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HIGHLIGHTS

GRAPHICAL ABSTRACT

» Maximising the benefits of biogas also
maximises the potential drawbacks.

» Compromise programming (CP) assessed 9,621

scenarios of biogas production.

» Preferences of distillery management were
accounted for in the CP analysis.

» CP suggests an optimal biogas system uses
100% of thick stillage and 100% of draff.

> Scope 1 emissions are reduced by 45% when

using the optimal biogas system.
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The anaerobic digestion (AD) of distillery by-products presents benefits such as greenhouse gas (GHG) emission savings and
electricity savings, as well as drawbacks such as reduced animal feed and protein production and the potential import of animal
feeds. This work balances these benefits and drawbacks using compromise programming (CP). The best combination of by-
products (from 9,261 scenarios) to use in AD was selected based on criteria chosen by management of a large distillery. The use
of all by-products maximises benefits and drawbacks; the contrary also applies. When benefits and drawbacks are equally
important, CP recommends using 50% of available draff, 50% of available thick stillage, and 55% of available thin stillage. The
best combination when accounting for criteria weights chosen by distillery management is the use of 100% of available draff
and 100% of available thick stillage. This could replace 48% of natural gas consumption at the distillery, reduce Scope 1
emissions by 45%, achieve a Scope 3 emissions savings of 22% of current Scope 1 emissions, and reduce electricity consumption
in the feeds recovery plant of the distillery by 63%. Protein loss of 9,618 t could require the import of 19.59 kilo-tonne wet
weight of material (ktwwt) of distillers grains and 9.15 ktwwt of soybean meal. If different criteria or criteria weights were used,
a different result would be recommended. The methodology developed herein can aid in decarbonising the food and beverage
industry by allowing decision-makers to balance the benefits and drawbacks of AD while accounting for subjective preferences.
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Appendix A: Scope 3 GHG Emissions Categories

Scope 3-Category 1 (S3-C1) (Purchased goods and services) includes cradle to gate emissions, this cradle to gate emissions include all emissions that occur in
the lifecycle of purchased products up to the point of receipt by the reporting company. S3-C1 emissions are deemed relevant by the distillery. Additionally, these
S3-C1 emissions may potentially be influenced by the implementation of an AD project by potentially replacing synthetic fertilizer use in barley cultivation.

Scope 3 Category 2 (S3-C2) emissions from capital goods. Emissions associated with the production of capital goods shall not be amortized, discounted, or
depreciated over time, all of the cradle to gate emissions associated with Capital Goods shall be accounted for in the year of acquisition of the capital goods. S3-C2
emissions are deemed relevant by the distillery and will be influenced by the potential construction of an AD plant.

Scope 3 Category 3 (S3-C3) emissions from fuel and energy related emissions not included in Scope 1 and Scope 2 include emissions related to the production
of fuels, and energy purchased by the distillery. S3-C3 emissions are deemed relevant by the distillery and will be influenced by the implementation of an AD plant
to reduce natural gas consumption.

Scope 3 Category 4 (S3-C4) upstream transportation and distribution includes the emissions from the transportation and distribution of products (excluding fuel
and energy products) purchased or acquired by the distillery in vehicles and facilities not owned or operated by the distillery. Other transportation and distribution
services purchased by the distillery, such as inbound and outbound logistics are included. S3-C4 emissions are not envisaged to be altered following the
implementation of an AD plant as the transportation of digestate (residue remaining after the AD process) will not be paid for by the distillery.

Scope 3 Category 5 (S3-C5) waste generated in operations includes for emissions from third party disposal and treatment of waste that is generated by the
distillery. S3-5 emissions are deemed relevant to the distillery in their Scope 3 emission calculations, primarily arising from landfilling of waste and incineration of
waste generated in operations. Implementation of an AD project could alter S3-C5 emissions if land spreading of digestate is classified as waste disposal. Inclusion
of digestate transportation and application to land in S3-C5 would necessitate that these emissions are not double counted in any other Scope 3 category.

The categories of business travel and employee commuting, and Upstream Leased Assets are not relevant to the current study and will not be influenced by the
implementation of an AD plant, further descriptions of these can be found in (WBCSD and WRI, 2013).

Scope 3 Category 8 (S3-C8) upstream leased assets are relevant to the calculation of Scope 3 emissions of the distillery but will not be altered through the
implementation of an AD project.

Scope 3 Category 9 (S3-C9) downstream transportation and distribution includes the transportation and distribution of the products sold by the distillery between
the distillery and the customer, if the transportation is not paid for by the distillery, and is conducted using vehicles or facilities not controlled or owned by the
distillery. S3-C9 emissions are deemed relevant in Scope 3 emissions calculations of the distillery. S3-C9 emissions may be altered by the implementation of an
AD plant, specifically in the transportation of feed products from the distillery to customers. Although S3-C9 emissions are not deemed relevant by the distillery,
they will be included in this analysis.

Scope 3 Category 10 (S3-C10) Processing of sold products includes emissions associated with the processing of intermediate products sold by the distillery to
third parties. S3-C10 emissions are deemed not relevant to total Scope 3 emissions for the distillery and the implementation of an AD plant will not alter S3-C10
emissions.

Scope 3 Category 11 (S3-C11) Use of sold products includes the emissions associated with the use of sold goods. Currently, S3-C11 emissions are deemed not
relevant in the calculation of Scope 3 emissions for the distillery. The application (use) of digestate on land following the implementation of an AD plant could
potentially result in S3-C11 emissions if the digestate is classified as a product sold to a customer. However, digestate is unlikely to be sold to customers, and as
S3-C11 is not deemed relevant to the distillery, they will not be accounted for in this work.

Scope 3 Category 12 (S3-C12) end of life treatment of sold products includes emissions from the waste disposal and treatment of products sold by the distillery.
S3-C12 emissions are deemed relevant in the calculation of Scope 3 emissions for the distillery. Implementation of an AD plant could alter S3-C12 if the emissions
following the application of digestate on land are classified as an end of life treatment for the digestate, and if the digestate is classified as a product sold by IDL.
However, as digestate is not classified as a product in this work S3-C12 emissions will not be assessed.

Scope 3 Category 13 (Downstream Leased Assets), Category 14 (Franchises), and Category 15 (Investments) are not deemed relevant to the distillery Scope 3
calculations and will not be altered if an AD plant is implemented, as such, these Scope 3 categories will not be considered in this work.

In this work, accounting for the impact of an anaerobic digestion system and the implications associated with; the use of biogas, digestate treatment, and feed
production, on the GHG emissions arising from the distillery will be split into; Scope 1 emissions, Scope 2 emissions, Scope 3 emissions, and potentially other
emissions that do not fall into any of the above scopes.

Table A-1. Scope 3 Categories. AD: Anaerobic Digestion.

Scope 3 Category  Category Description Relevant to Distillery Altered by AD Plant
1 Purchased goods and services Y Y
2 Emissions from capital goods Y Y
3 Emissions from fuel and energy Y Y
4 Upstream transportation and distribution Y N
5 Waste generated in operations Y Y
6 Business commuting Y N
7 Employee commuting, Y N
8 Upstream Leased Assets Y N
9 Downstream transportation and distribution N N
10 Processing of sold products N N
11 Use of sold products N N
12 End of life treatment of sold products Y N
13 Downstream leased assets N N
14 Franchises N N
15 Investments N N
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Appendix B: Thermal Energy Demand of AD Plant

