considered with some degree of caution. The mddels$ to take into account reduced
system efficiencies at this scale of operation; éwav, this was more then likely
conservative as larger distances to the facilityulddead to greater system losses,
such as reduced quality of delivered biomass (déktyeen storage and harvest).
Increased scale would also result in a reduced lauge of biomass quality supplied
(258 farmers supplying), as relationships with shepliers may not be as strong as it
would be at smaller scale. The downtime and maartea for equipment would be
longer due to the increased capacity, size of taehmery and number of units in
operation. These inefficiencies could have impiara for the profitability indicators
and which are not taken into account by the mobet high tech scenarios modelled
here could also have significant error margins, ttu¢he assumptions made for the
investments as outlined above.

The medium scale biorefinery model scenarios weterchined to have an investment
capital of approx. € 7 million (€ 8,365- € 9,663'"hand demonstrated profit potential
with relatively low government subsidies, approx11®o of the required capital
investment (Table 4.9). The relatively smaller batent area would also allow for a
better management of feedstock quality as the tanagy operator will have a better
communication with the supplier. Knowledge of theedstock is crucial for the
success of a GBR as this will determine the qualitthe end product (Grass, 2004).
This size of an operation would have the potertbabe run by a cooperative of
farmers, approx. 25 farmers in the catchment amall enough for practical decisions
making. Therefore, from the scales investigatede héne most advantageous one
appears to be the medium scale with its positivaricial indicators and the potentially
more practically sized supply chain management.
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Table 4.9.Scenario results for biorefinery products andowsioperational parameters. Values are calculated p
ha of catchment area supplied to the GBR.

Grass/silage Silage only High tech
Small scale
Total cost of feedstock € fa 753 745 770
(699)* (699) (718)
*Transport costs digestate €'ha 33 33 28
(40) (39) (34)
Energy deficit costs € Ha 539 505 769
(322) (303) (534)
Total proceeds € Ha 4,634 4,441 4,420
(4,646) (4,451) (4429)
*Total production costs € Ha 3,392 3,227 3,506
(3228) (3089) (3143))
Gross profit € ha 1,241 1,214 913
(1418) (1362) (1286))
Minimum investment. € ha' 15,452 14,788 16,262
(16,269) (15,546) (17,054)
Minimum subsidy for economies of scale (%)
>50 >50 >50
Medium scale
Total cost of feedstock € Ha 753 745 770
(611) (699) (718)
Transport costs digestate €'ha 34 34 29
(49) (41) (35)
Energy deficit costs € Ha 474 444 676
(287) (271) (470)
Total proceeds € Ha 4,569 4,381 4,373
(4,563) (4,374) (4,366)
Total production costs € Ha 2,377 2,257 2,523
(2,196) (2,103) (2,237)
Gross profit € ha 2,192 2,124 1850
(2,367) (2,271) (2,129)
Minimum investment ca € Ha 8,740 8,365 9,217
(9,201) (8,792) (9,663)
Minimum subsidy for economies of scale (%) 10.48 9.4 31
(7.97) (7.66) (24)
Large scale
Total cost of feedstock € Ha 560 558 615
(488) (502) (548)
Transport costs € Ha 85 84 81
(89) (89) (85)
Transport costs raw material €'ha 61 60 61
(61) (60) (108)
Transport costs digestate €'ha 24 24 21
(29) (29) (25)
Energy deficit costs € Ha 289 271 413
(154) (145) (287)
Total proceeds € Ha 2,792 2,677 2,672
(2,789) (2,673) (2,668)
Total production costs € Ha 1,223 1,166 1,326
(1,085) (1,006) (1,194)
Gross profit € ha 1568 1,511 1,346
(1,703) (1,677) (1,474)
Minimum investment. € ha' 2,515 2,407 2,553
(2,647) (2,529) (2,681)
Minimum subsidy for economies of scale (%) 0 0 0
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1 Figures in parenthesis are the values predictescenarios without protein as a product.

2 Transport costs refers to transport of raw malteriransport of slurry (digestate & silage effitle the transport
costs for the smaller scales were zero due tovbrage radial distance being smaller than 2 km.

3 Total proceeds, also includes savings made diretenergy generated from AD CHP plant

*Note: figures have been rounded to integers
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3.3 Processing technologies

The values outlined in Tables 4.8 and 4.9 showvtiges relating to the biorefinery
scenarios where protein is extracted “Prot scesadnd the scenarios (in parenthesis)
where the protein fraction is retained in the ag# being sent to the digester “No
Prot” scenarios. In the process of developing thatets it became clear that the
energy demand associated with drying the fibres ldhgest bulk of the biomass) was
quite high under current conditions modelled aret¢hwas relatively little additional
value generated through protein extraction (Fig.).4This was also related to the
lower price obtained for the proteinaceous prodiitte high fibre content can be
related to the current management and cutting systen Ireland producing a
feedstock which is mostly comprised of fibre (50&g’'DM), unlike the European
cutting systems, where biomass is harvested maguéntly (Bruinenberg et al.,
2002). Increasing the frequency of cutting woulddégo a biomass feedstock with
greater crude protein content, as it would be ¢t more vegetative stage (Buxton,
1996; Hoekstra et al., 2007), hence processinguilce stream for protein products
could be more beneficial than the Irish scenaftosrent harvesting practices) being
predicted here. The “No Prot” scenarios, could iadle in the short to medium term
due to the current Irish governments “Greener haoteeme” (SEAI, 2010), which
promotes the insulation of older houses to imprbnvgr heat energy rating. However,
with the economic down turn (at time of writinghet construction industry is facing
many obstacles (DKM Economic Consultants, Febui20$0), which could have
implications for a fibre-only system. The produatiof other non-related products
could help to buffer price changes with the fibnehjch is one of the key concepts of
biorefinery, to enhance profitability and sustaitigbthrough the production of a
multitude of products from the one feedstock (Kreretial., 2004).

On the other hand, redirecting the protein fractmthe digester increases the fertiliser
value, which has a positive feedback for reducimg ¢osts of the raw material (see
Tables 4.8 and 4.9). However, one key issue whiak mot examined here, and which
could be very relevant for improving the profitatyilof a biorefinery and the digester
performance, is the addition of animal slurriesdordigestion (Jagadabhi et al., 2008;
Singh et al., 2010). The potential increases ofjdsoand hence increased energy
available for processing could see the outcomethede predicted scenarios change
and the “benefits” for not extracting protein would longer be an issue and this
would ultimately make the “Prot” scenarios more taumable. The crude protein
installations could be constructed with the initddvelopment or retrofitted when
conditions (technologies, grass husbandry) beconeee niavourable for protein
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extraction. It is the liquid stream where mostlod potentially high value products are
to be extracted (Danner and Braun, 1999), the lienef starting operations with
protein extraction provides the opportunity for reiiinery stakeholders to become
familiar with processing the juice and increasihg potential to upgrading to more
advanced process technologies, such as lacticpaoalicts as outlined in the future
scenarios predicted in this paper. Therefore, kmxaoth systems have potential, they
will both be considered in the development of aphints for an Irish GBR.

The high tech scenarios or future scenarios wenergéed to show the true potential
of product diversification and the future potentdlsystems supplied with adequate
juice streams and technologies for exploiting théfhe primary reason for not

selecting such systems for the short to mid teromeffinery blueprint is due to these

technologies still being in the developmental statpe efficiencies and purities

outlined in these futuristic scenarios are idedlisad in reality could be more

conservative. The level of investment required floe more advance technology
system can also be seen in Table 4.9, in compatistite more established extraction
technologies, the subsidies required were subatbntarger. The second reason is the
harvesting regimes currently in operation in Irelanave a lower juice stream

available for exploitation, as it predominantly quses of a solid press cake or fibre
fraction and therefore technologies for manufaotyfrom this solid fraction appear to

be the more viable option on the short-mid-term.

3.4 Energy balance

It is clear from the results that the energy baanbetween processing the green
biomass and that produced by the CHP will be a daying force of a successful
green biorefinery project, which corresponds towteavs of other biorefinery studies
(Kamm et al., 2009; Popa-CTDA, 2005). In the Euasp&nion energy charges are
grouped into different charge categories accorttingnergy consumption (€c MW,
with the largest energy consumers receiving theargy at a cheaper cost price per
kWh used. The intense energy demands of Green finieres processes (i.e.
fiberization, drying) would result in the energyirige provided at the cheaper rate, if
electrical energy was supplied to the facility fram external source.(€ 0.10). The
potentially low energy costs has allowed Austrid &ermany to optimise their energy
markets to allow bioprocessing facilities to sk# £nergy generated on site for a profit
to the grid and buy energy at a lower rate fromghe (Geveke, 2009). Under current
conditions (at time of modeling), the prices ob¢ginn Ireland for biomass to energy
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(c. 0.12 €) are still much too low to be a viable opt{approx. 0.07 €c lower than in
mainland Europe), for a GBR to sell the electrigggnerated on site and buy in the
required energy. From the sensitivity analysishef mmodels an estimated pricecof€
0.26 was required to equilibrate the financial eadors of the base case scenarios
(own supply of energy and deficit bought in), te thcenarios where all electrical
energy was sold to the grid and the energy neeateprbcessing was bought from the
grid. The modelled conditions in these scenaridsrdened the energy demand of the
systems to be much greater than the energy geddrata the stillage (Table 4.8) and
therefore, unless the energy production for theéesys are modified i.e. co-digestion,
the demand of the system will be too great to gereany surplus energy to sell to the
grid, as was the case with these scenarios. Cairgidthe obstacles outlined in O’
Keeffe et al. (2009) for supplying to the natiogaid, such as planning permission,
potential cost for additional grid transformer cepg etc. in the short-term it would
be more advantageous for a biorefinery to use thergy generated for its own
biomass processing. However, when conditions becoore favourable i.e. increased
price for electricity sold to the grid, or sufficieadditional energy can be generated,
then it maybe more profitable to to sell to thedgri

4 Selection of base case scenario — GBR blue print

It is clear from the results presented here thatntlost appropriate scale (from those
analysed in this study) for an Irish GBR blueprmtthe medium scale. Under the
current cutting systems and average quality biomassumed, the selection of
feedstock system is not so clear, as both appebe teconomically viable; however
from an operational point of view the silage-onbstbeen noted by many biorefinery
experts to be a more viable option (Danner and Brd999; Danner et al., 2000;
Halasz et al., 2005; Kromus et al., 2004). Ther@so the additional issue of whether,
under the Irish conditions modelled here, proteittaetion would be a viable option.
Therefore the most appropriate models which needbdo considered in the
development of an Irish GBR blueprint are the mediscaled, silage biorefinery
model, with and without protein as a secondary pctd

4.1 Sensitivity analysis of base case

There is very little difference between the minimsabsidies predicted for both the
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“Prot” and “No Prot” scenarios (Table 4.9). The petsent value or cash flow (NPV)
is based on projections or expectations of fut@ghdlows. In order to estimate the
sensitivity of the base cases to the potentialréutincertainties, a sensitivity analysis
was carried out for both. This was done by systeaiat varying from the base case,
each parameter relevant for the profitability (Figt).

When graphed, the steeper the slope of the lingthater the sensitivity of the GBR
profitability to the variable in question. This pelto point out primary areas which
require attention for continued research and deweént. The parameters with the
potentially greatest impact on NPV or potential hcdbow (profitability) will be
discussed here. As fibre constitutes the greatgpqution of the feedstock it is not
surprising that the profitability indicator NPV sensitive to selling price of fibre
products, Seven percent reduction in selling pt&e.75 kg) leads to a negative
NPV.
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Fig. 4.4 Investment sensitivity analysis for silage onlydprint (incl. protein products),
percentage change from base case scenario agaamgjecin NPV (€ Mio)
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The unit changes in the GBR NPVs (€, 000) per cimétinge in, price for fibre (€ Ky,
price for proteinaceous products (€ g costs of raw feedstock (€Mt and
Government subsidies (percentage of capital ind¢siere 15.10, 0.47, -2.87, 0.86,
respectively for the “Prot” scenarios. For the “Rimt” scenarios unit of change in the
GBR NPVs were 15.07, -2.7, and 0.73. A unit of gem the revenue from fibre
generated the largest unit of change in the NPVingathe largest slope as shown in
Fig. 4.4. The model was not as sensitive to othedehparameters, raw materials and
subsidies. As fibre makes up the greatest bulkhefraw material, its selling price
therefore will contribute more significantly to thofit of the biorefinery then the
crude protein product; hence the price of the pmokad little overall effect on the
system.

5 Conclusions of the study

The findings of this study suggest that the blugpn the short-to-medium term for an
Irish GBR is envisioned to be a decentralised itgcfmedium scaled), using a silage
feedstock and processing energies supported thronglite energy generation in an
AD CHP plant run on the biorefinery stillage.

The energy balance between processing energietharhergy generated by the CHP
plant will be crucial in the success of a biorefinenodel in Ireland and needs to be
researched further.

The current harvesting systems may require adagtigpgincreased cuts in the year in
order to enhance the profitability of a biorefinenyanufacturing crude protein
products, however the trade off between increasmdelsting costs and increased
energy consumption for this type of system willoateeed to be determined viable or
not.

The models presented here, although restrictetetartost available data (at time of
modelling), show that green biorefinery requireyggament support in the order of
approximately 9-11% to be established successfullyireland. To enhance the
profitability and hence the sustainability of théserefinery systems requires more in-
depth and detailed research.
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Chapter 5

Abstract

In Ireland, grass is a readily available bioreseutt has previously been established
that Green biorefinery (GBR) could become a po#tnise of Irish grasslands, and a
blueprint for a sustainable GBR industry in Ireldras been developed. The objective
of this paper is to use scenario analysis to ingatd the sensitivity of the profitability
of the GBR blueprint to variations in grass quanaind quality as a function of
botanical composition, fertiliser application, apidmass availability. As an outcome
of these scenario analyses, the price the GBR d¢ter to farmers above their
production costs (€'tdry matter) was calculated. GBR systems locatexldatchment
area of permanent pasture with grass yields irrahge of 9-12 t dry matter fiaand
supplied with grass biomass with a fibre contenb@® - 555 g kg dry matter and a
protein content of 110-130 g Kagdry matter, were viable under this scenario amglys
Reducing grass biomass availability below 30% tesuih a financial loss for both the
GBR and the farmers in most cases, due to increasedport costs. Within the
scenario assumptions adopted in this study, gesststock was valued at €4 - €28 per
tonne dry matter above production costs. HoweVes, talue depended on the yields
and biomass availability of the catchment area lyuppthe GBR.

Keywords: grass, silage, green biorefinery, fipegtein

1 Introduction

1.1 Agricultural systems in Ireland and Green biordéinery (GBR)

For the last decade in Europe, there has beerasiageinterest in using grass biomass
for energy and chemicals (Danner and Braun, 19883ss is a bioresource that is
readily available in Ireland. Approximately 90% tbie agricultural area (3.8 million
ha) is devoted to grassland farming and animal ymton systems (O' Mara, 2008).
Environmental restrictions such as the Nitrate @ive (91/676/EEC) and economic
pressure from Common Agricultural Policy reforms/daded to declining livestock
numbers (EU Commission, 2010) and a potential doplss grassland biomass. These
issues combined with a low family farm income (Calhyh et al., 2008; Teagasc,
2009); have led Irish farmers to begin investigattternative uses of their grasslands
(Irish Farmers Monthly, 2008).
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Green biorefinery (GBR) has been suggested asemfmtuse of Irish grasslands (O’
Keeffe et al., 2009). GBR involves applying teclogyl to chemically and physically

fractionate green biomass (grass and grass si{igs) 1998) into two streams: press
cake (the solid fibre fraction) and press juicee (liquid fraction). The press cake can
be utilised for low value products such as insalatmaterials for building (Grass,

2004; Kromus et al., 2004). The press juice candael to produce high value products
which could be used as substitutes for mineratieilved products such as lactic acid
for plastic and polylactide (PLA) production, priote for the animal feed and

cosmetics industries, and ethanol for biofuel. ARatracting the desired fractions
from the biomass, the residual grass/silage skiotestillage’ can then be fed into an
anaerobic digester to produce biomethane gas, wdachbe used in electricity and

heat generation (Grass, 2004).

1.2 Overview of an Irish GBR blueprint

O’Keeffe et al. (2009) suggested that the adoptiioftonventional” farming practices
for GBR in Ireland could promote a smooth transitio farming practices for GBR in
Ireland. They developed a “Blueprint for an IrislBE’ based on the best available
technologies for processing the highest yieldingsgrsilage fractions, such as fibre
and protein, based on the current harvesting reginreeland, i.e. a two-cut silage
system. Two possible production scenarios weretiitksh the first was to produce
fibre products alone as insulation material (“NotPscenario), and the second was to
include a secondary proteinaceous product as anaarieed (“Prot” scenario). The
short-to-medium term blueprint for an Irish GBR wdsfined as a decentralised
biorefining plant, processing 6,182 t dry matteM)Dgrass silage per annum, from a
catchment area of approximately 840 ha. The fgciis located in an area with
approximately 90% grassland and was supplied byhallfarmers in the area (90%
biomass availability). The grass feedstock suppiad assumed to have an optimised
quality or fraction yields of 550 Kipre (NDF) DM and 170 kgrude protein (CP)
t'DM (see O’ Keeffe et al submitted a). In all blueprint scenarios, the farrired
agricultural contractors to harvest and deliverftiesh grass to the biorefinery and the
grass was ensiled on site to ensure controlleduaifdrm ensiling conditions. These
blueprints are discussed in greater detail below.
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1.3 Additional considerations for a GBR blueprint —Grass biomass supply

It was assumed that the grass feedstock suppliethdobiorefinery was from
permanent pastures, as the majority of grass silageeland is made from these
pastures (O' Kiely et al., 1993). The quality oelgls of desirable fractions such as
fibre (NDF) and crude protein (CP) of grass (anddeesilage) from these permanent
pastures will vary depending omter alia, botanical composition, geographical
location, local climate, Fertiliser management, gnowth stage at time of harvesting
(Van Soeset al, 1978; Buxton, 1996). Intensive management (reagedigh cutting
frequency) and high nitrogen (N) application ratesult in high DM vyielding swards,
sometimes entirely dominated by perennial ryegfBsum perenng (Fositt, 2000).
With less intensive management, secondary grassespesuch as meadow-grasses
(Poa spp, Yorkshire-fog Holcus lanatuy bent grassesAfrostis spp. and
herbaceous species including docRsihex spp enter the sward mix (Fositt, 2000).
Permanent pasture with a greater abundance of dagorspecies can have yields
comparable toL. perennedominated swards, however they may not always be
agronomically optimal, i.e. might have lower qualithan L. perennedominated
swards (Frame, 1990; Keating and O'Kiely, 2000ket&s, 2004).

Low DM vyields will reduce biomass availability withthe catchment area of a GBR.
Other possible causes of low availability are redligpasture area, or economic
reluctance by farmers to supply a biorefinery. Dhiginal GBR scenarios assumed a
constant and readily available supply of bioma€3¥4%availability). In reality, the
sensitivity of the GBR blueprint scenarios to thaiation in botanical composition
and biomass availability needs to be considerednwgupplying grass biomass to a
GBR plant, as this will impact on the profitabiliby the entire system and the potential
price that can be offered to farmers (Kromus e28i04).

Therefore the objectives of this study are to sttbjpe GBR blueprints to scenario
analyses, to investigate the impact of variation in
1) botanical composition of the grass feedstock (titio of abundance of
L. perennego secondary grass species ranging from 90:10:&0%0
2) N fertiliser application rates (45, 90, or 225ha* a*)
on:
1) GBR profitability;
2) biomass production costs; and
3) the price the GBR can offer to the farmers abibner production costs
(€ t* DM).
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The scenarios in this study were generated usiogabination of field trial data and
desk study modelling. The data from field trialsrev@ised to develop a “biomass
supply model” and an “ensiling model” The lattersmased to integrate the supply
model with the desk study GBR model. The integrateatels were then used to
determine the profitability for each scenario asaly.

2 Materials and methods

2.1 Field trials - Experimental data generation fo biomass supply and silage
models

2.1.1 Harvesting and ensiling grass biomass

Field trials, described in O'Keeffet al (submitted a) were established on six
commercial farms around the country (see appendiar full site descriptions and
climatic data). Three annual N Fertiliser applicatrate treatments (45, 90, and 225
kg N ha') were applied as calcium ammonium nitrate (275 ggN) ko 2.5 mx 2.0 m
plots with adequate P and K based on soil testsh Baatment had four replications.
Simulating the national silage harvesting campaigrieeland, silage was cut from the
plots twice yearly (late May / early June and laaéy / early August); except for the
most northern site (Fermanagh), where there wasiogée annual cut in late July.
Harvested grass from each of the plots was laidroatstrip and chopped with a lawn
mower to simulate a “precision chop” silage cuteTmopped grass was then packed
into plastic bags. As much of the air as was péssilas expelled from the bags before
sealing them, effectively ensiling them onsite befdransport to the Teagasc at
Grange (53° 6’ N; 6° 45’ W). Grass was stored 4T 4vernight, prior to transfer into
laboratory silos, as per (O' Kiely and Wilson, 1p9%boratory silos were stored at 15
°C for approximately 120 days. Effluent (if any)sa@llected and weighed when silos
were re-opened, and the final weight of the silage recorded. After thorough aseptic
mixing, samples were taken from each silo and dtanea freezer at -18 °C prior to
chemical analyses.