Nomenclature  Description Unit
%4 Anaerobic digester volume mé
r Anaerobic digester radius m
h Anaerobic digester height m
Prabric Fabric heat loss W
Uwau Tank wall U value W/m?/K
Awan Tank wall area m?
Tap Anaerobic digestion temperature °C
Tout External temperature °C
Urop Tank top U value W/m?/K
Arop Tank top area m?
Ugase Tank base U value W/m?/K
Apase Tank base area m?
Rinternai Internal surface heat transfer resistance m2K/W
deoncrete Concrete thickness m
Aconcrete Concrete conductivity W/(m.K)
dinsutation Insulation thickness m
Ainsulation Insulation conductivity W/(m.K)
Roxternal External surface heat transfer resistance m2K/W
B!
effectivesoor  Effective floor thickness m
dywan Wall thickness m
Asoir Soil conductivity Wi/(m.K)
Reoncrete Concrete heat transfer resistance m2K/W
Rinsutation Insulation heat transfer resistance m2K/W
Uioor Floor U value W/m%K
Vabpaity Anaerobic digester tank volume based on daily available feed m®
Mreedpaiy Mass of feedstock added per day kg
Xy Spoed Volatile solids content of feedstock %
OLR Organic loading rate kgVS/m*/day
Nyp Number of anaerobic digesters No.
Vsiogassrp Daily volumetric biogas production at standard temperature and pressure m/day
Sthinap Share of thin stillage used in an anaerobic digester %
Mrpin Mass of thin stillage available kg
XvSthin Volatile solids content of thin stillage %
BMPrpin Biochemical methane potential of thick stillage LCH./kgVS
Sthickap Share of thick stillage used in an anaerobic digester %
Mrpick Mass of thick stillage available kg
Xy Srnic Volatile solids content of thick stillage %
BMPrpick Biochemical methane potential of thick stillage LCH4/kgVS
Spraffap Share of draff stillage used in an anaerobic digester LCHa/kgVS
Mprass Mass of draff stillage available %
XvSprars Volatile solids content of draff stillage kg
BMPp, 455 Biochemical methane potential of draff stillage %
VBiogasoperationar  VOlUMe of biogas produced at operational conditions
Psrp Standard pressure °C
Terp Standard Temperature kPa
Deperesitene Anaerobic digester operational temperature “C
Poperational Anaerobic digester operational pressure kPa
Dects Saturation pressure of water vapour in biogas kPa
e Exponential
T Temperature of biogas K
Myaterpipgas Mass of water vapour contained in biogas kg
Vbiogas Daily Daily volume of biogas produced m?
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Nomenclature

Description

Unit

Ryater
E, watergpap
hf 9get AD
E heatfeeq
mf eed
CPH 007 Feea
TFeed

E biogasyet

Universal gas constant for water vapour
Energy required to evaporate water
Specific enthalpy of water evaporation

Energy required to heat incoming feed to AD plant

Mass of feedstock added.
Specific heat capacity of water
Feedstock temperature

Net biogas energy production

kPa.m®kg.K
kJ
kilkg
kJ
kg
ki/kg/K
°C
kJ
kJ

Ebiogascross Gross biogas energy production

Fabric heat loss was calculated for an individual tank initially, the volume of each AD reactor tank (V) was taken to be 5000 m® on the advice of IDL staff.
Reactor tanks were assumed to be cylindrical in shape. In order to estimate the surface area of the reactor tanks (A), the tank radius () and height (k) were calculated
S0 as to minimize the surface area to volume ratio in an effort to minimize heat loss using Equation B-1.

Equation B-1
V =mnr?h

A =2nr?+ 2nrh

14
r?

2V
A=2mr’+—
r
d 2V
E(A) —41TT—T—2—O

Arr3 —2V =0

1

_ (ZV)E

"= 4

The base and wall of each reactor were assumed to be constructed of concrete 300 mm thick and insulation 150 mm thick, the top of each reactor was assumed
to be constructed of insulation only with a thickness of 200 mm, see Table B-1.

Table B-1. Thermal Properties of AD Tank Structure.

Element Concrete Concrete Insulation Insulation
Thickness (m) Thermal Conductivity (W/(m.K) Thickness (m) Thermal Conductivity (W/(m.K)
Wall 0.3 1.33 0.15 0.03 (Jain, 2013)
Base 0.3 1.33 0.15 0.03 (Jain, 2013)
Top 0.15 0.03 (Jain, 2013)

Thermal energy lost through the reactor fabric (Prq5r-ic) Was calculated based on the temperature of the AD tanks (T,p), the external air temperature (Ty,,.), the
Uyque Of the tank wall, the tank wall surface area (Ay,4;), the area of the tank top (Ar,,,) and its U value (Ur,,), and the area of the tank base (Ap,s.) along with
the base U value (Uggs,.) Using Equation B-2:

Equation B-2
PFabric = UWullAWall(TAD - TOut) + UTupATup(TAD - Tout) + UBaseABase(TAD - TOut)

The U value for the reactor wall (Uy,4;,) and top (Ur,,,) were calculated using based on the thickness of the concrete (d¢operece) Equations B-3 and B-4.

Equation B-3
1
Uwan =
dconcrete Qinsulation
Rincernal + 2 + A . + Rexternal
) concrete insulation
Equation B-4
U 1
Top = Qinsulation
Rinternal + Rexternal

Ainsulation

The values of Rinemaand Rexemar refer to the surface heat transfer resistances, these were taken to be 0.17 m?K/W and 0.04 m?K/W as per CIBSE Guide A Section
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3.5.2.
The U value calculation for the reactor tank base is based on the methodology used for ground floors in contact with the earth, outlined in CIBSE Guide A,
section 3.5.2, as follows.

2
r_ Afloor nr

B 0.5« Pfloor B 0.5%2m* (r + dwall)

deffectiveﬂow = dwull + Asoil(Rinternal + RConcrete + Rinsulution + Rexternal)

’

"f deffectiveﬂoor <B

Asoil ( nB’ )
Utioor = 2—; In +1
Jtoor B’ + deffectiveﬂom deffectiveﬂuw

"f deffectiveﬂoor =B

U _ Asoil
floor = 0 457B" + deffectiveyay

Soil thermal conductivity was assumed to be 2 W/(m.K) as per Table 3.14, section 3.5.2, CIBSE Guide A.

Thermal energy loss through the reactor tank fabric was calculated for each hour, for each day in a year, based on the minimum external air temperatures (Tou)
recorded at Cork Airport, for each hour over the period 1988-2017 to give a conservative estimate of fabric heat loss.

The total fabric thermal energy loss of all AD tanks requires an estimate of the total number of AD tank to be built. The number of AD tanks was estimated by
specifying a given organic loading rate (OLR) in kgVS/m?/day for the AD tanks. Based on the mass of feedstock (draff, thin stillage, and thick stillage) available
per day, the total volume of all AD tanks can be calculated for each day (Eq. B-5):

Equation B-5

XVSFeed
*
(mFeedDaily 100 )

VADDaily = OLR

As the amount of feed available per day fluctuates, the maximum daily volume required was chosen in order to give a conservative estimate of the total AD tank
volume required. The total number of AD tanks required (N,,) was then calculated by dividing the total tank volume required by the volume of a single AD tank
(5,000 m3).

Thermal energy is also required to evaporate water within the AD reactor tanks as the biogas produced is saturated with water vapour. The total daily production
of biogas (VBioguSsrp) at STP (0°C, 101.325kPa) was calculated based on the BMP (Lcna/kgVS) of each feedstock type, an assumed methane concentration of

55%vol, and the total mass of volatile solids of each feedstock fed to the AD reactor in a day as per Equation B-6.

Equation B-6
(SThinADmThinXVSThinBMPThiTl + SThickADmThiCkXVSTnickBMPThiCk + SDraffADmDTaffXVSDraffBMPDmff)
VBinaSSTP = 1000 = 0.55

The volume of biogas at an operating condition (Vg;ogqs opmtmal) of 37 °C and 2 kPa above atmospheric pressure (103.325 kPa) was then calculated (Eq. B-7):

Equation B-7

_ PSTPVBiogass-rp " TOperational

VBiogaSDperational - TSTP PO ” .
perationa

As the biogas produced in the reactor is a saturated mixture of biogas and water vapour, the saturation pressure (p,,.) of the water vapour was calculated as per
ASHRAE Fundamentals, Section 1.8, Equation 6, using the temperature of the digester (K) as outlined in Equation B-8:

Equation B-8

c
Poat = e(T1+cz+c3'r+c412+cs'r3+c6 In(r))

The values of coefficients used in Equation B-8 are shown in Table B-2.

Table B-2. Coefficients used in saturation vapour pressure of water.

C -5.8002206E+03
C, 1.3914993E+00
Cs -4.8640239E-02
C, 4.1764768E-05
Cs -1.4452093E-08
Cs 6.5459673E+00
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The total mass of water vapour contained in the biogas produced per day (quterbiagas) was calculated using Equation B-9 under the assumption that water
vapour behaves as an ideal gas:

Equation B-9
m _ VBiugasDu”y
Wateriogas — psut.Rwater « (Tap + 273.15)

(kg)

Within Equation B-9, Ruaer is the universal gas constant for water (0.461 kPa.m?/kg.K).

The energy required to evaporate the water contained in the saturate biogas was calculated using the specific enthalpy of water evaporation at the AD reactor
temperature as per Equation B-10. Values for the specific enthalpy of water evaporation (EWMTEW) were sourced from ASHRAE Fundamentals 2017.

Equation B-10

EWaterE,,ap = mwaterbiogas * hfg@T AD (k])

The thermal energy required to heat the incoming feed (Eyqy,,,,) Was calculated for each feed stream (Draff, thin stillage, and thick stillage) individually using
Equation B-11:

Equation B-11
Eheatfeed = Myeea * Cszo@TFeed * (Tap = Treea)  (K))

The specific heat capacity of each feed stream was assumed to be that of water at the given temperature of the feed stream, sourced from CIBSE Guide: A
Concise Guide to Building Services Engineering. The temperature of each feed stream was based on data sourced from the distillery SCADA system. As an initial
estimate, the temperature of draff was assumed to be 78 °C, thin stillage was assumed to be at a temperature of 80 °C, and thick stillage was assumed to be at a
temperature of 90 °C.

The total annual thermal energy demand of the AD plant was assumed to be met through the combustion of some of the biogas produced, the boiler efficiency
was assumed to be 80%. Based on this, the total annual net energy production of the AD plant (Ey;,gqs, ;) Was calculated (Eq. B-12).

Equation B-12
NAD * EFabric + EWaterEmp + EHeatpeed
Ebiu.’]asNet = Ebi"gaSGrnss - 0.8

References
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Appendix C: Fugitive Methane Emissions

Table C-1. Fugitive Methane Emissions.

Fugitive methane emissions (% Total CH, Production) Digestate Storage  Source
29 Open (Delre et al., 2014)
31 Not Specified (Flesch et al., 2011)
1.8 Not Specified (Dieterich et al., 2014)
1.0 Not Specified (Adams and McManus, 2019)
3.8 Not Specified (Groth et al., 2015)
34 Not Specified (Hrad et al., 2015)
14 Closed (Fredenslund et al., 2018)
1.9 Closed (Fredenslund et al., 2018)
8.3 Open (Fredenslund et al., 2018)
33 Closed (Fredenslund et al., 2018)
1 Not Specified (Poeschl et al., 2012)
0.4 Closed (Scheutz and Fredenslund, 2019)
1.8 Closed (Scheutz and Fredenslund, 2019)
2.6 Closed (Scheutz and Fredenslund, 2019)
0.7 Closed (Scheutz and Fredenslund, 2019)
0.6 Closed (Scheutz and Fredenslund, 2019)
2.6 Closed (Scheutz and Fredenslund, 2019)
1.6 Closed (Scheutz and Fredenslund, 2019)
0.6 Closed (Scheutz and Fredenslund, 2019)
45 Closed (Scheutz and Fredenslund, 2019)
2.6 Closed (Scheutz and Fredenslund, 2019)
8.6 Closed (Scheutz and Fredenslund, 2019)
21 Open (Scheutz and Fredenslund, 2019)
2.6 Open (Scheutz and Fredenslund, 2019)
31 Not Specified (Mathieu Dumont et al., 2013)
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Appendix D: Land Bank Calculation

Nomenclature Description Unit
Mg, Mass of nitrogen (N) application allowed in electoral division (ED) *j” kg
Mpep; Mass of phosphorous (P) application allowed in electoral division (ED) “j” kg
Xrrvp Fertiliser replacement value of phosphorous (P) %
Xrrvy Fertiliser replacement value of nitrogen (N) %
Myigestate Mass of digestate produced kg
XN gigestate Nitrogen (N) content of digestate %
Xp gigestate Phosphorous (P) content of digestate %
Myigestate,j Mass of digestate sent to electoral division (ED) “j” kg
d; Distance from anaerobic digestion plant to electoral division (ED) “j” km
Mco2 Digestateryansport Mass of COeq emissions associated with digestate transportation kg

The total land area required for the spreading of digestate was calculated in accordance with S.I. 605 of 2017 (Government of Ireland, 2017) using the
methodology outlined in (Department of Agriculture Food and the Marine and Department of Housing Planning and Local Government, 2017) applied to each
parcel of land in the vicinity of the AD plant. For the purpose of this work data on total livestock population and land use in electoral divisions (EDs) in Ireland
was sourced from the Census of Agriculture (Central Statistics Office, 2012).

The maximum allowable mass of biologically available phosphorous to be spread on arable land is based on a soil P index of 3 for as per S.I 605 of 2017
(Government of Ireland, 2017) and will result in a conservative estimate of the mass of phosphorous that could be applied to each ED. The amount of nitrogen that
can be applied to arable land is based on a soil N-Index of 1 for the cultivation of barley (Government of Ireland, 2017).

The total amount of nitrogen (mNEDj) and phosphorous (mPED]_) that can be spread on land within each electoral division (j) is found by the division of the total
mass of N and P allowed by the biologically available share of nitrogen and phosphorous in the digestate. The phosphorous availability (Xzzy,) was taken to be
100% (Government of Ireland, 2017). No default availability of N is available for digestate in Ireland, values of bioavailable N content in digestate (also termed
fertiliser replacement value Xggy, ) found in the literature range from 24-90% of N content in digestate (Table D-1). The average fertiliser replacement value of
digestate found in literature is 61.7%, as no definitive values for the fertilizer replacement value of digestate (Xygy,,) exist for Irish conditions a value of 60% based
on values assessed in literature will be used.

Knowing the mass of digestate produced (mg;geseqce) and nitrogen (Xy digesme) and phosphorous (Xp digesme) content of the digestate, the location of where to
spread the digestate can be determined. The problem can be formulated as a linear optimisation model with the goal of minimising total tonne-kilometres of digestate
hauled with the decision variables being the mass of digestate (m;gestate,;) t0 be hauled to each ED (Eq. D-1). Minimising the total tonne-kilometres hauled will
minimise the energy consumption and GHG emissions associated with road transportation of the digestate. The distance from each ED to the AD plant (d;) was
calculated using road network data from Open Street Maps using QGIS software. The optimisation problem was solved in the software package GNU Octave.

Equation D-1
n

min: t. kmDigestate = Z mdigestate,j' dj
j=i

n
E mdigestate]- = mdigestatemml
=1

n
2 mdiHEStatej'XNdigestate - mNdigestate

=
n

z mdiHEStatej'Xpdigestate = deigestate
=1

mdigesmtej' XNdigestate = mNEDj

. <
mdlgesmtej'xpdigestate - mPEDj

mdigesmtej =0

The CO,eq emissions associated with the transportation of digestate (mcozmgemmmmm) to each ED was calculated based on the mass of digestate sent to each
ED and the distance to each ED. The GHG emissions associated with the transportation of digestate will contribute to Scope 3 GHG emissions.
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Table D-1. Fertiliser Replacement Value of Digestate.