2.1.2 Chemical analyses for biomass quality

Samples of grass and silage were dried at 100 verri@ht) to estimate DM content.
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Samples dried at 40 °C for 48 h were milled thioagsieve with a 1 mm aperture
prior to analysis for fibrous components or totl gvall content (cellulose, lignin and
hemicellulose), using neutral detergent fibre (N¥an Soest, 1963). This was used
to estimate the potential press cake proportiothefbiomass. CP (total M 6.25;
LECO FP 428 nitrogen analyser — AOAC, method 99))-@@s measured to indicate
the proportion of the proteinaceous fraction (eamino acids, proteins, peptides,
nitrate), extractable from the biomass in the pyeg®. Water soluble carbohydrates
(WSC) (Thomas, 1961), volatile fatty acids (VFAg¢lic acid, ethanol and ammonia-
N were measured as indicators of silage qualitythBgFAs and ethanol were
measured by gas chromatography using the meth{®aoffft, 1973). Lactic acid was
measured using the Boehringer method for the d&teatron of lactic acid in
foodstuffs and other materials (cat. no. 139084jilevN in ammonia (NkN) was
measured using the Sigma Diagnostics method fan@aammonia (Procedure no.
171-UV).

2.2 Desk study

2.2.1 Overview of modelling steps

The scenario outputs generated for this study wexeloped through the integration
of the various component models derived from expenial field data and desk study
analysis (Fig. 5.1).

Farm Step Biorefinery - Factory steps
GRASS FEEDSTOCK STORAGE OF GRASS BIO-PROCESS
Quality and Quantity = Ensiling - Good management MASS BALANCE
# [Grass species + 2isall‘:tyrre‘j, i.e. minor loss of - fractionation of silage into:
management (N fertiliser)] ’ fibre and protein products

‘ ‘ ENERGY BALANCE
Models used:
Models used: -Amt of production energy
(O’Keeffe et al., submitted a) 1) Mini Silos Exp - silage quality required
2)Bastiman and Altman (1985) - ECONOMIC BALANCE
silage effluent
- Total production costs ,
3) GBR blueprints- silage yields revenues and profits - NPV
Models used:
(O’ Keeffe et al., submitted b)
GBR “Prot”and “No Prot”
STEP 1 STEP 2 STEP 3

Scenario Outputs

| NPV of GBR = f Feedstock + Biomass availability |

1

STEP 4 | Sensitivity analysis of farmer’s profit =NPV vs price offered to farmer |

Fig. 5.1 Overview of the integration steps taken with theiaus component models
derived from experimental field data and desk staniglysis.

92



GBR feedstock quality scenarios

Step 1 - Farm step: The biomass supply model ofe@ff¢ et al (submitted a) was
used to predict the quantity (DM yields (t*ha?)) and quality (NDF and CP (kg't
DM)) of the pasture biomass as a function of nigrodertiliser (45, 90, 225 kg N Ha
a’), growth stage at time of harvesting, and swatdrioal composition

Step 2 — Ensiling/Storage step at biorefinery: Gqudlity silage was assumed to be
produced from the grass biomass ensiled in the GIBRR. The silage quality of the

different feedstock types was predicted by sulistguthe biomass supply model

outputs (Table 5.1) from Step 1 into the linear pisdyenerated from the laboratory
silos experiment described in this paper. Efflumrsses were estimated using the
model outlined by Bastiman and Altman (1985).

Management of grass biomass i.e.
Fertiliser from GBR + Additional F ertiliser

pnivavavivivivawdoooe

Biorefinery Boundary
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1
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Fig. 5.2 Mass and energy flow diagram from O’Keeffe et @ubmitted b) blue print
scenarios for an Irish GBR in the short-to-medienmt
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Step 3 - Bio-processing at biorefinery: The GBRcessing model consists of three
fully integrated mass, energy, and economic modelg. 5.2). The silage quality
predicted from Step 2 and the DM yields predictedsiep 1 were used for the mass
and energy sub models in the biorefinery processiodel (O' Keeffe et al., 2009).
This was then used to determine the effects ofdifferent silage feedstocks on the
economic performance indicator of the GBR systems.

Step 4 - A sensitivity analysis was carried outiébermine the gross profit per ton of
DM, for each of the different scenario combinatiohsward composition and N rate.
From this, we established the price of feedstogky @and above the production costs,
payable to farmers supplying the GBR.

2.2.2 Modelling of grass feedstock quality and dinar STEP 1- On-farm conditions

The biomass supply model of O’Keeffe et al. (subadita) was used to determine the
quantity and quality of ensiled herbage from pasumith contrasting sward
composition i.e. with the ratio of Lp to secondgrass species ranging frd®0:10 to
60:40. The Microsoft Excel 2003 solver functi@vicrosoft Corp., Seattle, WAyas
used to predict the maximum DM vyields and fractioelds of NDF and CP (both
expressed in t Haa®) for each of the contrasting sward types. TheltiesuNDF and
CP mass fractions (kg DM) were then used as input variables for the GBRfrint
mass balance (Table 5.1). The original model camgs were maintained as per
O’Keeffe et al. (submitted a), however new constsawere introduced in order to
predict annual DM vyields (Table 5.2). The relat@pbundance constraints for Lp:
secondary grass species ranged from 0.90 to 0l6®mbdels predicted maximum
yields for a mixture of Lp with a secondary grass wf Agrostisspp (As) andH.
lanatus(HI) (Table 5.1).

2.2.3 Modelling of silage quality - Step 2- storéayesiling of grass
The objective of step two was to predict the fi@tsi (NDF, WSC, CP, LA) or quality
of the silage removed from the GBR silos, as ationmf grass quality going into the

silos and N rate. It was assumed that good qualiage could be produced, with
minimal losses to the biomass quality (Table 5.3).
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Table 5.2. Constraints of grass supply model, modified toaat for £ and 2° cut of a
two-cut silage system O’Keeffe et al. submitted a

Constraints Annual 1% cut 2" cut
'GSLolium improved 2.8-3.1 2.2-2.4
®Nyaehigh 225 125 100
Natemed 90 45 45

Niate lOW 45 25 20

1.GS= Growth stage at time of cuttingegetative stage < 1.9, Elongation stages 1.BB08fing
stage 3.0 - 3.1, Inflorescence’f spikelet visible 3.1- 3.3, Spikelets fully emerdgzbduncle not
emerged 3.3 - 3.5, Inflorescence emerged / pedduityezlongated 3.5 - 3.7, Anther emergence /
anthesis 3.7 - 3.9, Post anthesis > 3.9 (Mooré,et391).

2. Nrate = Nitrogen fertiliser rate kg hgr™

Table 5.3. Fermentation quality of silage for laboratory sikperiment, meaned across 6
sites, 2 years {1and 29 cut) and 3 rates of N 45, 90, 225 kg'te (sample no = 230)
(Variables in g kf DM unless otherwise stated)

Mean S.E.M
pH grass 6.1 0.0
pH silage 3.7 0.0
Buffering capacity of grass
(m Eq kg' grass DM) 340.3 5.3
NH;N (g kg total N) 49.9 1.9
Lactic acid 80.1 2.1
Acetic acid 37.6 2.9
Propionic acid 2.0 0.5
Butyric acid 1.6 0.3
Ethanol 19.9 0.7
! Total fermentation acids 121.2 3.9
?Total fermentation products 141.1 4.1

1. Sum total of fatty acids, (lactic acid + acet@d + propionic acid + butyric acid)
2. Sum total of fermentation products (total ferta¢ion acids + ethanol)

Data from the laboratory silo experiment were asedlyas repeated measures using
generalised linear mixed models, implemented usimz GLIMMIX in SAS (SAS
Institute, 2003).
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Models were fitted separately for each fractionndérest e.g. for the fibre model, the
quantity of fibre [(g fibre kg DM*0.001) x kg grass DM ensiled = NQf and the
nitrogen fertiliser application rate () were included in the model as fixed effects to
predict the quantity of fibre in the silage, whislas removed from silo [(g fibre Kg
DM*0.001) x kg silage DM = NDE,]. Harvest, site and year were included as random
effects. Model fitting was conducted for the randeffects and the model of best fit
was determined for each silage fraction using A&giknformation Criterion (AIC).
The compound symmetric random structure was the fite®r the random model.
Model estimates for the mass balances are showabie 5.4. The silage quality used
for the scenarios analysis in this paper were edgéich as a function of the grass
feedstock fractions (output from the biomass supplydel (STEP 1)) and model
coefficients (b and c) from the Proc GLIMMIX proced (Table 5.4), e.g.

NDF,,= a + bNDF, + cNrate Egn 1

The grass DM yields and resulting silage massitmastNDFR,, CP,, WSGu, LAout
were then used as input variables for the mass\talaf the GBR processing model
of STEP 3.

2.2.4 Biorefinery models —STEP 3- Bioprocess

The GBR processing model was used to investigateetfects of the different silage
feedstocks (STEP 2) on the economic performandeatats of the GBR systems.

2.2.4.1 Biorefinery factory steps — description

This GBR blueprint of O’Keeffe et ajsubmitted a) predicted a GBR facility to be:

* A plant at the centre of a circle of radius 1.64, kvith annual DM yields within
the catchment area assumed to be 10.2 t DiveHa

 The biorefinery operated for approximately 46 weeksnually, with a
throughput of 0.8 t DM hoilfrand processed 6,182 t silage DM.

« A catchment area af. 840 ha was calculated to ensure adequate biomass w
supplied to the GBR facility to account for biomasgilability (90%) and
system losses, which were assumed to be as folfeid;josses (3%), DM loss
in effluent (10%) and feed out losses (7.5%).
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* An anaerobic digester (AD) and combined heat amdepdCHP) plant on site
were used to process the stillage (waste streamispraduce heat and electrical
energy. GBRs, particularly those producing fibreducts are energy intensive
(due to drying of fibre) (Kamnet al, 2009). Therefore, it was assumed the
energy was used for processing the silage inte fod proteinaceous products.
Energy saving made as a result of the CHP plané walculated at €0.11 per
kWh produced by the CHP plant. The additional epeegjuired to process the
silage was assumed to be bought from the natiaidhl g

* The blueprint generated two scenario outcomesethese:

o “Prot”, which has two biorefinery products: fibracacrude protein.

o “No Prot” where the proteinaceous fraction is redied to the digester
to increase on-site energy generation and to redases of purchasing
energy.

= Optimum revenue generation was assumed, the filmaldation material was
estimated at €0.80 Kg(Grass, 2004) and € 0.27 kgvas estimated for the
proteinaceous product (Calculated from CentraliSiatOffice data, four years
meaned data, 2005-2008).

* The capital investment costs for the GBR plantudeld the costs for: silos;
factory intake areas; storage; refiners; centrigigajuipment for coagulation
and for separation; and driers (J. Sanders, urghdd). Annual operational
costs for the biorefinery were estimated at 3%hefinitial investment capital.

« Capital investment costs for the CHP facility irdal the costs of the anaerobic
digester, CHP units and storage tanks. Annual ¢ipe&l costs for the CHP
were assumed to be 10% of the capital investmerdem@®oliafiaco and
Murphy, 2007; Smyth, 2007). Total capital costs evelepreciated over 10
years.

* It was assumed a government financial subsidy wbaldequired to establish a
GBR plant (O’Keeffe et al., submitted b). A minimuimancial subsidy of
approx. 9.4% of the capital costs was calculatedhe break even point, where
NPV = 0.

2.2.4.2 Description of GBR blue prints — Farm baanydFig. 5.2)
= A biomass availability of 90% was assumed; i.e. itiegority of land in the

catchment is under grassland and all farmers incttehment are supplying
grass feedstock. It was also assumed the farmeéredelfresh grass to the
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biorefinery and that the grass is ensiled on sitensure controlled and uniform
ensiling conditions.

= The farmers’ overhead costs for producing the gnaslsided the cost of the
field maintenance (roads, fences), managementlifert lime) and harvesting
(contractor and plastic for ensiling).

» The base price paid to the farmer in the GBR mawd assumed to be the
break even price.

= |t was assumed that the farmers follow standardtiliser rate
recommendations for grassland cut twice for silage225 kg nitrogen (N) Ha
a', 30 kg phosphorus (P) ha', 155 kg potassium (K) Haa* (Coulter and
Lalor, 2008).

= The fertiliser costs for applied N, P, K, were c#dted using the current farm-
gate prices (at time of writing) of €0.83, €1.56,Z1 per kg, respectively.

= |t was assumed that the waste streams from theflery processing (silage
effluent and digestate from the AD plant) are ne¢ar as slurries to the fields
harvested. The scenario output calculated ¢thad kg hd a’ of N, 10 kg hd
a' of P, and 134 kg RHea' of K was returned in the stillage, thereby redgcin
fertiliser costs for the farmer.

» The transport and spreading costs for the retutsieidry” were assumed to be
paid by the biorefinery.

2.2.5 Modification to blueprint models
2.2.5.1 Effluent production and nutrient lossesewiNnodel assumption

In the original model the dry matter losses in wfit were estimated from the
literature and taken to be at the higher rate 6b,10ue to the high N rate of 225 kg N
ha' a' assumed used by the farmer. However to take intowat the effects of
changing N rate on the dry matter losses in effiudre model outlined by Bastiman
and Altman (1985) (Eqn 2) was used. The model de=the curvilinear relationship
between percentage DM content of the grass ensileahd dry matter loss in effluent
(DMg). Effluent fresh weight losses {t grass ensiled)5ff) were also predicted using
the Bastiman and Altman equation (Eqn.3). The DNheffresh grass delivered to the
biorefinery at the three fertiliser N rates (45, 225 kg N h# a'), was estimated
using the meaned DM data from the 6 field trialero¥ years and 4 harvests outlined
in section 2.1.1. The corresponding mean silage c¥tents were also used in the
biorefinery model (Table 5.5).
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DM, (%) = 001+194.3¢°% Eqn 2

Eff (It "grass, .,) = 767— 534x + 0936x° Egn 3

2.2.5.2 Additional transport costs - Distance delesn costs

Transport costs were calculated for both the trarisyf grass and slurry returned. The
average haul distance to the biorefinery was caledlto be 1.45 km using a tortuosity
factor of 1.33. (For full details on the transpoost and assumptions see O’Keeffe et
al. (submitted) and Table 5.21A in appendix). In thiginal model transport costs per
tonne of grass harvested were estimated followargsaltation with silage experts and
contractors.

Table £.5. Estimated DM losses and effluent production asnation of nitrogen
application and DM content of grass feedstock @eéd to the biorefinery.

'Scenarios

High N Medium N Low N
“Feedstock
Grass DM M grass g ki Fw °) 185 200 210
L. perenngmproved grass mix
Effluent predicted (It FW ensiled) 99 60 57
Loss of ensiled DM via effluent (%) 3 1.6 1.5
Effluent modelled (It FW ensiled ) 103 63 60

Silage output

Sllage DM (DM silage g K§FW’) 200 210 220
Rates of N application for each scenario groupirghHMedium and Low were 225, 90 and 45 kg N ha
a’ respectively.
2. Feedstock or biomass being delivered after cuttirthe biorefinery plant.
3. FW = Fresh weight of biomass

Transport costs were assumed to be included icdh&actor price outlined in Table
5.6, provided distance travelled to the silos remdiunder 2 km; for each additional
km outside this zone a transport cost was appliesvas assumed that when the
average distanceX ) to the biorefinery exceeded 2 km, the additidrehsport costs
(T) for the harvested biomass were calculated ukigg 4. The distance dependent
costs (d) were estimated at €2.130M grass transported (doubled to account for the
return trip), and multiplied by the quantity of &gye required (t DM§. Costs for time
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Table 5.6.Estimated costs of raw material - grass silagdumtion (Source: (Teagasc and Agricultural anddFoo
Development Authority, 2008)

Lst cut silage €/ha 2" cut silage €/ha
Over head costs for farmers
Maintenance costs (m)
Roads and fencing 43 34
Reseeding 20 16
Management costs (M)
Fertiiser* 280 141
Lime 20 16
Harvesting costs (H)
Plastic 15 12
*Contractor €ha 247 207
“Total costs €hia 625 446
Equation for estimating Total production costs farme
Cg=Zm+M+H Cg = Cost of grass feedstock (EDM)

m=maintenance costs - roads fencing
M= management costs
H = harvesting costs - contractor price

M=L+Fert L = cost of Liming (€1)
Fert cost of fertilisers N, P, K (kg &)
*Fert =X [a (N. - Ry) + b(P- Ry) + C (K- Ryl = replacement cost of nitrogen fertiliser (€'}g

Nr required rate of N (45, 90, 225 kg ha’)
Ru= returned nitrogen from waste of GBR (kg'te)
b replacement cost of nitrogen fertiliser (1€ g
P, = required rate of phosphorus (30 kg'ha)
Rp =returned phosphorus from waste of GBR (kj )
¢ = replacement cost of nitrogen fertiliser €]kg
K.- required rate of K (155 kg Faa’?)
R, =returned potassium from waste of GBR (ki k)
Yields used in model (Table 1 and 2) t DM'ha 2/3 annual DM harvested ~ 1/3 annual DM harvested

1. These values based on the recommended fertiliser saévio cut grass/silage system (225 kg N&ig 30 P kg hda’,
145 kg K ha a"). Fertiliser costs were estimated to be €0.83, £1.56, and &P, K, respectively.

2. It was assumed that the farmer covered the contractertbastised the plastic on the biorefinery site, as the mastéec
costing available.

3. Contractor refers to the agricultural contractor hicellarvest grass by farmer and deliver to GBR facility.

4. Total costs Z (Roads & Fencing + Reseeding + Fertiliser costs aftemedusiurry + Lime + Plastic + contractor). The
values are modified due to the change of fertiliser costgitled in foot note 1.

5. Fertiliser in scenarios refers the combined slurry@fiigestate and silage effluent which is returned badietéatmer.
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spent unloading (L) was estimated at €1.:6DM silage. (O’Keeffe et al submitted
b):

T=Q(L+2(x-2)d) Egn 4

Transport costs for the slurry did not take thenR“kree” zone into consideration and
were calculated using Eqn 5, and included both itmp@dnd spreading costs (L),
calculated to be € 16.92 DM. Distance dependent costs (d) were €04BM slurry
(c. 5% DM) transported

T=Q(L+2(X)d) Eqgn 5
2.3 Economic modelling

2.3.1 Profitability indicators

Net present value (NPV) was used as a measurerheaslb flow in the GBR system
and as a financial indicator of viability. A posii NPV indicates a potentially positive
cash flow (profit) for the period in question an@wid suggest that the project has
economic potential. A negative NPV indicates thajgmt to be unviable and needs to
be modified in order to have potential. For the GBdel, the (NPV) was calculated
over a 10-year period at a discount rate (riskoidcfr) of 10% (O' Keeffe et al.,
submitted b).

2.3.2 Sensitivity analysis for biomass price deéde

The GBR profitability was determined as a functioh biomass availability, DM
yields and vyields of desirable grass fractions. Bwe production system to be
optimised there is a need to have an adequate eohinjuice fraction to generate
sufficient energy to process the fibre fractionefidiore, a press cake content of 500-
600 kg t' DM (i.e. mostly fibre) and press juice contentviztn 400 — 500 kg'tDM
(i.e. the energy fractions, CP and other soluldetions) were the desirable feedstock
qualities predicted by this study. The potentiatoime for farmers above their
production costs depends on the overall GBR systgmofitability. A sensitivity
analysis was carried out assessing the changefitatility of the biorefinery against
the potential price that the biorefinery could offiee farmers, for each scenario. The
price offered, above the farmers production cosis wcreased from the base case
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scenario in increments of 5% up to 80% above tlee lpaice. The maximum price
offered in the scenario was taken to be the maxinpuice which could be offered
before the biorefinery NPV became <0. A separatsigeity analysis was carried out
to investigate the effects of decreased biomassahidy on the profitability indicator

of the biorefinery (NPV). Biomass availability wakeviated from the base case
scenario of 90%, to an availability of 70%, 50%%3and 10%. It was assumed that
the biorefinery would increase the catchment apeansure the annual 6,182 t grass
DM required for processing was obtained.

3 Results of scenario analysis

3.1 Pasture type and management

3.1.1 Silage pastures and nitrogen management

Out of all combinations of botanical mixtures anttagen managements, permanent
pasture with 60% Lp abundance and 225 kg N dvaresulted in the scenario with the
largest NPV or biorefinery profitability, for botime “Prot” and “No Prot” scenarios
(Fig. 5.3).

45N 90 N 225N
1500
1000 {

500 -

GBR NPV (€,000)

o

-500 -
60 70 75 80 8 90 60 70 75 80 85 % 60 70 75 80 85 90

% Lp abundance in pasture biomass o

== Npo prot

Fig. 5.3Model output for permanent pasture sward scenabesiation in NPV for Prot and
No Prot blueprint scenarios plotted against chamgire ratio of abundance bf perenneo
secondary grass species ranging f&OTL0 to 60:40, for three rates of nitrogen
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The “No Prot” scenarios always had a greater @biiity than the “Prot” scenarios.
The same abundance of Lp at the lower N rates afr4590 kg N ha a* rates was
predicted to have the relatively better profitaiiln comparison to the other mixtures
at the same nitrogen rate. The highest grass DMsyi@id not necessarily return the
most profitable scenario (Fig. 5.4a); instead, tarsse from the combination of
relatively high grass yields and fraction proparsoThe higher 225N rate resulted in
grass DM yields greater than 11 t'te', and higher crude protein content greater than
130 kg t' DM, which buffered the GBR profitability againstethow fibre fractions
predicted with the high abundance of Lp (489 - E§2* DM) (Table 5.1). Therefore,
this high N management resulted in profitable onrtes for all scenarios. The lower N
rate (45N and 90N) scenario, with a high Lp aburdan the biomass, resulted in the
least profitable scenarios (NPV< 0), due to the lmoation of reduced DM vyields (< 9
t DM ha' a%) and lower fibre content (463 - 491 k§ DM). The linear relationship
between GBR NPV and the fraction proportion ofdiland protein are shown in Fig.
5.4b and 5.4c.

3.2 Implications of sensitivity analysis for on- fam scenarios

3.2.1 Sensitivity of GBR price offered to farmer

It was assumed that the base price offered todhadr by the GBR was the break-
even price for their production costs. For the gescenarios (biomass availability
90%), at the 225N rate, farm production costs rerfgem € 59 - € 62't DM for the
“Prot” scenarios and €57- €62 for the “No Prot* dut scenarios, depending on DM
yields and biomass quality delivered to the biorefy. The “No Prot” scenarios
resulted in lower production costs for the farmmecause of the CP (proteinaceous)
fraction being redirected to the digester. Thisiltesl in a greater volume of digestate
to be returned as fertiliser and a smaller chenfexdiliser requirement for the farmer
to meet the nutrient management specified for esmemario. At the lowest N rate,
45N, farm production costs of €57 - €64 and € H-t' DM, for “No Prot” and
“Prot” scenarios, respectively Table 5.6 outlinasnf production costs; however, for
more in-depth information on calculations see Apjpe2. The analysis for the second
cut silage predicted production costs at the higfat to be € 98 - € 100 DM and €
94 - 95 for “Prot” and “No Prot” scenarios, respesly. At the low N rate, the costs
increased to €114 - € 125 DM and €91 - 100, for the “No Prot” and “Prot”
scenarios, respectively.
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Fig. 5.4Model predicted (a) DM yields (at 75% Lp contenty) (t &%), (b) fibre fraction
and (c) crude protein fraction (k§)tagainst deviation in GBR NPV for protein and non
protein blueprint scenarios, at three rates obgin application 225, 90, 45 kg N*ha®,

for protein and non protein blueprint scenario.

The higher costs for the second cut silage weretalilee lower yields in comparison
to the first cut. The sensitivity of the GBR pratiility (NPV) to changes in the price
offered to the farmer for both thé' and 29 cut silage was analysed for each scenario
(Fig. 5.5a and 5.5b). The unit changes in the GBR/$I(€, 000) per unit change in
price to the farmer (€'tDM) at the different N rates (taken at 75% Lp atamce) of
225, 90, 45 kg N Haa' rate were -37.99, -39.74, and -43.47 (€, 000peaesvely.
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The GBR NPVs were less sensitive to increased raféered to farmers for the

second cut silage at the different N rates, withelocorresponding values of -23.58, -
21.70 and -21.33(€,000) . The trends remained ainfdr the “No Prot” scenarios,

being -38.46, -39.39, -30.10 (€,000) fdtdut and -23.35, -21.89, and -20.41 t &t 2

cut, for N application rates of 225, 90, 45 kg N'lad, respectively.

3.2.2 Reduced biomass availability — GBR NPV vs. fanonefitability

It was assumed that with reduced biomass avaiigbdi larger catchment area was
required to supply adequate biomass for 46 weekspefations. Increased transport
distances translated into increased transport eogtsa reduced GBR profitability for
all nitrogen and botanical composition combinatioffsg. 5.6). When biomass
availability declined to 30%, the transport distesidncreases (the same for both
“Prot” and “No Prot” scenarios) to 2.25 — 2.5 kmyuating to 0.25 — 0.5 km above the
“non charge zone” of 2 km. This increased biomasasport costs from zero ©
€2.20 - €3.15t DM transported (DM yield dependent). At a biomasailability of
10%, transport distances increased to 3.9 - 4.3Tkns. increased transport costsdy
€9.25 - €10.9. The transport and spreading costshi® returned digestate for the
biorefinery ranged between €26 - €29@M for all scenarios. The greater average
haul distances to the biorefinery resulted in adowrice offered to farmers above
their production costs (profit). For the scenaraisthe lower N rate, this led to a
financial loss for the farmer. Fig. 5.6 shows th#eads for a sward containing 75%
Lp, for N application rates of 45, 90, and 225 k&t a*.

When a catchment area has 90% biomass availalile supplied to the biorefinery,
the highest price could be offered to the farmeus ldence a higher profit above their
production costs, ranging from €21.600M for the scenario with 225 N and 75% Lp,
to €9.37 for the scenario with 90N and 75 % Lp. Bor 45 N rate scenarios, the
farmers were predicted to make a loss. The “No’Re®narios predicted higher prices
offered to farmers above production costs of €2881he 225 kg HAN and 75% Lp
scenario, €17.25 for the 90 kg N*ha' and 75% Lp scenario, and €11.97 for the low
N and 75% Lp scenario. Higher N rates (with 60-75Lf9, returned the greater
profitability for the farmer, even when biomassi&lality was reduced to 30%.
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Fig. 5.5 Deviation in biorefineries profitability (NPV, €00 plotted against increasing price
offered to farmer above production costs of grasar(d c) T cut (€ t'DM) and (b and d)
second cut for “Prot” and “No Prot” scenarios, msprely. Graph shows change in NPV for
Prot and No Prot blueprint scenarios plotted agathanging the ratio of abundance Lof
perenneto secondary grass species for 90:10, 75:25 andD6@or three rates of nitrogen
application: 225, 90, 45 kg N fai™.
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Fig. 5.6 Deviation in farmers profit above production coglstted against average
haul distance to the biorefinery plant (km), fopasture with 75% Lp content, at
three rates of nitrogen application 225, 90, 45Kkug* a’.

4 Discussion

4.1. Silage pasture type and management

The botanical composition of permanent pasture depeamgsnter alia, soil type,
fertility, drainage, and management of the sward).(dertilising, cutting). The
confounding interaction between N rate and botdmiomposition must be considered
when assessing the various scenario outcomes,haghaN rates (225 kg N Haa™),

Lp could dominate the sward (Fositt, 2000; Pee@084), with few or no secondary
species. However, the sensitivity analysis aimsoimpensate for prediction errors by
indicating the potential overall trends of the was biomass managements. Therefore,
interpretations of the results should be basedheret trends, rather than the absolute
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values.

Overall, the higher DM yields with higher N ratessulted in GBR scenarios with
greater profitability. The botanical models preddthigher annual DM vyields with
greater Lp abundance and high N rate (Frame, 1P88ters, 2004). However, the
higher DM vyields did not result in GBR scenariosthwihe highest profitability
indicators, as the scenarios with a lower Lp cantamd greater secondary species
content gave higher GBR profitability within each rdte. The botanical models
predicted these swards to have the higher fibretifna (Table 5.1). This higher fibre
content was expected, as secondary species, sutie &¢o examples in this study,
Agrostis sppandHolcus lanatusare known to have a higher fibre content (Haggar,
1976; Haggar et al1989), lower WSC and CP contents (Bruinenbergl.et2002;
Keating and O'Kiely, 2000a). However, it should fi@ed that permanent pastures
with a high abundance of secondary grass specrgsimating to the biomass (>60%),
have a lower sugar content and are less likelynwle as well as pure Lp swards
(Frame, 1989; Keating and O'Kiely, 2000b); therefbaving a mixture with ensilable
grasses such as Lp may be more favourable ovieutlthis will need further detailed
research. For biorefineries producing fibre andtg@wnobased products, the scenario
outputs suggest that a balance between high DMsjiébre and protein fractions was
required to make the system financially viable. Taance between CP proportion
and fibre was also very important for the GBR pgadfility, i.e. the NPV.

In the “No Prot” scenarios, the CP fraction wasuassd to be added to the juice
fraction and to be sent to an anaerobic digestgréouce energy from the biogas
generated. This energy was then used in the syfstedrying the fibre. The scenarios
with low fibre and low CP content resulted in negatNPVs for the “Prot” scenarios;
however, for the “No Prot” scenarios they had pesitNPVs. In the “No Prot”
scenarios, the energy generated by the CHP plasitgneater, due to the addition of
the entire CP fraction. The greater energy produactesulted in lower production
costs and hence the “No Prot” scenarios were piedlito be more profitable. The
results also suggest that the “No Prot” scenaviath, greater NPV values, were more
resilient to changes in the biorefinery system thaan “Prot” scenarios. This can be
attributed to the lower production costs of the “Root” system and to the higher
value obtained for the fibre products in these ades.

The overall outcomes of this scenario analysis ssgtat grass yields in the range of
9-12 t hd of DM, with a fibre content ranging from 500-55G&g* DM and a protein
content of 110-130 g KgDM result in a viable GBR system. The results aisggest
that GBRs supplied with a biomass feedstock frormp@ent pasture with a relatively
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high Lp content (greater than 60%), and high Nilieation, were suitable to supply a
GBR system producing fibre fraction products andfoide protein products and using
waste streams as a fertiliser.

4.2. On- farm scenario results

The value of the grass feedstock, over and abowdugtion costs, depends on the
profitability of the GBR. It was assumed that thBR5system remained constant and
operated under ideal conditions, i.e. continuousrapon and profitable marketing of
all products manufactured. The resilience of theRG& external economic factors has
not been assessed in this study. However, thisyshas$ illustrated the GBR’s
resilience to variation in the supply of biomassl dras shown how deviations in
supply can affect the overall profitability of t&BR system, including the income of
farmers supplying such a system.

4.2.1 On-farm production costs and price offeredaBR

It was assumed that the waste streams from thefhbiery processing, silage effluent
and digestate from the CHP facility were returnedcambined slurries to the fields
harvested. The return of nutrients resulted in cedyproduction costs for the farmer,
due to the nutrient replacement value of the reirsiurry. It was assumed that the
effects of returned slurry on factors such asdiland plant scorch were negligible.
The higher costs for farmers to apply a high rdttediliser of 225 kg N ha a* were
compensated by increased DM yields. The scenatritbshigher Lp abundance in the
sward and lower N rates (45N and 90N) resultedowel production costs for the
farmer. However, the lower fibre yields associatéth these swards resulted in the
GBR of these scenarios having a lower NPV and tbexea lower price offered to the
farmer.

The quantity of returned slurry to the harvestedsglands varied between the two
scenario systems modelled, “Prot” and “No Prot”.the “No Prot” scenario it was

assumed that the crude protein is diverted to tigester to generate additional
processing energy. This resulted in an increasadtdy of digestate being returned to
the farmer and hence cheaper production cost$ieaslurry reduced the requirement
to purchase chemical fertiliser. The lower basa&pction costs of the feedstock meant
lower input costs for the biorefinery, combined lwiteduced energy costs and
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relatively low price obtained for CP, resulted igtrer NPV values for the “No Prot”
scenarios and higher price offered to the farmer.

The sensitivity analysis to assess unit changethenGBR NPVs (€,000) per unit
change in price to the farmer (£ DM) was carried out simultaneously for both first
and second cuts, i.e. both prices offered for farefl second cut were simultaneously
increased by increments of 5%, above the base pppked in the model. The larger
quantity of grass harvested in the first cut mehat the total cost for the first cut were
higher than those for the second cut. Thereforaeasing the price for the first cut
offered to farmers had a greater effect (steepgredlon the biorefineries’ NPV than
increasing the price for the second cut.

4.2.2 Sensitivity of price offered to farmer abopeoduction costs - biomass
availability

In the original, idealised model, the biorefinergaMocated in a predominantly rural
grassland area, and supplied by all farmers irc#ftehment area; as a result, biomass
availability was assumed to be 90%. However, ititgaeduced biomass availability
may impact on the profitability of the entire systand the potential price offered to
farmers (Kromus et al2004). The reduced biomass availability was aaseat with
greater distance-dependent costs, as the modematitally adjusts the catchment
area size to the area needed to supply the 6,18® &* required annually. The
outcomes of this sensitivity analysis suggest that profits made by farmers will
greatly depend on biomass availability. The prigeeences ranged from a loss of € 4
t' DM for 10% biomass availability, to a profit of 2 - 28 t* DM with a biomass
availability of 90%, depending on the scenario ¢mals. Therefore, it is essential for
both the GBR and the farmers that GBRs are lodatadeas with a guaranteed supply
of biomass, which requires high DM yields, distartoe biorefinery and a high
participation rate of farmers in the catchment upy the biorefinery plant. These
results suggest that, in order to assure a guadsigoply of grass biomass, renting of
land in the catchment area from the farmer may jident option for the GBR.

5 Conclusions

The profitability of the GBR system had a large elggiency on the DM yields of the
grass feedstock, as well as on the yields of tlesgyfractions. These yields were
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directly linked to application of N fertiliser armbtanical composition. The availability
of biomass within the immediate catchment of theRGBas crucial for the GBR
system to be profitable. In most cases reduced dssnavailability, below 30%
resulted in a loss for both the GBR and farmertduacreased transport costs.

The overall outcomes of this scenario analysisciaigid that grass yields in the range
of 9 - 12 t DM h&, with a fibre content ranging from 550 - 500 g'kPM and a
protein content of 110 - 130 g k@M, had the potential to result in a viable GBR
system. The results of these scenarios indicated GiBRs supplied with a biomass
feedstock from permanent pasture with an Lp comérmit least 60%, with relatively
high N fertilisation (225 kg N ha &), was suitable to supply a GBR system
producing fibre fraction products and crude profioducts.

Under the scenario assumptions modelled in thdystiarmers could be offered in the
range of €4 - €28 t DMabove their production costs, which were dependarthe
scenario conditions analysed. However this willeiepon the DM yields and biomass
availability of the catchment area supplying theRGBIt has also been shown in this
study that the “No Prot” scenario, with the gre@&V indicators, appears to be more
resilient to changes in the biorefinery system tthen“Prot” scenario.
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Table 5.1A. Silage harvest dates and mean dailyheeaharacteristics during each growing periodifad trial plots

during 2007 and 2008

Year & Harvest Dates Weathet
Radiation ~ Temperature Rainfall  SMD
Management of sites 2007 2008 (J cm’day’) (°C d) (mmd)  (mm)
First cut silage
Wexford 28 May 1429 10.38 126 47.18
26" May 1407 9.78 248  8.92
Cork 29" May 1452 10.22 102 3201
27" May 1376 9.79 188 11.56
Offally 28" May 1527 9.18 089 33.77
29" May 1502 9.22 120 16.78
Roscommon BJune 1622 10.82 126 31.68
3% June 1543 10.33 132 3049
Monagahan 7" June 1360 9.57 161 2049
5" June 1491 9.90 194 16.15
Fermanagh BJuly 1664 11.38 230 1244
25" June 1723 10.98 213 21.97
Second cut silage
Wexford 23" July 1520 13.05 381  6.87
28" July 1625 14.08 347 11.62
Cork 24" July 1521 13.14 365 16.50
30" July 1490 13.41 328 17.70
Offally 25" July 1539 13.40 365 17.22
5" Aug 1480 13.88 338 21.99
Roscommon 30July 1567 14.45 3.16  13.09
M/D’ - - - -
Monagahan Flauly 1421 13.91 390 1171
6" Aug 1394 13.98 253 27.05

1. Soil Moisture Deficit (SMD) = average soil maigt deficit (mm)

2. M/D = Missing harvest data
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Table 5.ZA Logistic equations

Appendix 5.2

ICatchment area sizing

Q+cQ
aY

\/Z
X=,|—
b4

A=

Transport costs

T = Q (L+2Xd)
T=0Q(L+2(X-2)d)

Vt=Tg + Taig

1. (Overend, 1982)

2. (Walla and Schneeberger, 2005)

A = catchment area of biorefinery (ha)

Y= DM yields of feedstock (t DM hY

Q = quantity of feedstock required for the 46 weeks
biorefinery operation (t DM§

a = biomass availability factor (%)

c= correction factor for additional biomass reqdite
compensate for system losses e.qg. field lossesingnssses

x = radius of circular catchment (km)

1 = tortuosity factor - the ratio of actual distaricevelled to line

of sight distancer(= 1.33)

X = average haul distance between the biorefineryt piaiie
centre of a circle radius of silage fields (km)

T = total transport costs (€ DM)

L = unloading costs only for raw material/inc sytieg for
slurry (€t DM)

d = distance dependent costs t&M) (not considered if
distance < 2 km)

Vt = total variable transport costs (¥)a
Ti = transport costs of feedstock (if distance <2){©t* DM)
Taig= transport costs of digestate (€M)

3. Modified to account for the 2 Km free zone
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Table 5.2B- Mass Balances

Raw material quality (Silage )

Bu=XFR+F+..FK

F =Bom Xa;
Fn=Bwm Xan

Press cake (before washing)

PG = ZPG+PG+... PG

PG= B xF
PC,= By x an
Press juice

(before addition of washings from fibre)

Pr=XPJ+PJ+....PJ

PI= B xF
P3=Byx R

Product fibre

Prodyr = Z Prody; +Prody; +.... Prod,,

Prody, = B x R
Prody, = By Ry

CP Product

Prody: =X Prody; + Prody; +.... Prod,,

Prodyi =B x Fqi
Prody,= By X Fyp

Stillage stream — Digester feedstock

S§=XSS+S§+.....S§

S§ = (- (Prog; + Prod;)
SS = (K- (Prog; + Prod;)

VDS = S$+S§+....5§

By:= total quantity of the feedstock DM (tj
(i.e. fibre + crude protein + ash + lactic acitt, e
F = fraction yield of i component (£

F, = fraction yield of ff component (t3)

a; = fraction of i in feedstock (kg'}

a, = fraction of n in feedstock (kgfX

Bpm = DM yield of feedstock (t'ga)

PG = total quantity of press cake DM(ta

(i.e. fibre + Crude protein + ash + lactic acitt, e

PG = press cake content of i component it a

PG, = press cake content ofhnomponent (td

Fi- content of desired fraction (i.e. fibre) in presie (kg 1) (0.95)
Fn = content of nth fraction impurity left in presake (kg 1)

PJ; = total quantity of press cake DM (ta

(i.e. fibre + crude protein + ash + lactic acitt, e

PJ = press juice content of i component {} a

PJ, = press juice content of‘hnomponent (t3

Fq= content of desired fraction (i.e. CP) in presséu( kg t;?
(kg

F = content of R fraction impurity left in press juice

Prodx: = total quantity of fibre product (€%

(i.e. fibre + impurities (crude protein + ash ¢tla acid, etc.)
Prod; = content of i component in final fibre produgtta®)
Prod, = content of Hcomponent in final fibre product (ﬁ}a
Fi- content of desired fraction (i.e. fibre) in pr@gise (kg )
Fl; = content of R fraction impurity left in press juice (kg

Prodyr = total quantity of protein product (T

(i.e. crude protein + impurities (fibre + ash ¢tle acid, etc.) )
Prodi = content of i component in final fibre produftta)
Prod,, = content of Hcomponent in final fibre product (ta
Fqi = content of desired fraction (i.e. fibre) in prgsse (kg t)
Fqn = content of R fraction impurity left in press juice (kg

Ssr- total quantity of stillage stream after bio-prasing (t &)
Ssi= content of i component remaining in stita’)
Ssn = content of I'hcomponent remaining in stillage (Ha

VDS = volatile dry solids (t§ (fibre, crude protein, lactic acid and ODM,
excluding ash)

(ODM (organic dry matter) is a term to group compasisuch as water soluble
components e.g. sugars, VFA (butyric acid, acedid, gropionic acid), as well
as insoluble components fats, oils and smalleefftactions.
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Table 5.2B (continued) - Mass Balanct

Appendix 5.2

Digestate - Fertiliser

VDS fert= kg x VDS
Ash = Rgx SSsh

Nutrient replacement value of slurry

'Silage Effluent

Eff=767-534DM_, ) + 0936¢

gras:

DM, = 001+1943 2

Nitrogen

Rn= Svavail + Dignavai

Seﬁ‘N = Ng * DMefﬂuen
SN avaim =Serin X Effy
Swai = avair /A

CP,=CR, . tCR

ext CPproc

Next = CRxt /6.25

. N,
Dig, = BN625 t

DigNavairr = Dlgfn*DlgN
Dig navail= Dig navair /A

Phosphorus

R,=S + Digs

Sie :F)g*voleffluen
S = Sml/A

Digpr = Digy  Digvol
Digp= Digyr/a

Rig= fraction of VDS remaining after digestion prae¢8.4)
Fasn= ash fraction remaining in digestate

Eff = effluent production in litre per tonne herleagnsiled (1)

DMes= percent dry matter lost in the effluent

Rn= returned nitrogen — replacement for chemicalliget
Svavai= plant available N, values from the literature gest 2-4% of total N (see
O’ Keeffe et al., submitted b)