S9

Material Fertilizer Replacement Value of N (%)  Source
Digestate 65 (Leinonen et al., 2018)
Cattle Slurry 40 (Wall and Plunkett, 2016)
Digestate 80 (Dieterich et al., 2014)
Digestate 80 (Lukehurst et al., 2010)
Digestate 65 (De Vries et al., 2012b)
Digestate 75 (De Vries et al., 2012b)
Digestate 62 (De Vries et al., 2012a)
Digestate 45 (De Vries et al., 2012a)
Digestate 59 (Rigby and Smith, 2014)
Digestate 76 (Rigby and Smith, 2014)
Digestate 68 (Rigby and Smith, 2014)
Digestate 85 (Rigby and Smith, 2014)
Digestate 60 (Baral et al., 2017)
Digestate 64 (1. Sigurnjak et al., 2017)
Digestate 71 (1. Sigurnjak et al., 2017)
Digestate 69 (lvona Sigurnjak et al., 2017)
Digestate 55 (De Notaris et al., 2018)
Digestate 41 (De Notaris et al., 2018)
Digestate 24 (De Notaris et al., 2018)
Digestate 86 (De Notaris et al., 2018)
Digestate 65 (De Notaris et al., 2018)
Digestate 39 (De Notaris et al., 2018)
Digestate 65 (De Notaris et al., 2018)
Digestate 40 (Cavalli et al., 2016)
Digestate 37 (Cavalli et al., 2016)
Digestate 62 (Cavalli et al., 2016)
Digestate 60 (Jensen, 2013)
Digestate 90 (Jensen, 2013)

100 4
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60
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Figure D-1. Fertilizer Replacement Value of Digestate.
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Appendix E: Replacement of Synthetic Fertiliser

Nomenclature Description Unit

MNcan pepiaced Mass of nitrogen (N) contained in calcium ammonia nitrate (CAN) which is replaced by digestate kg

M gestate Mass of nitrogen (N) contained in digestate Kg

XNy Nitrogen (N) fertiliser replacement value of digestate %
SEcancos Specific CO.eq emissions associated with the production of calcium ammonia nitrate (CAN) kgCO.eq/kgN

MPryipiesupergepiacea  Mass of phosphorous contained in triple super phosphate that can be replaced by digestate kg

MPpigestate Mass of phosphorous contained in digestate kg

SETriptesupercos Specific CO.eq emissions associated with the production of triple super phosphate kgCO,eq/kgP,Os

SEpco, Specific CO.eq emissions associated with the production of synthetic phosphorous kgCOqeq/kgP

The total mass of nitrogen contained in CAN could be replaced by using digestate (mNcawp,,,,...) Was calculated according to Equation E-1:

Equation E-1

= *
mNCANReplaced mNDigestate XNFRV

The mass of CAN replaced is calculated based on the nitrogen content of CAN of 27.5%. The CAN used in Ireland is assumed to be produced in Europe, the
GHG emissions associated with the production of CAN in Europe (SECANCOZ) was taken to be 8.03 kgCO.eq/kgN (Kool et al., 2012). The emissions of GHGs

associated with the production of CAN used in other literature are outlined in Table E-1.

The main source of phosphorous in Ireland is 18-6-12 (N-P-K) fertiliser (Dillon et al., 2018). The phosphorous is assumed to be present in the form of triple
super phosphate. The total mass of phosphorous that can be replaced by digestate produced in an AD plant processing whiskey by-product was calculated assuming
that 100% of the phosphorous present in the digestate was bioavailable, as outlined in S.I 605 (Government of Ireland, 2017). The total mass of synthetic
phosphorous that can be replaced by digestate (mPr, e Superreplace ) from the AD plant was calculated as per Equation E-2:

Equation E-2

mPTTiPle SuperReplaced — mPDigestate

The triple super phosphate used in Ireland was also assumed to be sourced from mainland Europe, GHG emissions associated with the production of triple super
phosphorous (SEryip;e Superwz) were found to be 0.36 kgCO,eq/kgP,0s (Kool et al., 2012). Conversion of 1 kgP,Os to 1 kgP was done through multiplication by

0.436 (Wall and Plunkett, 2016), thus the GHG emissions associated with the production of synthetic phosphorous (SEPCO2 ) were 0.15696 kgCO,eq/kgP. Alternative
GHG emissions associated with the production of triple super phosphate are shown in Table E-1.

Table E-1. GHG emissions associated with synthetic fertiliser production.

Fertiliser Unit CO; (kg) CH, (kg) N2O (kg) COeq (kg) Reference

CAN kgN 2.66 0.00174 0.0134 6.697 (O’Brien et al., 2012)

CAN kgN - - - 7.11 (Donal O’Brien et al., 2014)
CAN kgN - - - 5.164 (D. O’Brien et al., 2014)
Triple Superphosphate kgP205 1.67 0.00245 0.00003 1.740 (O’Brien et al., 2012)
Triple Superphosphate kgP205 - - - 1.86 (Donal O’Brien et al., 2014)
Triple Superphosphate kgP205 - - - 1.926 (D. O’Brien et al., 2014)

In the case of synthetic fertiliser, transportation from production facilities in mainland Europe was assumed to consist of the following stages; transportation from
a production facility to a port, sea transport from a port to Ringaskiddy Port Co. Cork (Ireland), land transportation within Ireland. Synthetic fertilizers were assumed
to be produced in The Netherlands, internal transportation within The Netherlands is outlined in Table E-2, consisting of 56km of road transportation, 2 km of rail
transportation, and 19 km of maritime transportation.

Table E-2. Transportation distances for fertiliser.

Origin Destination Truck (km) Train (km) Inland Ship (km)  Maritime Ship (km) Reference
NL NL 56 2 19 - (Durlinger et al., 2017)

Synthetic fertilizers are then assumed to be transported to Ringaskiddy by bulk carriers, the sea voyage was assumed to be over a distance of 1163 km. The
specific CO.eq emissions of each transportation phase in terms of kgCO,eq/t.km are; 0.1878 kgCO,eq/t.km for road transportation, 0.0304 kgCO,eq/t.km for rail
transportation, 0.0188 kgCO.eq/t.km for water-based transportation with the Netherlands, and 0.00544 kgCO.eq for maritime transportation between The
Netherlands and Ireland.

Average transportation distance of goods when carried as road freight within Ireland was taken to be 56 km in 2017 based on data from (Durlinger et al., 2017).
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Appendix F: GHG Emissions Associated with Fertiliser Replacement and Digestate Use

S13

Nomenclature Description Unit
TN, 0N fertitiserpipoe Mass of direct N,O-N emissions from synthetic fertiliser application kgN,O-N
mNFertilisersyntheﬁc Mass of nitrogen from synthetic fertiliser applied to land kg

mNFertiliserorgamc Mass of nitrogen from organic fertiliser applied to land kg

EFlSynthetic
EF, lorganic
MNyoiatitised
Fracgusp
Fracgso
mN,0 — Npertuisermdirect‘/olamised
EF,
mNLeaChFertilise”r
I TACleach
MN,0 — Nrertitiser ppairec tLeach
EF;
mN,0 — N
mN,0
NDigestate
mDigestate-pomz
mNReplacement
XFRVN
X CAN
McANTotar
mC0, CANproduction
mCO0, CANRoad (NL)
druad (NL)
mCOZ CANyqi1 (NL)
drail (NL)
mC0, CANparge (NL)
dbarge (NL)
mCOZ CANseq (NL)
dsea (NL)
mC0, CANRoad (IRL)
droad (IRL)
mc0, FertiliseTspreading
GWPy,
XPDigestate
XFRVP
mPReplacement
mPZ 0Os Replacement
MTSPReplaced
mCOZ Phosphorousproduction
M0z 15 goga iy
mCOZ TSPrqil (NL)

MCO02 167, 0 rpe (NL)

Direct NO-N emission factor for synthetic nitrogen fertiliser
Direct NO-N emission factor for organic nitrogen fertiliser
Mass of nitrogen applied which is volatilised

Volatilisation factor for nitrogen from synthetic fertiliser
Volatilisation factor for nitrogen from organic fertiliser
Mass of indirect N,O-N emissions form volatilised nitrogen

Emission factor for the conversion of volatilised N to N,O-N

Amount of nitrogen fertiliser applied to land that is lost via leaving and run off.