Dignavai = total amount of available Nitrogen from digestataually (t&)

S = nitrogen lost in the effluent dry matter (kg Neeffluent )

Ng = nitrogen content in grass biomass harvested

S\ avairr = total amount of Nitrogen available annually froiflage effluent (t 'al)
Eff y = fraction of plant available N (0.3)

A = catchment area of biorefinery (ha)

CP., = CP extracted during the biorefinery processRta)

CPine= crude protein removed in the fibre fraction cegscake fraction (t CP'a
CPeppra= CP fraction removed for production of animaldgeCP d)

Nex = N extracted during the biorefinery process @)

By = initial N content in raw feedstock (N= CP/6.25)
Dig = nitrogen content of the digestate (t N a
(N=CP/6.25)

Dig navair = total amount of nitrogen available annually frdigestate (t3)
Digr, = the average from the literature was found todn€72.5% of the total N
(estimations from original model) (see O’ Keeffeakt submitted b)

Ry, = Ru=returned phosphorus — replacement for chemictliser (kg ha' a?)
S -phosphorus returned from silage efflugt ha' a?)
Dige -phosphorus returned frodigestatékg ha' a*)

Serp = annual yield of Phosphorus from silage efflu@it)
Pg = phosphorus content of silage effluent (k) m
Volsefﬂuem: annual volume of silage effluent produced]()t a
(m=~1)

Diger = annual yield of Phosphorus from digestaté'jt a
Digrp= phosphorusontent of digestate literature value suggests (kg@n'3)
Dig vo = annual volume of silage effluent producedt a
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Table 5.2B(continued) - Mass Balances

Potassium

Rk = & + Digk

Sk :Kg*VOJfﬂue
& = Sw/A

Digir = Dig * Digy
Digk = Digkr a

Re= RN= returned potassium — replacement for chelrfécaliser (kg ha" &)
Sk = potassium returned from silage effluentfg a*) DigP = potassium
returned from digestate (kg ha®)

Serik = annual yield of Potassium from silage effluenafl()

P, = potassium content of silage effluent (kghm
Volgemuemz annual volume of silage effluent produced 1() a
(m=~1)

Digyr = annual yield of Potassium from digestate™jt a
Digex = potassium content of digestate literature valiggests 3.08 (kg
Digy, = annual volume of silage effluent producedy a
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Table 5.2CEconomic variables and equations

Appendix 5.2

Profitability of biorefinery

BGp= (P-SC-CE-ISC-V)

P=8+§+5

Variable costs

V=V + V1 + Ve + VetV

Vig=PRxQ

Ve= [Eap —Z E + E,+ Eagg] ¥ € kW*

Vs=3p+ &

Vr = Wadd
Cash flow

PbT = (BGp- D- INT)

CF=(PaT +D-INV + SSD)

T

NPV=)"

t=0

Ck

(L+ir)’

All variables are €4

BGp = Biorefinery Gross profit (£

P = Profit (€ &)

SC = Total specific costs, i.e. engineering, sfba’)
CE= Equipment maintenance (¢)a

V = Total variable costs (€%

ISC = Indirect sales costs i.e. marketing costsi €

P = proceeds (€%

S = sale of fibre products (€%

S, = sale of crude protein products ®a

S. = savings made from CHP plant — energy returneaf)€

Vfd = feedstock costs (€' DM)

Vr = variable costs of refining silage (excludingeegy)
Ve = energy deficit costs (€ kW'

Vst = staff salaries (€ pef'a

Vit = transport costs (E{DM)

Pf = price paid to farmer (€/t DM)
Qt = quantity of biomass processed in a year (7{dDRI &°)

Eap = energy from digester (heat and electrical) (KW a
E, = energy required for fibre production (kW)a

E, = energy required for protein production (WE

Eag = parasitic energy of the AD plant (kWa

S, = storage costs protein‘(DM)
S = storage costs fibre {DM)

W.,qq= costs of additional water for processing (&)m

PbT = profit before tax (€%
D = depreciation (€9
Int = interest on loan repayments (§ a

CF =cash flow (€93

PaT = profit after tax (€3

INV = investment (€ 3)

SSD = subsidies (government)(#)a

NPV = Net Present Valueir = interest rate for iragant weighted by risk
(€)
T = year of operation (t= 1, 2, 3...10)(T = 10)
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Table 5.2 D - Farmers Equations

Farmers profit
Fp=Fd-Cqg
Fp = Farmers profit (€XDM )
Fd = Sale of grass to hiorefinery - base costingrofiuction (€1 DM )
Cg = overhead costs DM )
Production cost
Cg=tm+M+H
m = maintenance costs - roads fencing'(B )
M = management costs DM )
H = harvesting costs - contractor price tOM )
M =L+ Fert

L = cost of liming (€ DM )
Fert = cost of fertiisers N, P, K (kg ha)
Fert=2a (N - Ry + b(R-Ry) + C(K-Ry)

= replacement cost of nitrogen fertiliser (€kg
Nr required rate of N (45, 90, 225, kq'ra)
Ry = returned nitrogen from waste of GBR (kg'te)
b = replacement cost of nitrogen fertiliser (€1}<g
P.= required rate of phosphorus (30 kg'fe)
R, = returned phosphorus from waste of GBR (kq &9
C replacement cost of Nitrogen fertiiser (€kg
K.- required rate of K (155 kg fa)
R =returned potassium from waste of GBR (k{f &)
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Farmer case study scenarios to assess the effect of
biomass availability on the profitability of the Green

Biorefinery and impacts for the farmer

S. M. O’Keeffe, R.P.O. Schulte, C. O Donoghue, Brd. Struik. To be submitted



Chapter 6
ABSTRACT

In Ireland, grass is a readily available bioreseutt has previously been established
that Green biorefinery (GBR) is a potential usédrish grasslands, and a blueprint for
a sustainable GBR industry in Ireland has beenldped. The objective of this paper
Is to investigate the sensitivity of the GBR bluapprofitability to variations in the
geographical constraints of total and surplus bgsnavailability, using a spatial
scenario analysis of two contrasting case studips; dairy farm in the south (Farm
A); and (i) a beef farm in the mid-west (Farm By an outcome of these scenario
analyses, the price the GBR can offer to farmeowvalheir production costs (& try
matter) was calculated. A partial budget analysés warried out to determine the
viability for both case study farms to supply a GBRe results of the partial budget
analysis for the different scenarios showed thatckimg to a GBR system was not a
viable option for the dairy farmer and dependingtbea scenario analysed was an
option for the beef farmer. The scenarios analggsdonstrated that providing a GBR
with surplus grass biomass would be financiallybleafor both farmers. However,
establishing a GBR in an area typical of Farm Andated by dairy farm systems and
high livestock numbers, in the mid-short-term, vebulot be a viable option for a
GBR, as it would have to compete for grass biomastblishing a GBR facility in an
area typical of Farm B, dominated by beef farminguld be an option for a GBR
system, due to the lower livestock units, and l@asnf income. The results of the
scenarios suggest that the GBR may not necessaedyl to compete with beef
production to gain an adequate supply of grassteTisealso the benefit for the farmer
for locating a GBR in such a region, as shouldftrener desire to destock further,
then they have the potential to supply a GBR.

Keywords: Green biorefinery, grasslands, silageergy, fibre, biomass

1 Introduction

Recent full decoupling of EU agricultural subsidgyments from production in
Ireland is forecasted to result in substantial @#shg of grassland over the coming
decade (Styles et al., 2008) potentially generaéinigrge surplus of grass, both in
Europe, grass biomass could become one of the wnulsible future biomass
resources. Exploitation of grass for use as a lei@gncrop (Ceotto, 2008; Murphy and
Power, 2006) and as a raw material for “Green filneey” (GBR) have been shown
to have potential (Grass, 2004; O' Keeffieal, 2009). Green biorefinery involves
applying technology to chemically and physicallpdiionate grass and grass silage
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(Kiel, 1998) into two streams: press cake (thedsbhire fraction) and press juice (the
liquid fraction). O’ Keeffe et al. (submitted b) \ddoped an Irish GBR blueprint
model, for the production of insulation materiairfr the press cake and the extraction
of the proteinaceous fraction from the press juwih a view to producing animal
feed, or alternatively using the press juice foergy generation to reduce GBR
processing costs. This blueprint was based ondsfeek of grass-silage from a two-
cut silage system.

Subsequent scenario analysis identified three itapbrgeographical constraints,
which determined the profitability of the GBR anenke influence the optimal
location of a GBR. These were:

* the availability of grass biomass in the GBR catehtrarea,

* the dry matter (DM) yields of the region and,

* indirectly, the quality of the biomass (fibre arrdae protein content).

For this study grass biomass availability was deiteed by the area under grassland in
the GBR catchment and the number of livestock Ydeaws, beef cattle, and sheep)
supported by the available grassland (i.e. usingsitfodder). DM yields are also
influenced by geographical location, as total ahiguass DM production varies from
approx. 15 t ha in the southwest to 11 t Hian the northeast in an average year
(Brereton, 1995). One of the key factors deterngngmass quality is the botanical
composition of the sward, which depends ioer alia, soil type, fertility, drainage
and management of the sward (i.e. cutting, graziegilising) (Fositt, 2000). The
natural and agricultural setting of the biorefineatchment region introduces regional
economical factors, which will influence the ovénatocess structure (Halasz et al.,
2005). Hence, this introduces a further socio-ecooa@onstraint for the development
of a GBR, i.e. in areas where current farming systare profitable, supplying grass to
a GBR may not necessarily provide any additionahricial benefits to farmers
potentially supplying a GBR.

Three spatial studies have been identified as g@bgral data sources for determining
the potential geographical constraints and sodahemic factors which could

influence the location of a GBR. These are:

1. The CORINE 2006 data map of the Irish environtalelandscape, which contains
data on the grassland cover of a region.

2. The geographical output from the Simulation Elofdr the Irish Local Economy
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(SMILE), which enables the socio-economic aspet@roulated farming enterprises
at a local level, electoral division (ED) acrossland to be analysed (Hynes et al.,
2006). This model can be queried to determine fgmoss margins and livestock units
of a particular region.

3. The detailed empirical analysis of the geogi@oii farm structures and farming
systems by Crowlegt al. (2007), synthesised into a typology of fimeming zones, or
five different farming zones within Ireland; thigoblogy can be used as an indicator
of potential farming type in a particular regionidF6.1, refer to text below).

The objectives of this paper are to assess:
1. The extent to which the geographical constramfitiotal biomass availability and
surplus biomass availability impacts on the:
I. GBR profitability;
II. Profitability of the farmer supplying all or surglgrass to the GBR.

2. The extent to which socio-economic factors otheaase study govern the
attractiveness of GBR for both the farmer and gta@erefinery operators, using
partial budget analysis.

In this paper, we subject the GBR blueprint modeDtKeeffe et al. (submitted c) to
scenario analyses, using GIS spatial analysis ofcontrasting case studies: (i) a dairy
farm in the south of Ireland, and (ii) a beef farmthe mid-west of Ireland.

2 Development of the base models - materials and theds

The modelling system had five main steps (Fig.:6.2)

Step 1 — Field trials/Map generation: O’Keeffe kt(aubmitted a) established field
trials sites around Ireland in the agricultural esmutlined by Crowley et.al2007).
The coordinates of the field trial farms were usesl a proxy location for the
biorefinery plant, in order to conduct the GIS gsa in step 3.

Step 2 — A grassland map: The CORINE 2006 map wsesl uo calculate the
percentage grassland area per electoral divisiBA(R2007) .

Step 3 — Calculation of biomass availability. Thiexpmity buffer analysis tool in Arc
GIS was used to generate the catchment area dbBie (ha). The buffer layer was
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then overlaid with the percentage grassland magm fstep 2 and the initial “total
biomass availability was calculated.

Agro-Geoclimatic Zones

Purple zone
Sheep farming

High nature value Morthern Trel aund

farmland =
GreenjZone

Beef and, phi._.g-;?:f.arm ing

_Agricultural

Blue zonew,

Beef and sheep farming

Agricultural sustainab

through part-time fa Red Zone

Agricultural stability
under threat

Orange Zone

Dairy, Tillage (e.g. wheat, barley)
Beef Commercial type agricultural

Fig. 6.1 Agroclimatic regions outlined in Crowley et §2007) and the locations of
the field trial sites and case studies A and B.

Step 4 — Economic modelling (Fig. 6.3): The biomasailability factor calculated
from step three was used in the GBR process mddelKeeffe et al. (submitted, b)
was then subjected to scenario analyses to cadcillatprice the GBR can offer farmer

A and farmer B above their production costs {(€ity matter).
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Step 5 — Partial budget analysis (Fig. 6.4): Th&imam price which can be offered

to the farmer above their production costs caledah step 4 was used in a patrtial
budget analysis, to determine the feasibility fothbthe farmer to supply all or surplus
biomass to the GBR. A comparison was then made de#twbusinesses as usual
scenarios and the GBR scenario predictions.

2.1 Step 1 - Case study selection and map generatio

The scenario analysis in this study will focus wo tof the main agricultural systems
in Ireland, dairy and beef (Table 6.1). Crowktyal (2007) made a detailed empirical
analysis of the geographic of farm structures, fagnsystems, agricultural measures
and the extent of part-time farming, which was bgstsed into a typology of five
farming zones, within Ireland (Fig. 6.1).

Simulated Model for Fish |« CSO
Local Economy (SMILE ) L

Step 1
Create Map: with
case study locations

Step 3
Generate buffer zone:
Calculate:

Step 4
Determine:
1) GBR profitability

2) farmers gross margins
per hectare
supplied to GBR

NCYCLE
Ireland

total/surplus g

optimisation with GBR
model

Step 2

Create grassland
map

H- 4
GBR
Process Model

Step 5
Partial budget analysis
(BAU)

Business As Usual

CORINE
2007 Farming type and region
Crowley et al. (2007)

Fig. 6.2Schematic of modelling steps. Grey boxes aregdblight the models relevant to
each step. (Acronyms are as follows: National F&urvey (NFS), Central Statistics Office
(CSO)).
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Although the geography of these zones is crudejr theundaries fluid, and
differentiation occurs within them, they do provia@egeneralised synopsis of a detailed
empirical farming geographical analysis.

Therefore the main farm category (described in Bid), of each region was used as
the basis for the six field trial site locationssdebed in O’Keeffe et al. (submitted a).
The primary aim of these field trials was to asdbssyields of DM, fibre and crude

protein of grass swards on six contrasting Irisimfa The field trial data was also used
to develop biomass supply models to predict the ydids, fibre and crude protein

yields of grass being supplied to a GBR.

However, this case study scenario analysis willydotus on two of the field sites,
they will now be referred to as Farm A and FarmFBrm A is a dairy farm in the
south of Ireland, in the region Crowley et al. (2P@described to be characterised by
commercial and intensive agriculture (orange zoR@m B is a beef farm (cattle
rearing) located in a region Crowley et @007) described as having is part-time and
extensive (low stocking rates) farming types asrian agricultural characteristics.
The coordinates of the field trial farms were usesl a proxy location for the
biorefinery plant, in order to conduct the GIS gsa in step three.

2.2 Step 2 —Calculation of percentage grassland are

The CORINE dataset 2006 was part of a Pan-Europegect, which used a standard
scheme of 44 land cover types. The CLC2006 mapedarid is a map of the Irish
environmental landscape, based on the visual irdgtmon of LANDSAT TM images
from 2006 (Cruickshank et al., 1998; EPA, 2007)e TORINE land cover types are
divided into three levels of classification, thesfilevel indicates the major categories
of which there are five (artificial (manmade) seda, agricultural areas, forest and
semi natural areas, wetlands and water), the selewetl are subclasses of level one
and the third level defines subclass of level t&BA, 2007) (Table 6.2).

An important point to consider when using CORINHad#or analysis is that some
impurities can occur in polygons of “pure classfion,” as the minimum mappable
area is 25 hectares. For example (refer to Taldg &.polygon of arable land (2.1.1)
can include scattered fields of pasture (2.3.1yigkshank et al., 1998). Therefore, it
was thought that using the CORINE pasture clasdito (2.1) for predicting area
under pasture at an electoral division level (loeadel) would not be sufficiently
accurate (S. Greemers. comn). The percentage area under grass was calculated
instead by combining the area classes 2.3.1, 2aa®2.4.4 (Table 6.2). The summed
area (ha) of these classes was then divided btothkarea of ED, to find the fraction
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of grassland in the ED.
Table 6.2. Classifications of CORINE land cover types (EP80?2)

Level 11 Level Z Level 3

1. Artificial surfaces

2. Agricultural areas 2.1 Arable land 2.1.1 Noiygated arable land
2.3 Pastures 2.3.1 Pastures

2.4 Heterogeneous 2.4.1 Annual crops associated with permanent
agricultural areas  crops
2.4.2 complex cultivation patterns
2.4.4 land principally occupied by agriculture,
with significant areas of natural vegetation
3 Forest and semi natural areas -
4. Wetlands
5. Water -
The CORINE land cover nomenclature, comprisesrafethevels:
1. Indicates the major categories of which theecfiae (artificial (manmade) surfaces, agricultiasgas, forest
and semi natural areas, wetlands and water)
2. The second level (15 items) is for use on saafids500 000 and 1: 1 000 000;
3. The third level (44 items) will be used for f®ject on a scale of 1: 100 000. (CommissiorhefEuropean
Union, 1998), these were the classifications adderder to determine grassland coverage in an ED
(electoral district

2.3 Step 3 - Calculation of biomass availability

2.3.1 Total biomass availability

The size of the GBR catchment area is determinetidoyhroughput of the biorefinery
i.e. how much grass will be processed in the yEae. GBR outlined in O Keeffe et.al
(submitted b) had a throughput of 0.8 t DM hband processed 6,168 t DM grass
silage per annum, supplied by a circular catchraesé of 840 ha. For their blueprint,
O’Keeffe et al.(submitted b) assumed that the GBR was located iarea with 90%
biomass availability, i.e. 90% of the land area @esss and all of this grass was used
exclusively to supply the GBR. In this paper, thexmmity buffer analysis tool in Arc
GIS was used to generate a catchment area of 84Uheabuffer layer was then
overlaid with the percentage grassland map andnihal “total biomass availability
factor” a (percentage of grassland in an area), was cadclib follows:

The initial biomass availability and DM vyields preted from the NCYCLE model
(del Pradoet al, 2006) (Table 6.1) were inputted into the GBR pssmodel. The
model automatically adjusts the catchment areatsizbe area needed to supply the
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6,181 t DM & required annually. Therefore, the original buffene generated in the
Arc GIS analysis was adjusted to take into acctlumtadditional area required for the
GBR model. An iterative optimisation procedure wasried out until the output from

the GIS analysis and GBR blueprint were equalisgduring a biomass supply of
6,181 t DM &, to the GBR.

GA = Grassland area (ha) (CLC, 2006)

i = fraction of EDcontained in buffer zone

Gi = Grassland area (hedntained within EP
n = fraction of nth ERcontained in the buffer

GA =) (iG +G, +.nG) Egn.1

zone
a= CA/GAx 100 Eqgn. 2 _ o
Gn = Grassland area (hapntained within nth
ED,
a = Biomass availability (%)

CA = Catchment area of case study (ha)

2.3.2. Surplus biomass availability

The Simulated Model for the Irish Local Economy (8H) is an object-oriented,
spatial micro-simulation model, developed by thedR&Economy Research Centre of
Teagasc (the Irish Agriculture and Food Developmaathority). Spatial micro-
simulation provides geographic information thak&nmicro-units with location and
therefore allows for a regional or local approaohpblicy analysis (Ballagt al.,
2006). The SMILE model also contains a farm leveddole that creates a base farm
population and assigns census attributes to indalidarms, which can then be
assigned to a geographically referenced area. ithelated farm dataset created by
SMILE is constructed using a combinational optirtiatechnique called simulated
annealing. The process selects a set of farmeéon ED) from the NFS that can best
reproduce the census of Irish Agriculture smalhgyepulation statistics (SAPS) tables
of the number of farms, by size, system and spityor further details on the SMILE
model refer to Hynes et al. (2009). The SMILE moakilibute tables were queried to
determine the number of livestock units per ED. Titestock units in the catchment

areas were calculated as follows;
Lupa, g = Total number of livestock units (Lu), sheep,

beef cattle, dairy cows in catchment area A and B
Lua g= Z:(iLui +jLu; +.nLu,) EQn3 i=fraction of EDcontained in buffer zone

Lu; = Livestock units sheep, beef cattle, dairy cows

in ED,

n = fraction of nth E[Rcontained in buffer zone

Lu,= Livestock units sheep, beef cattle, dairy cows

in ED,
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The total annual feed demand (assuming fresh gral9 for the total Lu in the
catchment area was then calculated (Table 6.3)gfé&s production of the catchment
area was calculated using the predicted DM yidldwit a') of the NCYCLE model.
The surplus grass was then calculated by subtratiia total annual feed demands (t
a’) from the total annual grass produced (t DM catehirared). The amount of
surplus biomass was then divided by the catchmesd o calculate the biomass
availability factor (Table 6.3).

Table 6.3 Calculation of surplus biomass availability fackam GIS analysis

Case study A Case study B Units

Dairy cattle

Total number of dairy cows in catchment 158 44 cows

Total daily requirement @ 14.50 kg/head 2292 640 kg DM day"
Beef cattle

Total number of cattle in catchment 466 379 cows

Total daily requirement @ 12.00 kg/head 5598 4546 kg DM day"
Sheep

Total number of sheep in catchment 77 136 sheep
Total daily requirement @ 0.90 kg/hehd 73 129 kg DM day"
Total amount of DM required per year 2,906,599 1,939,848 kg DM &
Average annual yields 11,600 10,700 kg DM ha' &’
Area under grassland 615 672 ha

Annual grass production of area 7,131,612 7,186,156 kg DM &'
Total surplus grass 4,225,013 5,246,308 kg DM &
Total biomass available 4,225 5246 tDMa’
Total area surplus grass 364 490 ha

Surplus biomass availability factor 0.37 0.54 -

1. Value taken from the literature ranges for dawd0.2-17 kg DM day(Fitzgerald and Murphy,
1999; Prendiville, 2009)

2. Value taken from the literature ranges for beef €o8¢12.46 kg DM day (Crowley et al., 2010;
French et al., 2003)

3. Value taken from the literature ranges for a siBgl.5 kg DM day (Cordova et al., 1978; Murdoch,
1964)

4. Values taken from NCYCLE Ireland (del Prado et2006) and are in Table 1.
Note: Figures are rounded to inte
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2.4 Step 4 — Overview of economic assumptions anddeling considerations for
GBR scenarios

2.4.1. GBR economic considerations

The GBR processing model consisted of quantitatimeservative mass and energy
and economic balances derived from the literatusest available data, and
consultation with European GBR experts, biogas egpagronomists, and biomass
systems economists (Fig. 6.3). The capital investrmests and running costs for the
GBR plant and CHP plant (which produced heat aedtetal energy for processing
the silage into GBR products) are outlined in O éKe et al. (submitted b). Two
product scenario outcomes were predicted; these:wer
o “Prot’, which has two biorefinery products: fibre for itetion
materials and a proteinaceous product to be usadiimal feed.
o “No Prot”, where the proteinaceous fraction is redirectetth¢éodigester
to increase on-site energy generation and henceceedtosts of
purchasing energy.

Optimum revenue generation was assumed, and estraat€ 0.80 K§ for the fibre
insulation material (Grass, 2004) and € 0.27 kyy the proteinaceous product (data
sourced from the Irish Central Statistics Officeyrf years meaned data, 2005-2008),
(externalities were not taken into account). Ne&tspnt value (NPV) and the internal
rate of return (IRR) were used as measurementasif low in the GBR system and
financial indicators.

i"i{é‘\;\" """ é I:i—a-l-l-“‘e GBR products
' ma : Fibre
: i | — Mass balance _

7’? Grass/silage H Proteinacous products

Energy /Fertiliser

7

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

H E
Input Energy Output Energy

For processing

Energy from AD CHP | silage into GBR

l Additional Energy : Energy balance products e.g.
i\ bought from grid ' fiberizing, drying ,
”””””””””””””””” =4 coagualting

i Revenue Cost

i Optimised revenue Processing costs

i from products i — | Economic balance —
H ' Costs for farmers

i Energy Saving (P rofit)

i from AD

Fig. 6.3Flow diagram of the GBR model
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For the GBR model, the NPV was calculated over -geld) period at a discount rate
(ir) of 10% (O 'Keeffe et al., submitted b).

2.4.2 Farmer considerations

A positive NPV indicates a potentially positive kaow (profit) for the period in
question and would suggest that the project hasaum@ potential. A negative NPV
indicates the project to be unviable. Tih@alue (interest rate or discount rate) reflects
the risk associated with the investment, which meitees the cost of buying the capital
needed for an investment. If the IRR is greaten tih@ir value then the project can be
considered.

The farmers’ overhead costs for producing the gmskided the cost of the field
maintenance (roads, fences), management (fertiligee) and harvesting (contractor
labour and plastic for ensiling) (Table 6.4). ltsn@ssumed that the farmers followed
standard fertiliser rate recommendations for gesmsklcut twice for silage, i.e. 225 kg
nitrogen (N) h& a', 30 kg phosphorus (P) ha®, 155 kg potassium (K) Haa®
(Coulter and Lalor, 2008). It was assumed thatihste streams from the biorefinery
processing (silage effluent and digestate fromatteerobic digester) were returned as
slurries to the fields harvested, thereby redudergliser costs for the farmer. The
transport costs for the returned “slurry” were assd to be paid by the biorefinery as
part of a waste management scheme. Under thesargceonditions, it was assumed
the contractors, hired by the farmer to harvesgtiass, delivered the fresh grass to the
biorefinery, and that the grass was ensiled ontsitensure controlled and uniform
ensiling conditions. The price paid to the farmrethe GBR model was assumed to be
the break-even price for grass production i.e.hiioeefinery only covered the cost of
grass production, the farmer made no profit.

2.4.3 Transport considerations

Transport costs were calculated for both the trarisyf feedstock material and slurry
returned. The average haul distance to the biasfiwas calculated using a tortuosity
factor of 1.33 (Table 6.5). In the original mod&hnsport costs per tonne of grass
harvested were estimated from consultation withgsilexperts and contractors. For
more details on transport cost calculations, reféd’Keeffe et al. (submitted b).
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Table 6.2 Estimated base costs for raw material — graagésiproduction from Teagasc (Irish Agricultural and
Food Development Authority) 2008 and modified c@grerated in each case study from the GBR model
1stcutsilage €  2"cutsilage €

Prices quoted by Teagasc

Roads and fencing 43 34
Reseeding 20 16
Fertiliser * 280.1 207.4
Lime 20 16
Plastic 15 12
Contractor € ha 247 227
€ ha' (original Teagasc estimate) 625 438

Modified prices calculated output of GBR Model

Cost of fertiliser deficits after digestate applion

Case study A
159 99
Fertiliser costs after returned sluti§’ha® — total availability (129} (89)
212 117
Fertiliser costs after returned sluyha'- surplus availability (196) (109)
Case study B
164 100
Fertiliser costs after returned slurry €'hatotal availability (134) (85)
*197 112
Fertiliser costs after returned slurf/ha’= surplus availability (175) (101)
*Total costs used for estimating biomass price
Case study A
%65 102
Total cost of biomass € t- total availability (62) (98)
572 107
Total cost of biomass € t surplus availability (70) (105)
Yields used in mod&tonnes/DM ha (NCYCLE Annual yields = 11.6 t
DM) 7.7 4.4
Case study B
872 111
Total cost of biomass € t- total availability (68) (107)
817 115
Total cost of biomass € t surplus availability (73) (112)

Yields used in mod&tonnes/DM ha (NCYCLE Annual yields = 10.7 t

DM) 7.1 3.6

1. These values are based on the recommendedésrtittes for a two cut grass/silage system (228 ka' a”, 30 kg P
ha® a*, 145 kg K h# a?). Fertiliser costs were at time of writing detemen to be €0.83, £1.56, €1.2efs commS.
Lalor)

2. The values are modified due to the change dfier costs described in foot note 1.

3. Slurry refers to the combined slurry of the diggée and silage effluent which is returned badkéofarmer.

4. Values in parenthesis for modified prices in glpdefer to the estimated prices for the “No prst&narios

5.Total costs = (Roads & Fencing + Reseeding + Fertiliser cogtr aéturned slurry + Lime + Plastic + contractor )

6. Yieldds predicted from NCYCLE model, the annuiglgs were estimated to be proportioned into 2f3ifbcut and 1/3
for 2" cut

A Fertiliser costs outlined in the Teagasc prouuctosts are replaced n the GBR models by tholsesandicated with
A

B These values are the base price offered toattmeer by the GBR and are used in the sensitivigfyais to calculate the
maximum price which could be offered to the farmkove their production costs
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2.4.4 Biomass assumptions

O’Keeffe et al. (submitted c) determined that grausality (fibre and protein content),
is an important parameter to assess the potentinetary value of the grass per tonne
DM delivered. High quality swardsViplinio-ArrhenathereteaassociationLolio-
Cynosuretumlusually dominated by the grass spedieBum perenneare associated
with highly fertile soils, found in areas of thesgasouth and southeast (counties Cork,
Waterford, Wexford, Wicklow, Meath and Kildare). Merate quality swards
(Molinio-Arrhenatheretea association Centaureo-Cynosurejuassociated with
Lolium perenngbut also secondary grass spesiegsh af?oaspp, Holcus lanatusand
Agrostisspp are more widespread throughout the country, makmtyo thirds of the
grasslands of Ireland (O' Mara, 2008).

Table 6.E. Transport distances and costs for each scenagigsas of Farm A and Farm B.

Farm A Farm A Farm B Farm B
Total ’Surplus Total Surplus
Radius (km) 1.72 2.29 170 2.0
3Average distance (km)1.52 2.04 151 1.78
“Transport costs -grass (€ Kn 0 1.23 0 0

1. Total refers to scenario where total grasslandatnhament supplied to GBR.
2. Surplus refers to scenario where surplus only gaadsiomass supplied.

o_2
3. Average haul distance was calculated using thevatig eqn. X 25 XT, wherex s the radius of the catchment area and

7 (tortuosity factor) was taken as 1.33
4. Transport costs or distance dependence costs latdatad € per km of DM transported
Note: “Prot” and “No prot” scenarios are the s¢

The sward type of Farm A and Farm B are outlinedable 6.1, Farm A sward type is

a high quality sward; Farm B sward type is class®d moderate quality sward. Grass
quality prediction models outlined in O’Keeffe dt gsubmitted a) were developed

using the combined effects of: botanical composijtiphenological growth stage at

time of cutting, nitrogen fertiliser rate and weathto determine potential grass quality
under a two cut silage system. The feedstock quadied for this analysis was derived

in O’ Keeffe et al. (submitted c).

A sensitivity analysis was carried out to examime impact of biomass quality on the
GBR profitability and hence the price paid to farmeAn additional sensitivity
analysis was carried out to investigate how changiire botanical composition from
that predicted for the individual case study woatftect the GBRs profitability. This
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was done by analysing Farm A with the quality pastars determined for Farm B and
vice versahowever, the original DM yields predicted by theCYXCLE Ireland model
were maintained, as these DM estimates were spdoifihe region of the particular
farm sites (del Prado et al., 2006).

2.4.5 GBR inputs and sensitivity analysis for famprofit above production costs

The final total biomass availability factors, DMelds (Tables 6.1 and 6.3) and silage
quality (refer to O’ Keeffe et al. (submitted c)eme inputted into the GBR model
(silage system losse&s 20%), to determine the potential profitability tbe GBR. The
same procedure was repeated with the surplus bgawaslability factors.

Table 6.€. Calculation of “Reduced costs” on a per ha bagsch have been defined as farm labour
costs for the farmer under BAU scenario conditifairy /Beef)

Dairy Beef units
"Labour units 1.43 1.06
Total hours worked 2574 1908 hrs &
Minimum wage for agricultural worker 9.33 9.33 €hrt
Total labour costs for farmer 24015 17802 €4d'
Labour costs per ha 500 494 ¢hd'a’

1. Labour units: one labour unit is defined as attié800 hours worked on the farm by a person
over 18 years of age (NFS 2009).

2. Value taken from (Agricultural Workers Joint Labd@iommittee, 2010)

3. Labour costs for dairy farmer of farm size categtyha (SMILE output)

4. Labour costs for beef cattle rearing farmer of faize category 36 ha (SMILE output)

Note: Values rounded to integers

A sensitivity analysis was then carried out for stknarios to assess the change in
profitability of the biorefinery against the potattprice that the biorefinery could
offer the farmers. The price offered above the &ashproduction costs was increased
from the base case scenario in increments of 5%eathe base price (Table 6.4), until
the GBR showed an NPV < 0. The maximum price otfecethe farmer for each case
study scenario was taken to be the maximum prité;hwcould be offered before the
biorefinery NPV became < 0.
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2.5. Step 5 — Partial budget analysis - Comparisasf GBR with current
farming systems

Partial budget analysis is an economic decisioméssork which allows for a cost-
benefit analysis to be carried out comparing betwbasinesses as usual (BAU)
farming operations and proposed new operations sisclthe GBR (Fig. 6.4). A
positive value indicates adopting the suggestethgd®gmto the farming system has a
benefit, a negative value indicates a loss andbtl®ness as usual scenario is better
(O’ Brien et al., 2010). The additional income wamsidered to be the profit the
farmer would make above production costs (outlimegection 2.4.2) in selling all or
surplus grass to the GBR. For the scenarios wiheréarmer supplies total biomass to
the GBR, reduced costs (Table 6.6) were considarede the reduction in farmer
labour costs from the business as usual scenagioldbour costs for dairy and beef
systems), due to the removal of livestock fromapstem.

Partial Budget Analysis Framework

GBR scenario changes BAU*scenario changes
Benefits Costs
adiﬁonal Jhcome (A) —\ /Reduced Jhcome (C) —\
- Selling grass to GBR - Profit from animal system
+ - +
Reduced costs (B) Additional costs (D)
- Labour costs associated with - Labour costs for fertilising grass
animal production

N = ra—

Total benefits =A+B

Net Benefitloss =A+B-C-D

Fig. 6.4 Schematic of Partial Budget Analysis Framework @8R and Business As
Usual (BAU). (adapted from O’Brien et al.(2010).

For the scenarios where the farmer is only supplyive GBR, the additional costs
were considered farmer’s labour costs only, assuimetertilising the grass pastures.
However, to keep calculations simple, a proxy dakon was made using the
agricultural contractor costs, outlined in Teagdéson management book (2008),
which were determined as Euro per kilogram of lisdr applied, Table 6.7, in this
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way there was no need for machinery cost estimétegas assumed an agricultural
contractor will harvest the grass in both scenaaiod therefore, grass harvesting was
not considered a labour cost of the farmer in tises@arios.

The SMILE model was used to determine the averagm fsize and farm gross
margins (GM) (reduced income) margins in the catfinarea (Table 6.1). Therefore,
knowing the average farm size and the gross masgiabled the calculation of the
farmer’'s gross margins per hectare to be calculalé@ cost-benefit analysis was
carried out in this study on a per hectare basigshis was the common denominator
unit for the calculations made for all levels (patl, regional, farm). At the regional
level, the percentage grassland area and ED ama&sdetermined on a hectare basis.
The DM vyields determined by the NCYCLE Ireland miofie the two regions were
predicted as tonnes of dry matter per hectare. GBR calculated the price paid to
farmers above their production costs per tonne rgf rdatter supplied. Therefore
assuming the farmers provided at minimum, one heainit of grass to the GBR, the
cost per hectare for production and harvested doelldalculated, as well as the profit,
using the DM yields from the NCYCLE model.

Table 6.7 Calculation of “additional costs” on a per ha basihich have been defined as farm
labour costs for the farmer under the GBR scer@nlitions. Labour costs were assumed to
be for fertilizing the grassland only.

Total fertilizer product required Costs Units

CAN 818

%0-7-30 429

Total wt. of fertilizer required 1247kg of fertiliser h&
‘Contractor cost @ €28 torine 34.92 €ha'

1. Costs were calculated using agricultural contraptae as a proxy, for farmer labour
costs related to fertiliser spreading and harvgstin

2. CAN ; Calcium Ammonium Nitrate (225 N kg tha= 818 kg ha-of CAN)

3. 0-7-30; refers to the ratio of combined fertilizekstrogen:Phosphorous:Potassium

4. Contractor the agricultural specialist with farnugmment costing outlined in Teagasc
data for farm management planning calculated coturaosts per tonne of fertiliser
used, calculated in this table € het
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3. Results

3.1. Geographical constraints

3.1.1 GBR profitability- case study effects

All scenarios analysed had positive NPVs and IRRiesaabove 10%, regardless of
biomass availability, DM vyields or biomass qualifyable 6.8). For the total biomass
availability scenarios, Farm A had the lower biomasvailability factor, 0.67,
compared to 0.73 for Farm B. The higher area ugdessland and higher fibre content
predicted for the biomass composition of FarmLBgerennec. 75%), compensated
for the lower DM yields; this resulted in the GBBerarios for Farm B to be more
profitable than Farm A scenarios. Identical trenmdsre observed for the surplus
biomass scenarios. Farm B had the lower livestauts uland higher total grassland
availability and therefore, had the substantiallyhler NPV values (Table 6.8). Farm
A surplus biomass scenarios, although having thstautially lowera, compared with
Farm B, were still profitable (NPV > 0).

The sensitivity analysis investigating the effeofsgrass quality on the scenario
outcomes, demonstrated that for Farm A the comibimadf high DM vyields and
increased fibre content would have resulted in FArstenarios to have significantly
greater profitability then the Farm B scenariose Tower DM vyields combined with
the alternatively low fibre content would have reeld the NPV of the Farm B
scenarios substantially from the original prediatetcomes. For all scenarios, the “No
Prot” scenarios predicted the greatest profitabibr all cases (Tables 6.8 and 6.9).

3.1.2 Scenario outcomes for farmer’s profitability

There was relatively little difference between Hase grass production costs of Farm
A and Farm B (Table 6.4). However, there was aceatile difference between the
surplus biomass scenarios and total biomass sosndiie lower base price offered in
the Farm A scenarios can be attributed to the greatlume of returned “slurry” in
these scenarios, resulting in a lower base praolugirice, due to the lower costs of
fertiliser. However, the price, which could be paa the farmer above the base
production costs, varied substantially dependingtloa profitability of the GBR
scenario (Fig. 6.5). Therefore, as the GBR scepafar Farm B had greater
profitability than the GBR for Farm A, Farmer B edged a higher price for grass than
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Table 6.8 Details of input and GBR output and profitabiljigr hectare supplied to the GBR (t DM*harvested)

Scenario A Scenario B
Total “Surplus Total Surplus
*DM yields of area (t DM h§ 11.7 11.7 10.7 10.7
‘DM harvested (t DM haharvested) 7.75 4.59 7.9 5.68
(i.e. Biomass availability factor x DM yields ofea)
*Input into biorefinery process
Silage yields (Recovery) 6.68 3.96 6.8 4.90
Fibre 3.71 2.20 3.94 2.84
CP 0.83 0.49 0.85 0.61
*0DM 1.27 0.75 1.12 0.81
GBR outputs
"Fibre product 433 2.56 457 3.29
Crude protein 0.37 0.22 0.38 0.27
®Biogas generation in CHP
VStha'a™ 1.43 0.85 1.3 0.94
(1.74) (1.03) (1.62) (1.16)
CH, — methane from CHP plant {ra’ harvested) 420 249 382 248
(512) (303) 479) (342)
Costs and revenues
Energy deficit costs 383 227 436 313
(247) (146) (269) (194)
Total proceeds 3983 2360 4138 2978
(3980) (2357) (4136) (2975)
Total production costs 1942 1176 2060 1505
(1824) (1113) (1911) (1404)
Gross profit 2041 1183 2079 1473
%(2155) (1244) (2224) (1571)
YFinancial indicators
NPV (€, 000) 415.5 232.3 565.4 434.72
(556.6) (323.2) (819.1) (650)
IRR 11.55 10.87 12.14 11.65
(11.99) (11.16) (12.95) (12.36)

1. Total refers to scenario where total grasslandatolement supplied to GBR.

2. Surplus refers to scenario where surplus only taadshiomass was supplied to the GBR, after fodeguirements met.

3. DM yields of region predicted by NCYCLE Ireland

4. DM yields from catchment area harvested, yieldshaedecline due to biomass availability factor;fra 0.69, 0.39,
Farm B 0.74. 0.54, for total and surplus scenaespectively.

5. Silage yields in general system losses, field 9$3&6), in silo losses (3%) , feed out losses (§ &overy rate of
silage calculated to be approx 86%.

6. ODM, organic dry matter is a term to group compiaisuch as water soluble components e.g. sugass(e€tic acid,
butyric acid, acetic acid, propionic acid), as vealinsoluble components fats, oils and smalleefftactions. Indicates
the potential for biogas production and hence gngegeration.

7. Fibre product contained other fraction componelss, dor detail on composition refer to (O’Keeffeat, submitted b).

8. Biogas generation required to produce heat andriglgicenergy for process operations in the GBRIifgcVS (Volatile
solids e.g. small organic fractions) the substusted to produce energy. Assumed rate of destrué@8f, Biogas
generation 0.89 kg VS , methane content of biogas assumed 55% (Ofetfal., submitted b)

9. Values in parenthesis refer to the estimated pfimethe “No Prot” scenarios.

10. Financial indicators NPV (Net Present Value) estedaver 10 year period @tof 10%. NPV >0 project can be
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Table 6.9. Outcome of biomass quality sensitivity analysis.(scenarios where biomass quality of
Farm A is used in the modelling for Farm B amce versa

AT AS BT BS
NPV 791.1 618.7 217.6 78.48

(1006 (784.2) (371.6) (194.4)
JRR 12.97 12.34 10.81 10.3

(13.61) (12.83) (11.33) (10.70)

1. Scenarios: AT = Farm A total biomass supplied, ASarm A, surplus biomass supplied. BT =Farm B total
biomass supplied, BS = Farm B surplus biomass &gphly. Prot = GBR scenarios with protein andédibs
products. No Prot = GBR scenarios with fibre prddwonly

2. Financial indicators Net Present Value estimatezt 40 year period at interest rate of 10%.). NP\E>0
profitable

3. Internal rate of return (IRR. The greater the IRRibove 10, then the better the profitability & stenario
system modelled

4. Values in parenthesis for modified prices in modefer to the estimated prices for the “No Pro@rsarios

Farmer A. For Farm A scenarios there was relativielle difference between the
“Prot” and “No Prot” scenarios outcomes, (Table06)1for Farm B scenarios the
difference was much greater. The difference ineidfered to farmers, between
surplus and total biomass scenarios were subdtgrigieger for Farm A than for Farm
B. Table 6.10 outlines the prices offered to thentxs above their base costs for the
different scenarios.