The fraction of applied nitrogen that is lost via leaching and run off.
Mass of indirect N,O-N emissions associated with nitrogen
Emission factor for N20O-N arising from leached nitrogen

Mass of N,O expressed as the mass of nitrogen

Mass of N,O

Nitrogen content of digestate

Total mass of digestate

Mass of nitrogen in synthetic fertilizer replaced by digestate
Nitrogen (N) fertiliser replacement value of digestate

Nitrogen (N) content of calcium ammonia nitrate (CAN) fertiliser
Total mass of calcium ammonia nitrate (CAN) replaced

Mass of CO,eq from CAN production

Mass of CO,eq from CAN transportation via road in the Netherlands
Road transportation in the Netherlands

Mass of CO,eq from CAN transportation via rail in the Netherlands
Rail transportation in the Netherlands

Mass of CO,eq from CAN transportation via barge in the Netherlands
Barge transportation in the Netherlands

Mass of CO,eq from CAN transportation via sea from the Netherlands
Sea transportation from the Netherlands

Mass of CO,eq from CAN transportation via road in Ireland

Road transportation in Ireland

Mass of CO,eq from CAN spreading

Global warming potential of N,O

Phosphorous (P) content of digestate

Fertiliser replacement value of phosphorous (P)

Mass of phosphorous (P) replaced

Mass of P,Os replaced

Mass of triple super phosphate (TSP) replaced

Mass of COeq from phosphorous production

Mass of COeq from triple super phosphate from road transportation in the Netherlands
Mass of CO,eq from triple super phosphate from rail transportation in the Netherlands
Mass of COeq from triple super phosphate from barge transportation in the Netherlands

kgN,O-N/kgN
kgN,O-N/kgN
kgN
kgN/kgN
kgN/kgN
kgN,O-N
kgN,O-Nign
kgN
kgN/kgN
kgN,O-N
gN2O-N/kgN
kgN
kgN,O
kgN/kgwwt
kgwwit
kgN
%
%
kg
kgCO.eq
kgCO.eq
km
kgCO.eq
km
kgCO.eq
km
kgCO.eq
km
kgCO.eq
km
kgCO.eq
kgCO,eq/kgN,O
%
%
kgP
kgP,0s
kg
kgCO.eq
kgCO-eq
kgCO.eq
kgCO.eq
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Nomenclature Description Unit
MCO0;rgpe,. (viy Mass of CO,eq from triple super phosphate from sea transportation from the Netherlands kgCO.eq
mCO0;rgp,. o Mass of CO,eq from triple super phosphate from road transportation in Ireland kgCO.eq
MC02pigestateys, Mass of CO,eq arising from digestate use kgCO.eq
CO2pigestaterransport Mass of CO,eq arising from digestate transportation kgCOqeq

MC02 pigestate spreading Mass of CO,eq arising from digestate spreading kgCO.eq
mC0, Digestatepipect Mass of CO,eq from direct NoO emissions associated with digestate use kgCO.eq
mC0, Digestatemairect volatilisation Mass of COeq from indirect N,O emissions from volatilization associated with digestate use kgCO.eq
MC 02 gestatermaiect Leachin o Mass of CO,eq from indirect N,O emissions from leaching associated with digestate use kgCO»eq

Direct N,O emissions arise from, amongst other sources, the application of synthetic or organic fertiliser on managed agricultural soils. The total direct N,O-N
emission from agricultural land (mNZO_Nmesermrm) following the application of a mass of synthetic nitrogen fertiliser (mNFertmsersymhm) and/or organic

nitrogen fertiliser (mNFerti,iserwmc) application is calculated as per Equation F-1:

Equation F-1

mNZO_NFertiliserDirect = (mNFeTfi”SETSynthetic' EFlSynthetic + mNFertiliserO,ganic- EF Organic)

The specific emission factor for N2O-N for synthetic fertiliser (EFy, ,..) is taken to be 0.014 kgN,O-N/kgNappiiea (Duffy et al., 2019) when calculating N,O-
N emissions from the application of Calcium Ammonium Nitrate (CAN) as it is the predominant synthetic nitrogen fertiliser used in Ireland (Dillon et al., 2018).
The specific emission factor for N,O-N for organic fertiliser (EFlDrgm.C) is taken to be 0.006 kgNO-N/kgNappiica based on updates to the 2006 IPCC methodology
published in 2019. For the purpose of this calculation, organic fertiliser is digestate produced in the AD plant that is spread on agricultural land.

Indirect N,O emissions arise from the volatilisation of applied N to the air and the subsequent deposition of this volatilised N, along with N that is leached from
the ground following fertiliser application. Indirect NoO emissions are calculated in Ireland using the IPCC Tier 1 methodology (Duffy et al., 2019). The mass of
volatilised N (mNyqciisq) TOllowing the application of nitrogen fertiliser to land is calculated according to Equation F-2:

Equation F-2

mNVolatilised = (mNFertilisersynthetic * FraCGASF + mNFertilisero,«ganic * FraCGASO)

The volatilisation factor for synthetic fertiliser (Fracg,sr) in Ireland is 0.025 KgNvoiaitisea! KN appiied (DUfTy et al., 2019). In the calculations done by (Duffy et al.,
2019) for Ireland, indirect N,O emissions from the application of organic fertiliser are assumed to arise from the application of animal manure and the application
of sewage sludge. There are different volatilisation factors used in Ireland for manure (Fracg,so) (0.085 KgNvoratiisea/KgNappiied) and sewage sludge (0.13
kgNvotatilisea/ KN apptiea), the value of 0.085 kgNvoaiisea/ KgNappiica Will be used for digestate in this analysis. The emissions of N,O-N associated with volatilised N
from fertiliser application (mN,0 — Neertisiser s, directmauused) is calculated as per Equation F-3:

Equation F-3

mNZ mNVolatilised * EF4

0- NFe"miserIndiTECvalatizised -

The emission factor for the conversion of volatilised N to N,O-N (EF,) is taken to be 0.01 kgN2O-N/KgNyoraiiisea (DUfy €t al., 2019).
Indirect N,O emissions also arise from the fraction of N applied in fertiliser that is lost through leaching and runoff. The amount of nitrogen fertiliser applied to
land that is lost via leaving and run off (MmN cqcng,, .0, 1S CAlCUlated according to Equation F-4:

Equation F-4

mNLeaChpe»rtiliseT = (mNFertilisergymhetic + mNFertiliserngani,:) * FraCLeach

The fraction of applied nitrogen that is lost via leaching and run off (Frac;eqc) is taken to be 0.1 KgN eachea’KgNappiiea @S used for nitrogen fertiliser, per (Duffy
et al., 2019). The emission of N,O-N arising from nitrogen lost via leaching and runoff (inN,0 — NFertilisermdirecrmm) is calculated as per Equation F-5:

Equation F-5

mh, = MNpeqen * EF5

0 - NFertiliseTIndireCtLgach

The emission factor for N,O-N arising from leached nitrogen (EFs) is taken to be 0.0075 gN2O-N/KgN | eached (Duffy et al., 2019).
Conversion from the mass of N,O-N to the mass of N,O emitted is achieved using the following equation (Eq. F-6);
Equation F-6
N,0 = (mN,0 — N a4
mN,0 = (mN, ) * 28
The global warming potential of N,O (GWPy,o) used in the most recent submission from Ireland to the IPCC was 298 kgCO.eq (Duffy et al., 2019), this value

will be used in calculations in this work. The GWP of CH, used in this work is 25, also used in the most recent submission from Ireland to the IPCC was 298
kgCO.eq (Duffy et al., 2019).
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Total Mass of Digestate (KQuwwt): Mpigestateryrar
Nitrogen content of digestate (kgN/Kgww): XNDigestate

Mineral N replacement (KgNmin): Mg ptacoment = Migestatero,q; * XN pigestate * XFRVY
N content in CAN (%): Xy,

my
Total mass of CAN replaced (KQ): mcanp,0 = M
Ncan

Eertiliser Production
Specific emissions form fertiliser production: 8.03 kgCO,eq/kgN

Emissions associated with CAN production (kgCOzeq): MCO0s gy = MeANpgra * XI:SSN * 8.03
Fertiliser transportation from factory to port
Road Transportation NL (km): d,5qq (vz) = 56

Specific CO.eq emissions: 0.1878 kgCO,eq/t.km

_ McANTotal

Total road transportation COeq emissions for CAN (kgCO.eq): mCOZCANR e = 1000 dyoqa (v1y * 0.1878
Rail Transportation NL (km):d,q; (vi) = 2

Specific CO.eq emissions: 0.0304 kgCO,eq/t.km

Total rail transportation CO,eq emissions for CAN (kgCO.eq): mCOzmzvm” wn = % * dpqi vy * 0.0304
Inland water way NL (km): dyarge vy = 19