3.2 Socio-economic factors

The partial budget analysis for Farm A or the ddagmer in the South, predicted
substantial losses for both “ Prot” and “No Protesarios, if the farmer opted to
switch to a GBR system (total biomass scenarioahlE@6.11).

Table 6.1C. Price offered to farmers above production cosBsess margins for farmers for
GBR scenarios. Prices in € DM

“Prot ’No Prot
Scenarios 31st cut 2"Mcut  °Annual  1stcut " cut Annual
AT 9.88 15.36 25.24 9.29 14.79 24.08
AS 3.62 5.34 8.95 7.00 10.45 17.45
BT 14.43 22.28 36.71 20.35 32.15 52.50
BS 11.51 17.18 28.69 14.73 22.30 37.03

1. Scenarios: AT = Farm A, total biomass supplied;ABamr A, surplus biomass supplied; BT = Farm B,
total biomass supplied; BS = Farm B, surplus biacsapplied only.

2. Prot = GBR scenarios with protein and fibre as potsl No Prot = GBR scenarios with fibre products
only.

3. 1%cut refers to price paid for first cut grass takeMay/June. %' cut refers to the price paid per t DM
second cut silage taken 6-9 weeks afteeut at end of July/August period. Annual refersh total price
paid t: DM for grass biomass from the two annual harvests.

4. Scenario which production costs of grass broke ewitmprice offered
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The partial budget analysis for Farm B “Prot” seema&howed a marginally better
profit than BAU; however, the “No Prot Scenario”osfed a benefit of switching to
GBR than the BAU of cattle rearing (Table 6.11)eTdurplus biomass scenarios had
the financially better outcomes and presented tbeenviable option for both case
studies. Farm B had the significantly larger benadr ha for both the “Prot” and “No
Prot” scenarios. The sensitivity analysis testihg effects of botanical composition
and biomass quality resulted however, in the FarrfNA Prot” scenario to have a
marginally better profit than the BAU scenario, lewer in general even with
increased fibre content, the dairying systems énsibuth appear to be the more viable
option, than supplying a GBR.
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Fig. 6. Deviation in biorefineries profitability plotted amst increasing price offered to
farmer above production costs of grass for firgtsilage (€ T DM). a) “Prot” scenarios; b)
“No Prot” scenarios and second cut silage; c) “Psoenarios; d) “No Prot” scenarios. Graph
shows change in NPV for Prot and No Prot bluema&narios plotted for each scenario. AT
= case study A total biomass supplied; AS = casdysA, surplus biomass supplied; BT =
case study B, total biomass supplied; BS = casiyBusurplus biomass supplied only.
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4 Discussion

4.1 Geographical constraints

4.1.1 GBR profitability

Biomass availability is case study specific and wary dramatically betweer:

any multitudes of case studies all over the countmnust also be noted that biomass
availability was calculated based on the assumitiah grass biomass not conusmed
by livestock was delivered to the GBR, therefoiis #tudy presents idealised biomass
availabilty conditions. The lower surplus biomassaxiated with the Farm A in the
South of the country was not surprising. Farmingiva®s in the Southern areas are
considered more intensive in nature than other mextensively run farming
enterprises in the West and Northwest of the cguiktynes et al., 2009).

Another important consideration when assessingethssenario outcomes is the
model’'s sensitivity to revenues generated from fibee fraction products, as the
largest bulk of the grass biomass consists of fibherefore, the model will be more
sensitive to the grass fibre content rather thangitass protein content predicted for
the biomass supplied in the different farm caselietu Due to this limitation of the
model, sensitivity analyses were conducted to ingate the potential effects of grass
quality on the profitability outcome for each casiedy scenario. O’Keeffe et al.
(submitted c¢) determined that DM yields greatemtt®at ha a' and a biomass
availability greater than 30% were required forrafipable GBR system. For all case
study scenarios, the basic requirements for bioraaagability and DM yields were
met, and this enabled the sensitivity analyseshtmwsthat it is the quality of the
biomass, which will determine the level of profilap for the system. High DM
yields and fibre content can buffer the GBR prdiility against lower biomass
availability. Similarly, if the catchment area hashigh biomass availability and
biomass with a high fibre content (> 500 g'kgrelatively lower DM vyields will not
necessarily impede the financial viability of th&/& However, a combination of low
DM vyields and low fibre contents will reduce theofiability of the GBR
substantially.

The outcome of this analysis suggests that bioraaasability and DM vyields, while
crucial, are not necessarily the most importanttotado be considered when
identifying potential locations for a GBR. Biomagsiality also needs to be an
important consideration when identifying potentiatations. For example, GBR'’s

149



Chapter 6

interested in producing products from the juicectican (protein, biogas), would be
looking for high quality swards that are normallysaciated, albeit not exclusively,
with the highly fertile soils of the south (O' Ma008). The fibre content of the grass
was the grass quality of interest in the GBR sdesamn this paper. Therefore,
moderate quality swards Mplinio-Arrhenatheretea association Centaureo-
Cynosuretum) produced the most profitable scerartoomes, due to the higher fibre
fraction associated with secondary grass specieadfdn these swards such as
Agrostis sppandHolcus lanatugHaggar, 1976; Haggar et al., 1989).

4.1.2 Price offered to farmer above production sost

In the GBR “No Prot” scenarios, the entire juical amaste streams were sent to an
anaerobic digester (AD), in the “Prot” scenariow/dts the waste stream only. AD is a
process, which converts, using microorganismsyvtiatile components (e.g. sugars,
volatile fatty acids, proteins) of the juice/wasteeams into biogas, which was used in
a combined heat and power plant (CHP) to generatst wf the heat and electrical
energy required to process the silage feedstockth#m output of this process was the
generation of digestate (high nutrient slurry);sthwas assumed to be used as a
fertiliser on the farms supplying the GBR, resuyjtin reduced fertiliser costs for the
farmer. The greater the amount of press juice gtinthe digester, the greater the
volume of fertiliser returned to the farmer, helacgreater cost saving and lower grass
production costd.. perennes favoured for livestock systems, due to its hgrient
value (Peeters, 2004), or higher digestible cefitent, which to some extent can be
compared with the press juice of a GBR. Pasturé wihighL. perennecontent is
commonly associated with the intensive farm managmractices of dairy farming
systems in lIreland, as was the case with Farm Aemted here. Therefore the
scenarios for Farm A with the greaterperennecontent in the sward had the greater
press juice content, resulting in these scenanobalve the lower grass production
costs. However overall, the maximum price offeredhe farmer was dependent on
the GBR profitability, which was dependent on thenbination of factors, DM yields,
biomass availability, or biomass quality.

4.2 Socio- economic scenario outcomes — GBR potefior case studies now or in
the future?

The case study approach was taken to reflect th@opminant agricultural systems in
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the zones defined by Crowley et al. (2007), and tu¢he specificity of the case
studies geographical locations, they do not repiteseery possible example of the
associated agricultural zones or farm systems.o@fyh the individual spatial data sets
have been tested and proven adequate for preditaf@iPA, 2007; Hynes et al.,

2006), an important consideration when assessieg sttenario outcomes, is the
potential spatial errors associated with combinthg various spatial data sets,
CORINE, SMILE, Crowley et al. (2007) with the moslelf O’Keeffe et al. (submitted

a, b). However, despite the limitations of thesenscios, they still provide valuable
insight into future considerations for the estdbfient of a GBR facility.

4.2.1. Farm A — Dairy farmer in the south

The results of the partial budget analysis for megority of scenarios showed that
switching to a GBR system was not a viable optmrtlie dairy farmer. The scenarios
analysed demonstrated that providing a GBR wittplssrgrass biomass would be
financially viable for the diary farmer. Howevestablishing a GBR in an area typical
of Farm A, dominated by dairy farm systems and Higgstock numbers, in the mid-
short-term, would not be a viable option for a GBR,it would have to compete for
grass biomass, with the most profitable and wetaldished farming systems in
Ireland, dairy farming (Dillion et al., 2008). Tlpeedicted increase in dairy cows, due
to the abolishment of the milk quota by 2015, womean a greater demand for grass
biomass. This could result in an even lower bioneasslable (< 30%) for the GBR,
making it unprofitable for both the GBR and farmer.

4.2.2. Case study B — Beef farmer in the mid-west

The results of the partial budget for the beef frnshow that under these scenario
conditions it was profitable for the beef farmersigpply grass to a GBR, as it was
marginally better than the business as usual sicefarthe “Prot” and profitable for
the “No Prot”. This is not surprising as in genezatensive beef farming systems are
one of the least profitable agricultural systems$rétand (Connolly et al., 2009). The
greater surplus biomass was also not surprisingFasn B was located in a
predominantly beef farming zone in the mid-west.

The effects of CAP reforms on livestock numbershimita region will be a very
important factor for GBR locations. A study by Stire et al. (2007) predicted that
beef production in Ireland is likely to decline atit beef farms in the Border and
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Midland regions are likely to reduce cattle numbd®rsip to 66%. They also predicted
that beef farmers in the mid-west and west may detaly destock their beef animals
and that the beef grassland may not be used fer édinm activity and therefore be
available for alternative uses. Although destocKmag occurred in this region, it has
not been to the extent that was predicted (C. Otgbie pers. comn).

However, the scenarios predicted in this study umgdimized conditions indicated
that for Farm B, the beef farm there was no neecthtmge farm practices or destock
any further, as the GBR system was already vialmdéth the farmer and the GBR,
even under surplus grass supply, provided the kBsrmaaailability, was greater than
30%. This could potentially mean that the GBR doessnecessarily need to compete
with beef production. However if the farmer desitedlestock further, then they have
the potential to supply a GBR. Therefore, the tssaf these scenarios suggest that
areas which support a high density of beef farmmrsh as the mid-west, which have
experienced declining livestock numbers, could b&hle location.

5 Conclusions

Within the scenario assumptions adopted in thidystthe outcomes suggest that:

1) Biomass availability and DM yields, while cruciake not necessarily the most
important factors to be considered when identifypagential locations for a
GBR. Biomass quality is an important consideratwimen identify potential
locations.

2) The results of the partial budget analysis fordtierent scenarios showed that
switching to a GBR system was not a viable option the dairy farmer.
Establishing a GBR in an area typical of Farm Amdwted by dairy farm
systems and high livestock numbers, in the midisteom, would not be a
viable option for a GBR, as it would have to conepietr grass biomass.

3) The results of the partial budget indicated that Farm B, the beef farmer,
there was no need to change farm practices or deatoy further, as the GBR
system was already viable for both the farmer &edGBR, even under surplus
grass supply, provided the biomass availabilitygieater than 30%. If the
farmer desired to destock further, then they haeegobtential to supply a GBR.
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1 Introduction

Approximately 61% of the total land mass of the Rajg of Ireland is devoted to
agriculture (4.3 million ha), around 90% of whicB.§ million ha) is devoted to
grassland farming (O' Mara, 2008). Dairy and begdteams dominate grassland
farming systems in Ireland, as grass is the chédped available (O' Riordaet al.,
1998). However, these production systems are exparg increasing environmental
and social pressures. Subsidy reforms of the Com#gmcultural Policy (CAP)
(removal of EU subsidies from production) coupleihwthe Nitrates Directive
(91/676/EEC), has led to declining livestock nunsband a potential surplus of
grassland biomass. These negative pressures, lovyfearm incomes.(Connolly et
al., 2009; Teagasc, 2009), and the positive ingestiof the EU Biofuel Directive
(2003/30/EEC), which promotes a “biobased econorhg§ stimulated interest into
the alternative uses of their grasslands (EU Comsions 2010). One such alternative
use is “Green biorefinery” (GBR).

1.1 Green biorefinery

The Green biorefinery concept is the utilisatiorgogen biomass (grass/silage) as raw
material for the production of biobased producke Iprotein, lactic acid, fibre and
energy (via biogas) (Kromus et al., 2004). Refinieghnologies (e.g. acid hydrolysis,
fiberising, centrifuging) are applied to the grd@oamass to physically and chemically
fractionated into two streams, press cake (thedddfire fraction), and press juice
(liquid fraction). The press juice is of particulaterest as high value biochemicals, or
substitutes for petroleum-based products couldskserdially extracted. These include
lactic acid, which can be used as a building bli@ekplastic production in the form of
polylactic acid (PLA). Proteins and amino acidsp@eding on feedstock) can also be
extracted to use for applications such as anined f& higher value products such as
additives for the cosmetic industry. Technologies éxtracting these high value
compounds are still being developed (Kromus e8l04; Mandel, 2010; O' Keeffe et
al., 2009). The grass fibre fraction can be utilider products such as building
materials (Kromus et al., 2004). The residual gehssies or ‘side streams’ remaining
after processing the green biomass, can then bmti@én anaerobic digester (AD) to
produce biomethane gas, and which can be usedectrielty and heat generation
(Grass, 2004).
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1.2 Green biorefinery blueprint original hypothesis

The manufacturing of a particular product is demendon the availability and
robustness of current and emerging biorefineryrtetdyies. A blueprint for an lIrish
Green biorefinery was developed after a reviewhefliterature and consultation with
EU GBR experts. Available technologies, green bissngasture) yields and quality
(composition, i.e. fibre, crude protein), and seetmnomics were used to describe the
most suitable GBR system in the short term foiaimel

We hypothesised that an Irish Green biorefineryephnt was a small scale

decentralised facility, located in a catchment areath adequate supply of surplus
green biomass (pasture) and farmers willing to $yfdpe processing facility. The

idealised products from the grass include insulatimaterial from the grass fibre

fraction, and from the press juice, a proteinaceensact to be used in animal feed.
Heat and energy will be generated from anaerobgesdiion of waste process slurries
or stillage. The residual material remaining aftéle anaerobic digestion will then be
used as fertiliser and supplied back to the asgedidarmers as a part of a “waste
management strategy” and to maintain an adequateient cycle within the supply

chain.

Over the past four years, through the combinatiofetd trial work and desk studies
we tested the feasibility of the GBR blueprint. Slissessment was also used as a
framework to address the knowledge gaps identifigtle supply side of an Irish GBR
system. These included:

o Are the quantity and quality of grass biomass, unte current
harvesting regime in Ireland (i.e. a two-cut silagstem) suitable for the
GBR model outlined in the blueprint?

o To what extent is the profitability of the GBR syt affected by
variability of grass/silage quality?

o0 Which feedstock system is most viable in an Irishtext: a grass/silage
system (where grass would be processed for 4 mamithsilage the rest
of the year) or a silage only system?

o What is the most appropriate economy of scale fdBBR facility:
centralised or decentralised?

o Where are the potential catchments for the GBR rdest in the
blueprint and what factors will determine the opsied locations?

Therefore, the aim of this chapter is to use a SV#@dlysis (Strengths, Weaknesses,
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Opportunities, and Threats) to review the appromethave taken and the conclusions
derived from the scoping study “Alternative UseGrassland Biomass for Biorefinery
in Ireland”.

2 Approach taken

The overall objective of the study was to assesgptiential for GBR systems, i.e. we
set out to determine if these systems were practcamplement (i.e. no major
alteration of established farming systems) andnitiedly feasible (i.e. profitable for
GBR and farmer). In an attempt to achieve thisstinely structure encompassed three
levels (Fig. 7.1):

* Field level: where we investigated the grass quaéhd yields from 6
representative farms around Ireland to develop se bme of raw feedstock
available for a GBR system

 Farm level: we aimed to determine the profitability the farmer to supply
grass to a GBR, and to identify what farming systerreland would be more
inclined to supply a GBR.

« “National level”: to identify potential “hot spotsdr areas which may have
potential to support a GBR, i.e. high biomass anmlity, low farm income.

The reasoning for the approach and different si@gen are outlined below and in Fig.
7.1.

2.1 Field work summary

The quality of grass (i.e. how much of the desrethponent it contains) delivered to
a Green biorefinery will determine the end qualiythe products and, therefore,
Grass (2004) suggested that price schemes shouddtablished with respect to the
characteristics of the raw material delivered. Tefothe most important quality
parameters for assessing grass feedstock for tHe @Blined in the blueprint were
the fibre and crude protein contents (Grass, 20D4¢refore, in order to determine if
the quantity and quality of grass biomass, under dhirrent harvesting regime in
Ireland (i.e. a two-cut silage system) was suitafie the GBR blueprint, we
established field trials to assess the yields gfrdatter (DM), fibre and crude protein
of grass swards on six contrasting Irish farmsp(si¢. These farms differed in
geographical location, soil type, weather, previoumnagement and sward botanical
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composition. We managed the field trials under a-twt silage system and assessed
them using three annual input rates of inorganfemiliser (45, 90, 225 kg N haa®),

in two successive years. The grass harvested fnesetsites was also ensiled in the
laboratory silos at Teagasc Grange, in order t@szsshe potential silage quality
produced from these pastures. Thus, step 2 detedniirpastures under conventional
farming systems were compatible with the GBR bliurgmf O’ Keeffe et al. (2009).
Findings from the field trials were:

« Grass quality under the current cutting systems w@table for the GBR
blueprint.

« There was no immediate requirement for farmers éseed grassland for
biorefinery purposes, as permanent pasture, congggecondary grass species,
(species with low agricultural value e.§oa spp., Agrostis spp, and H.
lanatug was adequate for the basic refinery facility padg fibre and
proteinaceous products.

« For more advanced technologies, the cutting systamsld have to be
modified, i.e. increasing the frequency of cutomder to produce more press
juice fraction (i.e. the current cutting systemsd hagreater volume press cake).

We then used the field trial data to develop bisragpply models to predict the DM
yields, fibre and crude protein yields of grassngesupplied to a GBR (step 3). The
model inputs included the botanical compositiorpas$tures, the phenological growth
stage at which the grass was harvested, nitrogahskr application rate and weather
(rain, temperature, radiation, soil moisture défidiVe used data from the laboratory
silo experiment to develop silage models to pretttietensiled grass quality or silage.

The integrated supply and silage models were tled uo generate a number of
feedstock scenarios (Steps 3 and 4), to providghhsnto how the quality and

quantity of grass biomass from permanent pastureerua two-cut system could
potentially affect the profitability of the GBR [dprint system outlined in O’Keeffe et
al. (2009). The results of these findings will be disged in further below.

2.2 Desk study - Modelling summary

The models generated in the second step of theingcgiudy were quantitative
conservative mass and energy balances derivedtfreriterature, best available data,
and consultation with European GBR experts, biogaperts, agronomists, and
biomass systems economists (Fig. 7.3). The thegd st the scoping study was to test
the feasibility of the GBR blueprint proposed byK@éffe et al. (2009), to determine
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the optimum process model, which could generatertbst appropriate GBR scenario
for Ireland. Therefore, we developed three bioefinprocess models which were
combinations of feedstocks (i.e. grass and silagest silage) and technologies (i.e.
basic technologies or low-tech to manufacture pectslufrom the fibres and
proteinaceous fraction and future technologies {égih used to extract high value
compounds from silage biomass e.g. lactic acidg gdenarios generated were defined
as: 1) Low tech / grass and silage, 2) Low tedlags, and 3) High tech / silage (also
producing LA from silage). Each of these three aces was then evaluated at three
economies of scale (small, medium or large), regylin 9 scenarios. The GBR
process model determined to be the most suitabéeanaedium scale (decentralised)
facility, processing silage only, and using the ibatechnologies for fibre and
proteinaceous products.

The fourth step of the study was to investigate d@esitivity of the GBR system’s
profitability to biomass quality and quantity. Wiebgected the GBR process model to
scenario analyses, to investigate how variationgrass quantity and quality, as a
function of botanical composition, fertiliser amation and biomass availability
affected the profitability of the GBR. The outconwéshe scenario analyses were then
used to calculate the price which the GBR coulderoffo farmers above their
production costs (€'tdry matter). This step was the foundation of thalgsis to
begin investigating the potential of GBR at farwmdleand hence national level.

In the fifth step we used spatial scenario analg$ew/o contrasting farm case studies
to investigate the sensitivity of the GBR profitégito variations in the geographical

constraints of total biomass availability and suspbiomass availability. These sites
were a dairy farm in the South of Ireland (Co. Qpdnd a beef farm in the Mid-west

Ireland (Co. Roscommon). Applying the aforementtbmeethods, we calculated the
price which the GBR could offer each case studynér We then carried out a partial
budget analysis which enabled us to determine igiality for both case study farms

to supply to a GBR. The results of the partial ltdand GIS analysis then allowed for
the identification of potential regions which cowsldpport a GBR.

The results from the field supply models and thekds#udy modelling outlined above
are summarised in the finalised GBR blueprint below
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2.3 Characteristics of a first generation GBR systa

The finalised blueprint for an Irish GBR in the ghim-mid term was determined to be
as follows:

A small-scale decentralized facility, processing ©0DM houf*;

It should be located in a catchment area of appr6®-800 ha, depending on
biomass availability. Biomass availability shoulel in excess of 30%, to avoid
financial losses for both the GBR and farmers duedreased transport costs;
In general, the viability of GBR will be highestameas which have experienced
declining livestock numbers and low farm incometipalarly, but not
exclusively, areas which supported a high proportd beef farmers, such as
the mid—west;

In the start up period (short-term), the GBR carnribegrated with the current
harvesting practices, a two-cut silage systemhagjtality of the biomass from
such silage systems is compatible with the basi® &&hnologies. The longer-
term goal could then be to retrofit the GBR fagilib produce higher value
products;

The GBR should operate using a silage only systth, ensiling of the grass
material on the GBR facility site;

The products initially produced should be basedhwse of the Swiss GBR
facility, which were insulation materials (insutati boards) and proteinaceous
products, used for animal feed;

The waste streams remaining after the processinghefgrass from the
biorefinery should be used to generate biogas medidrom the anaerobic
digestion of the fibre slurries;

The biogas produced should be used to supply theefinery plant with its
own electricity, and heat for drying the press c¢asethis was the more viable
option at time of writing;

The residual material remaining after the anaeralgestion should then be
used as fertiliser and supplied back to the astmtiarmers as part of a “waste
management strategy” and to maintain the nutrialariice in the system;

For these scenarios, the capital costs of suchRR B&e estimated at seven
million euro and the results of the scenario aredysuggest a minimum
government subsidy of 9-11% would be required ttaldish this GBR
operation.

It is the integration of field work with desk studnalysis which delivers overall
strength to this study as it has allowed for sdesaio be developed, to investigate
how the quality of the raw biomass can affect ttaifably of the whole GBR system,
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including the farmer providing the grass feedsto€kis approach has helped to
identify a number of strengths, weaknesses andrappbes for developing a GBR
system in Ireland.
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Fig. 7.2Flow diagram of the GBR model

3 Strengths

3.1 Grass farming culture — Ireland’s greatest drivng force for GBR
development

Ireland already has an established culture of gmadgarming (O' Mara, 2008). With
a long growing season, i.e. from March to Octoblepending on location (O' Mara,
2008), and average DM yields ranging from appréxt ha® in the Southwest to 11 t
ha' in the Northeast (Brereton, 1995), grass has @jréeen recognized as having
potential for bioenergy or other uses (McGrath,1)99eagasc (the Irish Agricultural
and Food Development Authority), is an authoritygsassland production systems in
Ireland and has developed a diverse spectrum dofrége and data relating to Irish
grasslands and their production potential. Thiswkedge will be a very important
resource for the development of alternative grasslases such as GBR. The
combination of a potentially large biomass supfig presence of research institutes
with high level of grassland expertise, and thgdanumber of farmers and highly
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specialised agri-contractors familiar with grassibandry (O' Kiely et al., 2004), make
the supply side of a GBR system Ireland’s strongsset and driving force for the
development of green biorefinery.

4 \Weaknesses

The technological aspect of the Green biorefineny éne processing technologies are
currently Ireland’s Achilles’ heel for the developnit of such an industry.

In comparison to continental Europe, Ireland cuiyelacks the basic technological
infrastructures which have allowed for the Europeadvancements in Green
Biorefinery (O' Keeffe et al., 2009). These inclgteen crop drying factories (there is
only one Irish operation) and anaerobic digestersfogas production. The limiting

factors which will influence GBR development in l&ed; include (i) available

technologies, their related extraction energy ahd tnarketability of products

generated by these technologies and (ii) capiteéstment required for such GBR
systems.

4.1 Technologies and marketability

The implementation of the basic GBR technology determined in this study to be a
good starting point for a nascent Irish Green Binegy in the short-to- medium term.
The longer-term goal could be retrofitting the GBRility to produce higher value
product. The basic biorefinery technology involtke separation of the feedstocks
into two simple fractions of press cake (PC) arespiuice (PJ).

Marketable products have been successfully marwfdtfrom these fractions in
Europe. The press cake (PC) or fibre fraction canubed to produce insulation
material, the functionality of which is comparalie the average mineral wool
insulation on the market, with approx. 60 k& mensity and a heat conductivity of
0.04 W m® K (Watts per meter Kelvin). From the press juice)(Pdoteinaceous
fraction can be used as an additive for animal {&dss, 2004).
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4.1.1 Fibre product

The potential revenue generated from the fibrelaisun material was estimated based
on the literature and from consultation with mensbef the insulation industry. The
selling pricesexfactory wasestimated in this study to be 0.80 €/kg (Grass420Qet
present value (NPV) was used as a measuremensbfflcav in the GBR system and
as a financial indicator of viability. A positive RV indicates a potentially positive
cash flow (profit) for the period in question an@wid suggest that the project has
economic potential. A negative NPV indicates thajgmt to be unviable and needs to
be modified in order to have potential. As fibrenstituted the greater proportion of
the feedstock (500 g KgOM) it is not surprising that the profitability ifchtor NPV
(net present value) is sensitive to selling pritélve products.

However, the combination of high volume and assurhgh value could be a
potential area of weakness in the GBR model, asvarspercent reduction in selling
price (€ 0.75/kg) will lead to a negative NPV. Tmfitability of the GBR system in
relation to market volatility and fluctuations inexgy and oil costs is and area which
will need to be explored further.

4.1.2 Proteinaceous product

Silage was identified as the feedstock, which wasnicially and operationally
feasible. However, during the ensiling processgots broken down into peptides
and amino acids, which leads to reduced efficienfoe extracting protein (Kromus et
al., 2004; Thomsen, 2005). Therefore, due to a @aatbn of low extraction
efficiency due to and market factors (lower revede¢ermined at 0.27 € Ry the
proteinaceous product has very little impact on pmefitability of the predicted
scenarios. The low value obtained for the proteoas extract is also an area of
weakness, which needs to be considered for thé-shvan GBR.

However, silage press juice contains valuable amatids (e.g. Arginine, Methionine,
Leucine, Lysine) and there is potential for exiragtthese using more advanced
technologies, such as ultra-filtration (Dannetr al, 2000; Kammet al, 2009).
However, these GBR extraction systems are stillebping (Kromuset al, 2004;
Mandel, 2010) and therefore this study focused loa ¢onventional methods of
coagulation and centrifuging.
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4.1.3 Product scenarios and energy

In the process of developing the models it becatearchat the energy demand
associated with drying the fibres (the largest boflkhe biomass) was considerable
and there was relatively little additional valuengeated through protein extraction.

Therefore, two possible production scenarios weeatified; the first was to produce

fibre products alone as insulation material (“NotPscenario), and the second was to
include a secondary proteinaceous product as amehfeed (“Prot” scenario).

The scenario which produces fibre only “No Protémsarios, could be viable in the
short to medium term, due to the current Irish Goreent’s “Greener home scheme”
(SEAI, 2010), which promotes the insulation of old®uses to improve their heat
energy rating. However, with the economic downtgat time of writing), the
construction industry is facing many obstacles (DEkbnomic Consultants, Feburary
2010), which could have implications for a fibrehosystem. The production of other
non-related products therefore could help to buffece changes with the fibre
product. This is one of the key concepts of biomiy, to enhance profitability and
sustainability through the production of a multeuaf products from the one feedstock
(Kromuset al, 2004).

One key issue which was not examined here, andhwoald be very relevant for
improving the profitability of a biorefinery anddhanaerobic digester performance, is
the addition of animal slurries for co-digestiomdddabhiet al, 2008; Singhet al,
2010). Such additions potentially increase biogasdpction and hence increase
energy available for processing. This would chatigeoutcomes of these predicted
scenarios and negate the need to use the prodetioft for energy generations.

The crude protein installations could be constmictéth the initial development, or

retrofitted when conditions (technologies, grasshamdry) become more favourable
for protein extraction. It is the liquid stream whanost of the potentially high value
products are to be extracted (Danner and Braun9)198erefore, the benefits of
starting operations with protein extraction, pr@sadthe opportunity for biorefinery

stakeholders to become familiar with processingjiiee and increasing the potential
to upgrading to more advanced process technologied) as lactic acid production.
Therefore, because both systems have potentiaf, wege both considered in the
development of the blueprint for an Irish GBR.
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4.2 Capital investment and associated risk factors

The capital involved in setting up a GBR is substr{fKammet al, 2009; Mandel,
2010) and therefore the investment risk involvectamstructing a facility from the
foundations, would be significantly higher in Ineththan in Europe, where the basic
technologies are already commonplace. In the reBesrd development stage of new
bio-industries, profitability analysis tools areedsto determine if a proposed system
has potential or not. Even if not all the relevariobrmation is known, and there are
large error margins associated with the quantgativodels, the profitability tools
highlight in a quantitative way those factors whrobed to be modified to make the
system more viable.

Discounted cash flow (DCF) is the most widely usedrument for measuring venture
investment profitability. An important component fealculating DCF is thé value
(interest rate or discount rate). This is the awsbuying the capital needed for an
investment and reflects the risk associated wighinlrestment, the higher tlrevalue,
the greater the risk assumed for return on investiepital.

For the scenarios presented here, a conservasikdattor of 10% was applied. This
value was assumed from the literature and from dtat®on with biomass economist
experts (O' Keeffe et al., submitted b). In Irelattte level of risk associated with
establishing a GBR system may be higher or lowan tthat estimated here. The
decentralised scenarios, with a required capitakstment ofc. €7 million, showed
economic potential with relatively low governmenibsidies, atc. 9-11% of the
required capital investment. However if the levelrisk was assumed to be higher,
then the risk factor would increase, reducing thefifability of the scenarios
predicted. This would lead to an increase in thell®f subsidy required to support
such an industry. Fig.7.4 shows the extent to whiehassociated risk of starting a
GBR industry could change the subsidies requirdis & an important consideration
when assessing the results of these scenarioougththe risk involved will change
the potential profit of the system, the overalintte shown in the scenario analysis,
will ultimately remain the same. An important calesiation to note is that the
scenarios were generated under idealized condjtishich sometimes may not truly
reflect the real life situation.
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5 Opportunities

Although Ireland has been slower than most couninenainland Europe in adopting
new biomass crops for bioenergy or biorefinery eayst (Sustainable Energy Ireland,
2004), this also presents many opportunities tesass green biomass options. This
study capitalised on, and benefited from, the kiegifigs from the advancements
made in the European GBR concepts; these wereassadenchmark, for developing
the Irish GBR blueprint. Components and aspectshviaworked in other countries
were combined to provide a framework to approach piotential of alternative
grassland uses. Knowledge gaps associated witlsupply side of an Irish Green
Biorefinery system were identified at the start tfis study, and associated
opportunities to improve on the European model&hmeen identified.
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5.1 Basic technologies combined with the quantityna quality of grass biomass

The study showed that grass harvested under cuggimes predominantly comprises
of a solid press cake or fibre fraction and theneftechnologies for manufacturing
from this solid fraction appear to be the more laaiption in the short-to-mid-term, as
it accommodates a better integration with curranming systems. However, higher
value products, which could be used as substitistiesnineral oil derived products

such as lactic acid for plastic and polylactide AP hroduction, proteins for the animal
feed and cosmetics industries, can potentially bmdyced from the press juice
fraction. Therefore, these scenarios also highliplat for the longer term, current
harvesting systems may require adapting e.g. isete@uts in the year in order to
enhance the profitability of a biorefinery. Howevére trade-off between increased
harvesting costs and increased energy consumpiothis type of system will also

need to be determined whether it is viable or not.

During the last ten years the activities in thédfief biorefinery systems have grown,
particularly in the Green Biorefinery concept, whis currently in advanced stages in
many EU countries and have reached pilot scalereftwe this could provide Ireland
with the opportunity to introduce technologies ihapes. Once a biomass supply
system has been established, further research dmaildarried out to determine
optimum time of cutting, grass species etc. thatildidoe aligned to more advanced
extraction technologies and the juice fraction.

5.2. The impact of grass/silage quality on the pragbility of the GBR system

The scenario analyses in step four indicated thBR& supplied with a biomass
feedstock from permanent pasture with a perengebrassl(olium perenngcontent

of at least 60%, with relatively high N fertilisati (225 kg N hd &%), was suitable to
supply a GBR system producing fibre fraction praduend crude protein products.
Therefore, there was no immediate requirementHerfarmer to resow. The analyses
in step four also suggested that grass yieldsdmrahge of 9 - 12 t DM Ha*, with a
fibre content ranging from 550 - 500 g k@M and a protein content of 110-130 g
kg’ DM, had the potential to result in a viable GBRteyn. The scenarios generated
also demonstrated the significance of sward bo#éhmiomposition for the quality of
the pasture biomass and suggest that some secogdey species (grasses which
might not be optimal for livestock systems, i.eghtihave lower feed quality thdn
perennedominated swards (Peeters, 2004)) have the palteatbe used for industrial
applications in a GBR.
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Much of the research focus was on the grass radsteek and harvesting conditions
and assumed optimum ensiling conditions. Silage wastified as the optimum
feedstock. Danner et al. (2000) noted the neethpwdve the technical and economic
attributes of silage production, for it to be useda potential substrate for industrial
chemicals. Therefore, this is an area which requivether research. It is also clear
from the scenario analyses conducted in this stindy it is not only biomass
availability and DM yields that are crucial factdsbe considered when identifying
potential locations for a GBR; biomass quality alseeds to be an important
consideration.

The field data from this study can only offer ad&prnshot” of the potential feedstock
available throughout the season and nationwidet &as limited both spatially (six
national sites) and temporally (only two annualscut two years). Therefore, a
modelling approach was necessary to assess théyssigp of a GBR system. The
prediction errors in the biomass supply models twikome extent result in error in the
GBR models. To assess the severity of these predlietrrors, sensitivity analyses
were conducted for every scenario generated. Tieepiretations of the results should
therefore, be based on these trends, rather théreabsolute values.

5.3 Economy of scale

Economies of scale will be determined by two faztofhe first is the size of
catchment area needed and the availability of teekswhich will in turn determine
the associated transport costs. The second isuttder of farmers required to supply
the biorefinery and the organisational structuretlod biorefinery operation, i.e.
whether it will be a private limited company or aoperative of farmers. The
decentralised biorefinery model scenarios were dotcnbe the most viable option.
The relatively smaller catchment area would alloev & better management of
feedstock quality as the biorefinery operator Wdlve a better communication with the
supplier and therefore knowledge of the feedstaaility. This size of an operation
would have the potential to be run by a cooperativiarmers, approx. 25 farmers in
the catchment area, small enough for practicalstats making.

In this study, we focused on assessing the fedgibil a stand-alone operation, i.e. a
self contained facility; grass is delivered andgesssed on site. There are a number of
aalternative operational structures being invetdain Europe; for example a
combination of combined centralised and decen&dli&BR units (Kromus et al.,

168



General discussion

2004). In process structures such as these sysdepwrticular component of the
grass/silage which would degrade rapidly after éstimg/opening of silo would be
extracted in a small decentralised facility andredountil further processing in a
centralised facility. However, these systems agghllyi complex and therefore, the
GBR blueprint was relatively simple and therefdareauld potentially be used as a
foundation to begin developing the concept of @dizied, decentralized units for
Ireland.

5.4 Potential catchments or “hot spots” for a GBRdcility

Field site selection was based on the five farnaoges or agro-geo-climatic regions
identified by (Crowley et al., 2007a) (See Fig. lh2Zhapter 2). The reason for this
approach was the ability at the later stages ofsthdy (step four) to develop a case
study scenario or the farm level potential for GBRe final scenario-modelling step,
step five, presented the opportunity to asses GBR farm and national level. The use
of the case studies to assess two contrasting $gstems gives valuable insight into
the potential economic feasibility for farmers tgoply either all or surplus biomass
(i.e. the grass available after livestock foddeureements have been met) to the GBR.
The results of these scenarios suggest that arke@$ wupport a high proportion of
beef farmers, such as the mid-west, which have rexqueed declining livestock
numbers and low farm incomes, could be the mosieications.

The scenarios were predicted as profitable undemged conditions and indicated
that there was no need to change farm practiceestock any further, as the GBR
system was already viable for both the farmer &edGBR, even under surplus grass
supply, provided the biomass availability is gredatean 30%. This means the GBR
would be guaranteed a supply of grass from apprabdin 30% of the total catchment
area i.e. 252 hectares of grassland would suppI¥tBR out of 840 hectares.

The ability of GBR systems to operate using surfizsgsnass could mean this GBR

system may not necessarily compete with beef ptamtu¢iowever, should farmers
choose to destock further, then they have the fateéa supply a GBR.

5.5 Synergies with policy

The use of permanent pastures as a feedstockharestablishment of a decentralized
facility located in a rural catchment area is sgisic with targets set out in a number
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of key policy areas, such as the protection of iberdity and prevention of land

abandonment and promotion of rural employments lligned with axes two, three,
and four of Ireland’s National Sustainable Develepin Plan 2007-2013.

Development of GBR systems also has duel beneifitadhieving the targets set out in
the National Climate Change Strategy (NCCS), whams to try and reduce

greenhouse gas (GHG) emissions below those of (tB8Maseline date for the Kyoto
Agreement). The use of grassland for GBR could rdaute to reducing agricultural

GHG emissions in three different ways:

1. Maintenance of permanent pastures with assaocia¢e carbon sequestration
(EPA, 2008Db; Tilman et al., 2006).

2. Potential reductions in methane emissions thrdhg potential displacement of
livestock by alternative or supplementary income.

3. Fossil fuel displacement in the manufacturingmd products.

6. Threats

Unlike some other European countries, there has bhdeistoric under-investment in
energy networks, and an absence of a coherentyempaigy in Ireland. This has
resulted in a slow development of the biofuels stdy predominantly attributable to
the lack of fiscal incentives and lack of transpakein grid access required to boost
the commercial viability of biofuels (EU and Irigtegions Office, 2006).

There are a number of areas where developing GBRm®§g as viable rural industries
will require adequate policy support and governmesgistance. A European study
identified that different goal conflicts such assteffectiveness and environmental
protection need to optimised in order to assurestisainability of the GBR system
(Popa-CTDA, 2005). This will be the case for Irelaalso. Due to time constraints, a
full environmental assessment was not carried sytaat of this study. This is an area
which will require detailed research in the next®years, in order to establish the
policy infrastructure, to provide for clear plangiand stability to the system. Some
examples of policy “grey areas” are highlight below

6.1 Example of policies to be addressed

6.1.1. Nitrates directive

The grass harvesting system we assumed for the 8BERm (i.e. two-cut silage
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system) involved no livestock (cattle) productiondaassumed the fertiliser rates
recommended by Teagasc (Coulter and Lalor, 2008)wever, the final scenario
analyses suggested that it was profitable for fasrt® supply surplus grass to a GBR.
This system could potentially lead to a conflicttwireland’s NAP (Nitrates Action
Plan). Currently, the extra fertiliser inputs ame tutrients in the digestate will be
counted as nutrient inputs under the Nitrates Divecbut the nutrients in the biomass
will not be counted as nutrient outputs. This wabult in a “virtual” nutrient surplus
and hence this type of GBR system would be in bregith Nitrates Regulations. In
addition, under the current NAP, maximum chemieatilisation rates are related to
animal stocking rates. In a “full supply” GBR scepa(in which no animals are
present), this would result in allowable fertilisat rates well below crop
requirements. These are anomalies of the NAP tbatdwhave to be addressed before
any farm can supply to a GBR.

6.1.2. IPPC licensing

The GBR facility in this blueprint may require a®RAC (Integrated Pollution
Prevention Control) licence, due to the productininsulation materials from the
fibre fraction (under section 6 of the EC directR@08/1/EC). If this is the case then
the land spreading of the digestate from the améemigester would have to seek
approval from the EPA (Environmental protectionragg (N. Hayes, pers. comjn.
This could result in time delays and potential at@r difficulties while waiting on
approval for spreading. The area of waste pernstsan area which will need
clarification for both the GBR operators and theri@adtural contractors/famers
transporting the digestate.

In the longer term scenario, the production classiion of GBRs producing higher
value biochemicals will also need to be considexgdhis will determine the level of
waste legislation compliance and environmental manment systems required for
such facilities. This will be of particular impontee for GBRs located in rural and
decentralised locations.

6.1.3. Planning legislation

GBRs are designed to be located in rural catchmauerats, therefore obtaining planning
to build a facility may be difficult, particularlyf local communities are concerned
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about the development and object to the constmu¢iepartment of Communications
Marine and Natural Resources, 2005). Planning @ithb slowest part of a project
development and can result in high costs, which fnaya potential deterrent for
development of the GBR. However, this issue has beeognised and a “Consultation
Paper on proposed planning exemptions for certaeimelRable Energy Technologies”
has been published to address this issue.