Specific CO.eq emissions: 0.0188 kgCO,eq/t.km

Total inland water transportation CO,eq emissions for CAN (kgCO,eq): mCOZCAng'Z wn = % * dparge w1y * 0.0188
Eertiliser transportation from port to port

Oversea water NL (km): dgeq (v = 1163

Specific CO.eq emissions: 0.00544kgCO,/t.km

Total oversea water transportation CO,eq for CAN (kgCO,eq): mCOzCANSm o = % * dgoq (vry * 0.00544
Fertiliser transportation from port to farm

Road transportation IRL (km): d,.o44 171y = 81

Specific CO,eq emissions of road transportation: 0.1878 kgCOeq/t.km

Total rod transportation CO,eq emission for CAN (kgCO,eq): mCOZCANROad(IRL) = % * droga qryy * 0.1878

Fertiliser Spreading on farmland
Specific CO.eq emissions of fertiliser spreading: 0.029676 kgCO,e0/KQfertiiser

Total CO,eq emissions from fertiliser spreading (kgCO,eq) : mCOZFertilisersmading = Meangora * Xrlvg;w x 0.029676

Fertiliser application to farmland

Direct N,O emissions
Total N,O emitted from CAN application (kgN,O): mN2OFertiliserSymhmcDimt = MeaNpor *

Direct emission of GHG from CAN application (kgCO,eq):
=mN, * GW Py,

XN 44
CAN o EF1 k=
100 Synthetic 28

mCO. - Orertili )
2 Fertiliser syntheticpy;ypcr Fertilisersynthetic pjrocr

Indirect N,O emissions
Total N,O emissions emitted from volatilisation associated with the application of CAN fertiliser (kgN;0):

Ncan 44
mN, OF”””S”lndirect,volatilisation = McanNrota 100 * Fracgasp * EFy * 2_8
Indirect emissions of GHG from volatilisation of CAN (kgCO.eq):

= mN, * GWPNZO

mCO, . Orertiti . e
2Fertlllsersymheticmdirecmulamimmm Fertiliser indirect,volatilisation

Total N,O emissions emitted from leaching associated with the application of CAN (kgN,0):
44

MN,Opereisi =m *XNCAN*Frac * EFg % —
2¥Fertiliser indirect, leaching CANTotal ~ 1000 Leach 57928

Indirect emissions of GHG from leaching of synthetic fertiliser (kgCO.eq):
=mN, * GW Py,0

mCO, . Orertiti . .
2Fernllsersymheu-cmdim”vleachmg Fertiliser indirect,leaching

Box F-1. Calculation of the Avoided GHG Emissions Associated with CAN Replacement.
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The mass of GHGs that would be emitted by CAN replaced by digestate is calculated as per Equation F-6.

Equation F-6 GHG Emissions of CAN Replaced by Digestate.

m =mCO +mCO. + mCO + mCO +): mCO, +mCO
C020aN 4y oidea 2CANproduction 2CANRoad (NL) 2CANyqi1 (NL) 2CANparge (NL) ) 2CANseq (NL) 2CANRoad (IRL)
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+mCO . +mCO . +mCO . +mCO .
ZFertlllSETSprea‘“ng ZFertlllsersy”th”icDirect ZFer“llsersyntheficlndirect volatilisation ZFEr“llsersy"th"iclndirecr leaching

Total Mass of Digestate (KQww): Mpigestateroar

Phosphorous content of digestate (kgP/kguw): X, Ppigestate

Mineral P replacement (KgPmin): M popiacement = Mbigestate pypq * Xbpigestate * XFrvp
Mass of P,0s Replaced (kgP.O * 2.291

Mass of Triple Super Phosphorous Replaced (kgTSP): MISP popacea =

m =m,
5) P205 Replacement PReplaced
1
m *—
PZOSReplaced 0.45

Eertiliser Production
Specific emissions form fertiliser production: 0.15696 kgCO.eq/kgP

Emissions associated with phosphorous production (kgCO,eq): MCO; pposphorousproguction. — MPreplacea * 1.5696
Eertiliser transportation from factory to port
Road Transportation NL (km): d,oqq (vi) = 56
Specific CO.eq emissions: 0.1878 kgCO,eq/t.km
m

Total road transportation CO,eq emissions for TSP (kgC02q): mCOzygp, = % * dyoqq (viy * 0.1878
Rail Transportation NL (Km):d,q; vy = 2
Specific CO.eq emissions: 0.0304 kgCO,eq/t.km

m
Total rail transportation COeq emissions for TSP (kgCOz£q): mC Oy 1) = W * dyai (v * 0.0304
Inland water way NL (Km): dqrge vy = 19
Specific CO.eq emissions: 0.0188 kgCO,eq/t.km

m

Total inland water transportation CO,eq emissions for TSP (kgCO.eq): mCO, TSPbarge (N) = % * dparge (v * 0.0188
Eertiliser transportation from port to port
Oversea water NL (km): dgeq vy = 1163
Specific CO.eq emissions: 0.00544 kgCO,/t.km

m
Total oversea water transportation COseq for TSP (kgCO2£q): mC Oy gy sy = % % dgoq u1y * 0.00544

Fertiliser transportation from port to farm
Road transportation IRL (km): dyqq4 (r1y) = 81
Specific CO,eq emissions of road transportation: 0.1878 kgCO,eq/t.km

Total rod transportation CO,eq emission for TSP (kgCO,eq): mCO0, TSProad Ry = % * dyoga rr) * 0.1878

Fertiliser Spreading on farmland
Specific CO.eq emissions of fertiliser spreading: 0.029676 kgCO,eq/KJteritiser
Total CO,eq emissions from fertiliser spreading (kgCO,eq) : mCO, Fertiliserspreaing

x 0.029676

= mTSPReplaced

m, =mCO
CO2pposphorous apoigea 2Phosphorousproduction

Box F-2. Calculation of GHG Emissions Associated with Phosphorous Replacement.

The mass of GHGs that would be emitted by phosphorous replaced by digestate is calculated as per Equation F-7:

Equation F-7

+ mCOZTSPRoad(NL) + mCOZTSPT +): mCOzTSPSE

oy T MCO2rgp oy

+mC0, Fertiliser spreading

mcCO
a (NL) + 2TSPRoad (IRL)
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Total Mass of Digestate (Kww): Mpigestaterqea:
Nitrogen content of digestate (kgN/Kgwwt): XNDigestute
Mineral N replacement (kgNmin): M eptacement = Mbigestateqopy; * XNDigestate

DIGESTATE

GHG Emissions from Digestate Transport to Land

Transportation of digestate to farmland (t.km) : t. kmp;geseace

Specific CO,eq emissions of road transportation: 0.1878 kgCO,eq/t.km

Mass of COeq from digestate haulage to land (kgCO.eq): m¢¢-, Digestateryanspore — t.kmp;gersiqe * 0.1878

GHG Emissions from Digestate Spreading on Land

Specific CO.eq emissions of fertiliser spreading: 1.1492 kgCO.,eq/KQpigestate

Mass of CO.eq from spreading of digestate (kgCO,eq): MCO2pigestatesyrnginy — TDigestaterota * 1.1492
preading

Digestate Application to Farmland

Direct N,O Emissions
Total N,O emitted from of digestate application (kgN2O): MmN, Opigestatepirece = Mpigestaterorar * XNpigestate * EF10rganic *
Direct emission of GHG from digestate application (kgCO.eq): MCO0; i pestatepireee = MHV20bigestatepiree * GW Pnyo

44
28

Indirect N,O emissions
Total N,O emissions emitted from volatilisation associated with the application of digestate (kgN2O):

* Fracgpso * EFy * =

N
Mz 28

. = . *
ODlgesmte Indirect,volatilisation Mpigestaterotal XNDQZS‘“”

Indirect emissions of GHG from volatilisation of digestate (kgCO,eq):
=mN, * GW Py,

mcCoO, .. Op;
2 Digestatemgirect volatilisation Digestate i girect volatilisation

Total N,O emissions emitted from leaching associated with the application of digestate (kgN,O):

. = : * * * * —
mNZODLgesra:elndirem leaching  TT'Digestaterotal XNpigestate * FTCreacn * EFs 28

Indirect emissions of GHG from leaching of digestate (kgCO-eq):
=mN, * GWPy.o

mcCO,,,. Op;
2 Digestatendirect,Leaching Dlgesmtelndirect,leaching

Box F-3. Calculation of the GHG Emissions Associated with Digestate Use.