6.2 Fiscal policy — Government financial support soisidies

Each European country had a particular motivatmmpursue the concept of Green
biorefinery (O' Keeffe et al., 2009), however itapparent from the findings of the
literature review that policy is one of the majorpietuses providing the foundations
and support for such advancements. Without thdigallisupport, the basic physical
infrastructures, such as the green pellet indwss{fdenmark), starch refining (Holland)
or biogas technologies (Germany/Austria) would méhaeve materialised, or allowed
for the development of the Green biorefinery comcdjme idealised decentralised
model scenarios presented here, show that greemfinery requires minimum
government support of at least 9-11%, to be estadadi successfully in Ireland, with
rates in excess of this reducing risk and addinthéoeconomic sustainability of the
venture.

6.3 Farmers’ willingness to sell and social acceptae of new technologies

Farmers’ decisions to adopt new technologies cayp gatensively for a number of
different factors (i.e. demographics, farm sizea@denWalsh, 2002; Mathijs, 2003).
The initial transition to farming for a GBR systerould potentially be smoother if
“current harvesting practices” were adopted, withie@v to modification in the long
term. However, as this type of industry has yebéoshown as successful, farmers
might not be willing to sell their grass to a GB&tifity. Thus the potential to develop
a GBR facility on surplus grass from livestock syss could be beneficial for the
initiation of such an industry.
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7 Recommendations for future research

7.1 Management of grasslands

* Modifications to conventional grassland harvessggtems will be required for
a GBR interested in other grass/silage fractiomastiqularly the higher value
fractions required for energy production (high syigactic acid;

« The grass species/hybrids most suitable for théeréiit GBR systems,
including future technologies and those outlinedthie blueprint need to be
identified,;

* For the supply chain, detailed research is requuedketermine the best means
of integrating GBR farming practices with convenab farming practices (i.e.
livestock systems) in order to determine how bg#dteans could be modified to
enhance the performance of each other.

7.2 GBR operations

« There is a need to establish quality analysis fetewinining the feedstock
quality coming into the GBR facility;

« Determination of the nutrient content of the GBReditate and methodologies
for assessment in order to allow for nutrient buithgeand compliance with the
NAP;

« The impacts of GBR digestate on grassland prodixt@lso needs to be
determined in order to determine the Nitrogen kseti Replacement Value and
phosphorus availability value.

7.3 Technologies and sustainability

« A total LCA energy balance would be required ad agla carbon foot print to
establish if the GBR is energy efficient and carbentral;

« Since writing, technologies investigating aminodaektraction and lactic acid
extraction have been upgraded to pilot scale; tbexethe longer-term
integration of such technologies with an establisB&R needs to be assessed.

7.4 Policy infrastructure and social acceptance

* More detailed economic analysis is required, takimgrket and global trade
factors into account to determine the level of riskolved in establishing a
GBR in Ireland;
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* A clearer definition of the biorefinery/bioenergydustries in relation to IPPC
licensing and the requirements for waste permitarid spreading.

« A bottom up approach would be the best means agrating such an
alternative farming system and industry into a Ir@@mmunity. This would
involve the development of a consultative processeksstakeholder interaction
to facilitate the communication of the requirememis both the farmer,
community and the GBR.

8 Concluding remarks

The blueprint was designed to be a benchmark fiabkshing an initial facility with
the aim of retrofitting the facility when the tediogies become more readily
available. In this way a supply chain can potelytiae established and operational,
before higher investment costs are required. Tipeoagh, to phase the development
of the GBR in stages, will give these industries ttme to gain the support of the
farmers within the catchment regions and gain jgudghproval.
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Grass is Ireland’s most readily available biomass @ date has been predominantly
used as forage for animal production systems. Hewesubstantial destocking of
grasslands has been predicted in the next decaddpdgressures from both Common
Agricultural Policy reforms (decoupling EU agriauial subsidies from production
systems) and the Nitrates directive (91/676/EEQ)is Twill potentially result in
surplus grass biomass and unutilised grassland$ W& EU promoting a “biobased
economy” under the Biofuel Directive (2003/30/EE®@)e focus has been diverted
from traditional uses of biomass and triggered $tigations into the alternative uses.
In Ireland, due to the potential of surplus anddigaavailable grass biomass,
investigations have been focused on alternativestaad uses.

The potential of grass as a “bioresource” to belusea Green biorefinery system to

produce industrial type products was the focushi$ tesearch study. The basic
principals of Green biorefinery are to separate green biomass (grass and silage)
into its constituent parts, the solid fraction @eecake) and the liquid fraction (press
juice). The press cake contains the solid fibrespar the low value, high volume

fraction. The press juice essentially containstla high-value products, but in low

volumes; for this reason, these high-value produsiish as amino acids and lactic
acids, are difficult to isolate; however, extrantimethods and technologies are still
developing.

The overall objectives of this study were to assk€areen biorefinery could be an
alternative use of Irish grasslands. The initighgd of the project was to assess what
robust and basic technologies were available toenpa&ducts from grass or silage in
the short-mid-term (5-10 years). This allowed fhwe tdevelopment of a Green
biorefinery blueprint, which was then used as arestigative framework to address
the data gaps which were identified as part ofliteeature review, for the supply side
of an Irish Green biorefinery (GBR) system. Thessuded determining:

« The quality of grass biomass under current hanvgsystems compatible with
GBR technologies and that of the blueprint?

* Which feedstock system should be implemented, g@stur months of the
year and silage for the rest, or silage all yeand?

« How would the quality affect the profitability dfi¢ system?

* Which economy of scale, decentralised or centrdfise

* Where would likely “hot spots” be for locating a &Bacility

The study successfully managed to provide answeeralifquestions.
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However, it has to be stressed that as this stualy avscoping study, these findings
have to be considered in the light that they asetan scenario analyses and a set of
assumptions, which were derived from field workutes literature reviews and
discussions with experts.

The findings of this study can be summarised infitedised blueprint as follows:

1 GBR facility needs to be a small-scaled decenedlitacility processing 0.8 t
DM hour”.

2 The facility needs to be located in a catchmentaré approx. 700-800 ha,
depending on biomass availability which is requitecbe above 30%, to avoid
financial losses for both the GBR and farmers dumd¢reased transport costs.

3 In general, the areas which have experienced degihvestock numbers and
hence low gross margins, appear to be the mostlejigharticularly areas
which supported a high density of beef farmershsas the mid —west (not
exclusively).

4 In the start up period (short-term), the GBR caniridegrated with the current
harvesting practices, a two-cut silage system,hasduality of the biomass is
compatible with the basic GBR technologies, with libnger - term goal of
retrofitting the GBR facility to produce higher ual products.

5 The GBR will operate using a silage only systenth wnsiling of the grass
material on the GBR facility site.

6 The products produced were insulation materialssiflation boards) and
proteinaceous products, used for animal feed.

7 The waste streams remaining after the processinghef grass from the
biorefinery will be used to generate biogas prodludeom the anaerobic
digestion of the slurries.

8 The biogas produced will be used to supply thedbioery plant with its own
electricity, and heat for drying the press cake,ths was the more viable
option at time of writing.

9 The residual material remaining after the anaewdiigestion will then be used
as fertiliser and supplied back to the associateunkrs as a part of a “waste
management strategy” and to maintain the nutrieadahce in the system.

The finalised blueprint can now be used as benchk rta make further detailed
investigations to determine the feasibility of Grdxorefinery in Ireland.

191






Samenvatting




Samenvatting

Samenvatting

In lerland is grasland de belangrijkste vorm vaddéygebruik in de landbouw en gras
IS een vorm van biomassa die in ruime mate voagr&li Tot nu toe is gras vooral
benut als ruwvoer voor de veehouderij. Het lijkteehter op dat de veedichtheden in
het komende decennium aanzienlijk zullen afnemadgeodruk van de hervormingen
van het landbouwbeleid van de EU (vooral de ontktpg van landbouwsubsidies en
productie) en de Nitraatrichtlijn (EU-directive 8Y6/EEC). Mogelijk gaat dit leiden
tot een overschot aan biomassa uit gras en extengjebruik van grasland. Nu de EU
met zijn biobrandstofrichtlin (EU-directive 200B/EEC) sterk inzet op een
economie gebaseerd op groene grondstoffen verscleudandacht van de traditionele
benutting van biomassa naar mogelijkheden vannatef gebruik en wordt het
onderzoek naar deze mogelijkheden gestimuleerdr \ertand betekent dit vooral
onderzoek naar alternatieve vormen van graslandiieguaangezien voor biomassa
uit gras mogelijk een overschot gaat ontstaan emegehet feit dat deze vorm van
biomassa eenvoudig beschikbaar is.

Dit onderzoek richtte zich op de potentie van giaseen bron van biomassa voor een
“Groene Bioraffinage” waarbij industriéle producte&worden gemaakt. Bij Groene
Bioraffinage wordt in een cascade groene biomassald vorm van vers gras of
silage) gescheiden in een vaste fractie (de pek3kee een vloeibare fractie (het
perssap). In de perskoek zitten de vaste compaméuternamelijk vezel); het gaat
hier om een groot aandeel van de oorspronkelijkembssa maar ook om een
component van relatief geringe waarde. In het pgrzgten, in kleine hoeveelheden,
de meest waardevolle bestanddelen, zoals aminozmemelkzuur. Vanwege hun
geringe hoeveelheden is het niet eenvoudig dezep@oemten te winnen, maar de
daarvoor benodigde extractiemethoden en techna@ogieijn nog steeds in
ontwikkeling.

Het uiteindelijke doel van deze studie was vadtédlen of bioraffinage van gras een
alternatieve vorm van graslandbenutting in lerl&od zijn. In de eerste fase van het
onderzoek werd nagegaan welke robuuste en basaiadiegieén er beschikbaar
waren om op de korte tot middellange termijn (5/d#) producten te maken uit gras
of silage. Deze onderzoeksfase maakte het mogwmiijkot een blauwdruk te komen
voor Groene Bioraffinage (GBR). Deze blauwdruk weedvolgens gebruikt als een

raamwerk voor het verdere onderzoek naar de grofmletiuctie voor een lerse

Groene Bioraffinage dat er op gericht was de kdéeammsten die op basis van

literatuuronderzoek aan de dag waren gekomen, opullen. De kennisleemten

omvatten ondermeer:
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* Is de kwaliteit van het gras bij huidige oogstreggmnerenigbaar met de
GBR technologieén en in overeenstemming met de iteMalzoals
aangenomen in de blauwdruk?

 Hoe dient het gras aangevoerd te worden? Als veas gedurende het
oogstseizoen en als silage gedurende de rest ¥gadngof gedurende het
gehele jaar als silage?

« Wat is het verband tussen de kwaliteit van het grade rentabiliteit van de
GBR?

» Voor welke operationele schaal moet worden gekokénét de verwerking
decentraal of centraal?

« Wat zijn de beste locaties voor GBR installaties?

Het proefschrift weet op al deze vragen een begesdl antwoord te leveren. Het
dient echter benadrukt te worden dat deze studieaVoerkennend was. De resultaten
zijn immers gebaseerd op scenarioanalyses en degroperzameling van aannames
gebaseerd op veldonderzoek, literatuurstudie eoussses met deskundigen. De
resultaten van deze studie kunnen worden samengevaie bewerkstelligde
blauwdruk. De meest saillante punten daaruit zijn:

1. Een GBR installatie moet kleinschalig en decentraain met een
verwerkingscapaciteit van 0,8 ton droge stof par uu

2. De installatie moet worden geplaatst in een voestyedpied van 700-800 ha,
afhankelijk van de beschikbaarheid van biomassaeD®eschikbaarheid dient
meer dan 30% te zijn omdat anders zowel de afnelsede boeren verlies
gaan leiden door te hoge transportkosten.

3. De beste locaties zijn gelegen in die gebieden veawveedichtheid aan het
afnemen is en waar de marges in de veehouderip kign. Het gaat hier
vooral (maar niet uitsluitend) om gebieden met dage dichtheid aan
melkveehouderijen, zoals in het mid-westen vaarelkl

4. Op de korte termijn (in de opstartfase) kan de Gfgfhtegreerd worden met
de huidige oogstpraktijken. Het betreft een systemnhtwee keer maaien per
jaar. Dergelijke systemen leveren biomassa van keeaditeit die past bij de
basale GBR technologie. Op de lange termijn moet dea GBR installatie
zodanig verfijnd kunnen worden dat er ook meer i@agdige producten mee
gecoproduceerd kunnen worden.

5. De bioraffinage vindt plaats op basis van silagikuilen gebeurt op de locatie
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van de GBR installatie.

6. De productie bestaat uit isolatiematerialen en gwoducten voor de
veehouderij.

7. De afvalstromen die overblijven na het verwerken W@t gras in de GBR
zullen worden gebruikt om biogas te generen opsb@an anaerobe afbraak
van de slurries.

8. Het geproduceerde biogas zal worden benut om deaffilmaderij van zijn
eigen elektriciteit te voorzien en warmte te lemewwor het drogen van de
perskoek. Op het moment van schijven van dit prhefs was dat de meest
levensvatbare optie.

9. Het restmateriaal dat overblijft na de anaerobbratk zal dan worden benut
als meststof en worden teruggeleverd aan de betrokioeren als onderdeel
van een afvalstoffenbeheersysteem, maar ook onutdéntenbalans van het
systeem te handhaven .

10.De kapitaalkosten van een dergelike GBR worderclggsop ongeveer 7
miljoen euro. De scenarioanalyses geven daarbij @anvoor het opzetten van
een dergelijke GBR installatie minimaal 9-11% odissteun nodig is.

De voltooide blauwdruk kan nu worden gebruikt aés e@eferentiepunt om verder

gedetailleerd onderzoek te verrichten naar de hadfieid van Groene Biorafinnage in
lerland.

196



Acknowledgements




Acknowledgements

A road walked alone can seem like an endless jguroee walked with
company, passes much quicker, “giorraionn beirdx3t This is the way with
PhDs and | am glad of the company | was so foraut@have kept during my journey.

First | would like to thank all my supervisors, freir support, kindness and their
belief in my capabilities to accomplish this Phthaugh sometimes this may have
been truly tested. Rogier, thank you for granting tine opportunity to research in
Johnstown Castle, it has been an amazing and obaite experience. | also want to
thank you for being so relaxed, upbeat and helpiegto focus when required, gain
strength as a modeller and when necessary phraseampglings that bit more
eloquently. The “fluffy hippy” thoughts | think ar@ bit more scientific now, Thank
you®! Padraig a big thank you for all your advice andyour help to overcome some
initial hiccups, you were always ready to providdphwhenever needed and through
your often quite challenging feedback, | have leargreat deal -Thank yda! Paul, a
sincere and heartfelt thank y&! You have always been so understanding and had
so much patience with me, you were able to takebtreage of questions and you
were particularly patient in waiting for my ideastake constructive form. You always
made the time to help me with whatever questiohad, particularly in the last six
weeks and most importantly, you always knew whedeiver a reassuring smile. To
all three supervisors, | have learnt a lot and growt just as a researcher, but as
person too and for this | am indebted to you aHANK YOU!ll ©

Furthermore, | would like to thank the many peapl&eagasc, without their help this
thesis would never have been completed. Thank gothé staff in Grange, Nora,
Paddy, Noel, Michael and Anne, who instantly madefe®l at home, when | took up
residency in the Grange labs. Thanks a million &iriéla, Gabby and Pascal, who
made filling and emptying the lab silos that littl easier.

A great big thank you to all the staff of Johnsto@astle, whose great support, help
and encouragement often gave me a well needednhdifelvhat a truly great and
colourful place to work, too many to mention yol aut thanks to each and everyone
of you. But | would particularly like to thank Jolurphy for all the endless driving,
cutting and craziness of the “Irish tours” in thersners 2007 and 2008. | thankfully
now remember to turn off the radio when the castipped! To the summer students
who helped with the craziness, Tom Wallace and Ké&urphy, who made travelling
the countryside much more fun! To Liam Gaul andkN{@énsella, who always helped

198



me process the numerous sample loads so rapidlyedihe, for always being so

patient with me and helping me with the GIS stufi Joe Caesar, thank you, for
always looking out for us “Brats,” you made thosaed evenings seem much shorter
and saved us from being “depressed and broken”!

| would like to also thank Cathal O’ Donoghue, Tasg Athenry and Stephen Hynes,
NUIG, for their help with the socio-economic aspgect the project and for tolerating

the multitude of questions | had. | would also likethank Stuart Green of Teagasc,
Kinsealy, who provided me with GIS data files arabvgo helpful.

Further, 1 would like to acknowledge the peoplegha Department of Plant Sciences
of Wageningen University. Thank you Wampie and Bjaijsbertje, Sjaak and
Sander for all your help and making my stay in Waiggen that bit easier, you are life
savers!

I would also like to thank Edwin Keijsers and Jolsanders for their time and help on
a number of biorefinery issues.

To the many friends, | have made along the wayvaitichopefully keep well into the
future: | could not have finished this journey wath your friendship! Stan, you pulled
me out of my jumper from day one and you kept mgchabove water ever since,
thanks “Ted”. Laura, for your amazing combinationhigh powered statistics and
girlie gossips, a very interesting combination and | am thankful for.

| want to thank all the lads for the much needegshtea breaks and for listening to
my crazy grass rants and for always making me laatgimy ridiculousness, during
these past few years. Gaelene and Norma for ytile Wisdoms, Alina for your
craziness, Rochelle for your positiveness and winaers, Xiaoyun for your amazing
cooking, Conor for being so relaxed all the timeynA Bailey for your enthusiasm.
Niamh for your contagious laugh and dramatic spBdrah Mcmusic for just being
you, young Selbie of equal mind set, Dominika, Mad and Fred for all the craic and
mayhem, St Paddy’s day will never be the same &gAalberto and Peter for your
insights and hilarious expressions. Alvaro, Yaaeef Alex and Momo my Holland
lifeline, whose friendship meant so much, partidylan the last month, thank you all!
Fiona, you have been my rock, your never endingpatp encouragement, little
surprises and your unfortunate Mullingar birthrigitt me through so many times!
Niki your support, surprises, thoughtfulness andegally just being you, were just
what the doctor ordered! To the old crew, Fin anaris thank you for the

199



sidesplitting laughter and for listening to my ant

To my “Dutch” mother Anne, | will never be able tepay the kindness you have
shown me over these last four years and for alwas®mg so warm, vibrant,

welcoming, supportive and for housing me more tbece .Thank you from the

bottom of my heart!! Brian, thank you for all thdrécht excursions and for being a
good friend!

To my family, my cousin Deirdre, who allowed me aoe her humble abode for
several months, thank you so much for your hugssampgort boss! (and for not killing
me when the boiler blew up!). To my uncle Tom aodtg Brenda, who always made
me feel welcome during my tours. To my aunty Mawho made one long road trip
particularly interesting, thank you for coming (#teops didn’t know what hit them)!

Last, but most of all never least, to the most irntgoat people in my life, to those who
have walked every step of the way with me, my fgmilane, Charlie and Cormac,
with your warmth, fun, craziness (which always mauefeel saner, that will tell you

how crazy ye are lads!), laughter, love and enagmmeent, | always found the strength
and courage to face and solve whatever problenmseaihank you for holding my

hand and lifting my heart!

“Ni heolas go haontios”

Go raibh mile maith agaibh

200



Curriculum Vitae

Sinéad M. O’ Keeffe was born in Cork, Ireland, die 1.1 of August 1982 in Cork,
Ireland. She attended the Mallow convent of Mersyes's primary and secondary
schools, St. Mary’s, from 1987-1995. She obtained Imachelor in environmental
science with first class honours from the Univgrsit Limerick in 2005. In September
2006 she was employed as a Walsh Fellow at thesfmlun Castle Research centre in
Wexford, Ireland where she carried out PhD researttin the framework of the C.T.
de Wit Graduate School for Production Ecology anelsdtirce Conservation of
Wageningen University, Wageningen, the Netherlands.

201



The C.T. De Wit JPRODUCTION

PE&RC PhD Education Certificate Graduate School | E O OGY

PE&RC

With the educational activities listed below the
PhD candidate has complied with the educational
requirements set by the C.T. de Wit Graduate
School for Production Ecology and Resource ' & RESOURCE
Conservation (PE&RC) which comprises of a CONSERVATION
minimum total of 32 ECTS (= 22 weeks of activijies

Review of literature (6 ECTS)
Alternative use of grassland biomass in Irelandass for Biorefinery; IrGrassland
Science in Europ£009)

Writing of project proposal (4.5 ECTS)
Alternative use of grassland biomass in Irelandissifor Biorefinery

Laboratory training and working visits (4.5 ECTS)
Forage quality analysis; 4 months; Grange AnimalGiassland Research and
Innovation Centre (2008)

Deficiency, refresh, brush-up courses (3 ECTS)
Basic statistics and SAS (2008)

1 Day writing course (2009)

Presentation skills (2009)

Competence strengthening / skills courses (3.5 ECTS

GIS Programme, online course; University of Limkyiceland (2006/2007)
Mixed linear model course; WUR (2009)

Economics of process engineering; WUR (2009)

Discussion groups / local seminars / other sciemiieetings (7.5 ECTS)
Scientific discussion seminars; Teagasc Johnstoaatl€(2007-2010)
Agricultural Research Forum; Tullamore and Bel{26108, 2010)

Journal Club (discussing scientific papers); JatwmetCastle (2008-2010)

International symposia, workshops and conferen¢€JTS)

European Biorefinery symposium; Flensburg, Germ{@0%p8)
European Grassland Federation; Bruno, Czech Rep{2ilD9)

202