The GHG emissions arising from the use of digestate on land (mCOZDigestateUSe) for barley cultivation are calculated according to Equation F-8.

Equation F-8

m =m
CozDigestateUse COZDigestateTmnspmt
References

[1] Dufty P, Black K, Hyde B, Ryan A, Ponzi J, Alam S. Ireland” s National Inventory Report. Johnstown Castle, Wexford: 2019.

m, +mCO, . +mCO, +mCO,,.
C02Digestute5prmding 2Digestateprect 2 Digestateairectvolatilisation 2Digestatengirect,Leaching
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Appendix G: Animal Feed Production

Nomenclature Description Unit
Xpum; Dry matter content of material “i” Y%wwt
Xuc; Moisture content of material “i” %wwt
Xep; Crude protein content of material “i” %DM
Xcr; Crude fat content of material “i” %DM
Xr; Fibre content of material “i” %DM
Mgyrup towet grain ~ SYrup addition to wet grain kgwwit
M6 i1y Daily production of draff and cake maize mixture kgwwt/day
Rsyrupmoistcran RO OF syrup addition to moist grains Na
Muyoist GrainTorar 10tal Mass of moist grain produced kgwwit
GEp, Gross energy of material “m;” MJ/kg
oMd; Organic matter digestibility of stream “1” %
ED; Energy digestibility of stream “i” %
DE; Digestible energy of stream “i” MJd/kg
ME; Metabolizable energy of stream “i” MJd/kg
q; Quotient of metabolizable energy to gross energy of stream Na
kl; Milk production energy use efficiency %
km; Maintenance energy use efficiency %
kf; Fate energy use efficiency %
kmf; Combined maintenance and fat energy use efficiency %
UFL; Energy content of feed product “i”. Unite forragere lait Na
Rsyrupppe Ratio of syrup sent to dried distillers grains (DDG) Na
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Draff Thick Thin

m1 m2 m3
b
m4
Mix 1 < Centrifuge » Mix 2
m5
m8
mé MVR
m13

m7 / m9
Moist Grain Mix 3 Syrup > Tanker

m12

m10
m11

Mix 4

Figure G-1. Feeds recovery plant flowchart.

(‘DDG’: Dried Distillers” Grains. ‘MVR’: Mechanical Vapour Recompression. ‘m1’: Draff. ‘m2’: Thick Stillage. ‘m3’: Thin Stillage. ‘m4’: Cake Maize from
Centrifuge. ‘m5’: Centrate from Centrifuge. ‘m6’: Draff and Cake Maize Mixture. ‘m7’: Wet Grains Exported from Site. ‘m8”: Thin Stillage and Centrate Sent to
Mechanical Vapour Recompression (MVR) Evaporator. ‘m9’: Syrup Added to Wet Grains. ‘m10’: Wet Grains Sent to Dried Distillers” Grains Mixer. ‘M11°:
Syrup Sent to Dried Distillers Grains Mixer. ‘m12’: Syrup Exported from Site. ‘m13”: Syrup production from MVR)

Information regarding the composition of the distillery by-products and the distillery feed products are outlined in Table G-1.

Table G-1. By-product Parameters.

Parameter Symbol Unit

Dry Matter Content Xpm Yowwt
Moisture Content Xy Yowwt
Ash Content X, %DM
Crude Protein Content Xcp %DM
Crude Fibre Content Xcr %DM
Fat Content Xp %DM

G.1. Centrifuge processing of thick stillage

Thick stillage is centrifuged to produce cake maize and centrate. The cake maize is mixed with draff in the production of moist grains, the centrate is mixed with
thin stillage and is sent for processing in the MVR units for the production of syrup. Conservation of; total mass, dry matter, and water are assumed as per Equation
G-1.

Equation G-1
m4 +m5 =m2

XDM XDM XDM

4- 4 . 5 — X 2

™70 T ™ 100 ~ ™ 100

XMC XMC XMC

4. 4 5. 5 — . 2

%700 T™ 700 ~ ™= 100
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The mass of maize cake produced was calculated as per Equation G-2.
Equation G-2

XpMm,
100 °

MCy

Xpm, XMcC,
2 my
__ _100 ' 100
100
my=m, —

X Xpmy XMCs
DMs __ 100 100
100 XMCy

100

The dry matter content of maize cake (Xpy,) was taken to be 29.103%wwt based on data from the onsite laboratory at the distillery. No direct information on
the volatile solid, ash, protein, fibre, or fat composition of the maize cake was available. The percentage of dry matter comprised of volatile solids, ash, protein,
fibre, and fat were assumed to be the same as the dry matter composition of thick stillage.

The mass of ash, protein, fibre, and fat in the Cake Maize (m4) were calculated as per Equation G-3
Equation G-3

X X
Cake Maize Ash = m4.,-2Ms A

100 "100
Cake Maize Protein = m4. ﬁ%"g )1(3’8
Cake Maize Crude Fibre = m4.);l:)1‘64 )1(81:;
Cake Maize Fat = m4. ﬁ%"g ) f(%

The mass of centrate (ms) exiting the centrifuge was calculated as per Equation G-4.
Equation G-4

XDM4XMC2m
XpM, m, — —100 “100 2
100 "2 XMcs

100

X Xpmy XMCs
DMs __ "100 100
100 XMCy

100

ms =

The dry matter content of centrate (Xpms) was taken to be 4.0417%wwt based on data from the onsite laboratory at the IDL facility. No direct information on
the volatile solid, ash, protein, fibre, or fat composition of the centrate was available. The percentage of dry matter comprised of volatile solids, ash, protein, fibre,
and fat were assumed to be the same as the dry matter composition of thick stillage.

The mass of ash, protein, fibre, and fat in the centrate were calculated as per Equation G-5.
Equation G-5

X X
Centrate Ash = m5.22Ms Z4s

100 "100
Centrate Crude Protein = ms_)i%’”g )1(612)5
Centrate Crude Fibre = ms_)i%’”és )I(BF(;
Centrate Fat = ms,)ilz)’:'; . f(;;)

G.2. Mix 2: Combination of Thin Stillage and Centrate

The total combined mas of thin stillage and centratate, dubbed as MVR feed (m8), was calculated as per Equation G-6.
Equation G-6

m5 +m3 =m8

The composition of the MVR feed (m8) was calculated as per Equation G-7 to Equation G-12.
Equation G-7

(mS.% +ms. Kby
100 100
m3 +m5

XDMS =

)*100
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Equation G-8
(ms. 50+ ma 752)
Xuc. = 100
MCq m3 +m5 *
Equation G-9
Xpms Xas Xpmz X4z
XAE — (m i 100X' 100 3'X100 100) +100
m5.22M4s 4 ;3. 22Ms
100 100
Equation G-10
(s~ s+ M350 5)
Xepy = G, XPMs o Komg *100
100 100
Equation G-11
(ms. g o+ m3. 2 )
Kery m5.%+m3.% *100
100
Equation G-12

100

( S.XDM5.E+m .XDMgﬁ)
_ 100 100 100 100
Koy = m5. M5 | 43 XoMs +100
" 100 " 100
The total mass of; dry matter, ash, protein, fibre, and fat in the MVR feed were calculated as per Equation G-13

Equation G-13

XDM XA
MVR Feed Ash = . 8 =2
VR Feed As m8 100 "100

Xpu X,
MVR Feed Crude Protein = m8. -2 _CPs

100 "100
XDM XCF
MVR Feed Crude Fibre = m8. 8 —%
ee ruae ribre m 100 " 100
XDMS XFE
MVR Feed Fat = m8. 100 100
G.3. MVR Syrup Production

The total mass of syrup produced in the MVR units was calculated using a dry matter balance on the MVR units under the assumption that all of the incoming
dry matter contained in the MVR feed was contained in the produced syrup. The total mass of syrup (m13) produced was calculated according to Equation G-14.
Equation G-14

mi3 = 7(m8'%)

XDpMq3
100

The dry matter content of the syrup was specified exogenously and was taken to be 32.316%wwt based on data from the distillery.

The total mass of dry matter, ash, crude protein, crude fibre, and fat in the syrup is the same as the total incoming mass of each constituent in the MVR feed. The
composition of the dry matter contained in the syrup in terms of; ash, crude protein, crude fibre, and fat can be expressed using Equation G-15 to Equation G-18.
Equation G-15

XpMs Xag Xpm3 X4z
. —=+m3.——
_( 100 100 100 100
Xy, =
13

m5.X2Ms | 13 XoMs #1100
100 100
Equation G-16

Xpms Xcpg Xpms ch3)
( ' 100 " 100 +ma3. 100 100
m5.X2Ms 4 13 XoMs
100 100
Equation G-17

X, CPyz =

* 100

XpMs XcFs Xpms XcFs

—.——=+m3.——

X _( 100 100 100 100
CF13 —

* 100
X X
m5. 224 4 ;3. 22Ms
100 100
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Equation G-18
(5~ T + 3T o)
XF13 = 5.XDM5 + m3.XDM3 *100
100

Syrup is to be prioritised for use in wet grain production, surplus syrup will then be used in DDG production if DDG production occurs. Finally, if the surplus
syrup is available following DDG production it will be exported from the site as syrup.

G.4. Mix 1: Combination of Draff and Cake Maize
The total mass of draff (m1) and cake maize (m4) was calculated as per Equation G-19.

Equation G-19
m4 +ml =mé6

The dry matter content, moisture content, ash, crude protein, crude fibre, and fat content of the mixture of draff and cake maize is calculated using Equation
G-20 to Equation G-24.

Equation G-20

(m4.% +m XDMl)

100 1 100
ml+ m4

*100

XDME =

Equation G-21

Xpm, Xa Xpm, Xa
(ma. Tts Zs .y Touts X )

X, = 100 " 100 ' 100 100 +100
X X
¢ m4a, 24 4 1 22N
100 100
Equation G-22
(ma e S +m1. 70 )
Xepg = Xty Xout; =100
m4.—=+ml.—=
100 100
Equation G-23
( 4.XDM4.XCF4 1.XDM1.XCF1)
_ 100 " 100 100 " 100
XCFs - Xpmy Xpmy *100
m4.—2+ml.—=*
100 100
Equation G-24
(ma. e e+ mL o )
Xp = * 100
Fe 4 Xpm,y mil XpMmy

" 100

The total mass of ash, crude protein, crude fibre, and fat contained in the mixture of draff and cake maize are calculated using Equation G-25.

Equation G-25
XDM6 XA6

5700 "100

m Xpms Xcpg
"100 100

m Xome Xcr,
"100 "100

m Xpms Xrg
100 100

G.5. MVR Syrup to Wet Grain

The mass of syrup (m9) added to the mixture of draff and cake maize was based on the average daily mass of syrup added to the mix of draff and cake maize,
divided by the mass of draff plus cake maize produced per day (Rsyrupp,is: crain) @S OUtlined in Equation G-26.

Equation G-26

_ msyrup to wet grain (kgWWt)

Rsyrupmoist 6rain = kgwwt

mﬁdatzy

The average mass of syrup added per kg of draff plus cake maize for the period of analysis was found to be 0.04689 kgwwt Syrup/kgwwt Draff plus cake maize.
The mass of syrup (m9) to be added to the mixture of draff and cake maize for the production of moist grain was calculated according to Equation G-27.
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Equation G-27
m9 =mé6 * RsyrupMaist Grain

As stated earlier, the use of syrup is prioritised for the production of moist grain, if the total mass of syrup produced (m13) is less than the mass of syrup required
for the production of moist grain (m9) then all of the syrup produced is used for the production of moist grain (m9 = m13).
The mass of ash, protein, fibre, and fat contained in the syrup stream sent to the mixture of draff and cake maize are calculated according to Equation G-28.

Equation G-28
XDM9 XA9

™9-700 " 100

Xom, Xcp,

m9-700 100

Xpm, Xcr,

m9-700 100

Xom, Xr,

m9-700 100

G.6. Mix 3: Moist Grain
The total mass of moist grain is calculated as per Equation G-29.

Equation G-29
Myoist Grain Totar = M6 + M9

The total mass of dry matter, as, crude protein, crude fibre, and fat contained in the moist grain is equal to the sum of each constituent contained in the incoming
mixture of draff and cake maize, combined with the incoming mass of syrup. The dry matter content of the moist grains for stream (m7 and m10) is calculated as
per Equation G-30.

Equation G-30

(mél LI " %)
100 100
mé6 + m9

Xpy, = «100

Ash content, crude protein, crude fibre, and fat content of the dry matter fraction in the produced moist grains are calculated according to Equation G-31 to
Equation G-34.

Equation G-31

( 6 Xpmg Xag XpMg XAg)
" 100 "100 " 100 "100
X, = * 100

Xpm, Xpm,
m6.—= +m9.—2
100 100

Equation G-32

Xpme Xcp, Xpmg Xcp
(m6. & —54m9.—2.—2
100 100 100 100

Xpm, Xpm
m6.—=2+m9.—2
100 100

* 100

Equation G-33

Xpme Xcr, Xpmg XcF
(m6. 6 =54 m9 —2,—2
100~ 100 100 100

XpMm, Xpm,
m6.—=2 4+ m9.—=2
100 100

* 100

Equation G-34

Xpmg XF XpMg XF.
(m6. 1006'1og+m9' 1009'F3)
= *
XF, P Xomg > Xowg 100
" 100

Current annual production of moist grains was found to be ca. 62,766 twwt/a. If the total mass of moist grain produced is found to be in excess of 64,617 twwta,
any surplus moist grains will be further mixed with syrup and dried to produce DDG (m10). In the event that the total combined mass of moist grain produced is
lower than 64,617 twwt/a then the entire mass of the produced moist grains will be exported from the distillery as moist grains and no further production of DDG
will occur.

The UFL of the produced moist grains can be calculated as per Equation G-35.

Equation G-35
Gross Energy moist grains (Stream m7) GE,,, = 17.3 + 0.0617X¢p, +0.2193X,, + 0.0387X.y, — 0.1867X 5y,
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Organic Matter digestibility stream m7 OMd, = 95.81 + 1.911X;r, — 2.54
Energy Digestibiltiy of Stream m7 ED; = OMd; — 3.5 + 0.046X¢p, + 0.155X,

Digestible Energy of Stream m7 DE, = GE7-%
. DE, Xcr, Xer,
Metabolisable Energy of Stream m7 ME, = (m) (86.38 — 0.099 * @ * 100 — 0.196 = W
100 100
_ _ ME,
Quotient Stream m7 q, = G_E7

Milk Ef ficiency Stream m7 kl, = 0.6 + 0.24(g, — 0.57)
Maintenance Ef ficiency Stream m7 km, = 0.287q, + 0.554
Fat Ef ficiency Stream m7 kf, = 0.78q, + 0.006

Combined Ef ficiency m7 kmf, = km M
i’ § "kfy + km; 0.5
UFL, = ME kly
= *
! 77712

G.7.Mix 4: DDG Production

If DDG is to be produced, additional syrup from the MVR stream (m11) will need to be mixed with the moist grains remaining after the export of moist grains
(m10). The mass of dry matter contained in syrup added to the most grains remaining for the production of DDG was calculated based on the annual mass of dry
matter contained in DDG produced minus the mass of dry matter contained in the remaining moist grains. The resulting ratio of 0.6296 kgDMsyrp/kKgDMwistcrain
(Rsyrupppe) 18 Used to calculate the mass of syrup added to the remaining moist grains, using a dry matter content of syrup of 89.7%wwt based on data from the
distillery. The mass of syrup added to the remaining moist grain (m11) for the production of DDG is calculated as per Equation G-36.

Equation G-36

XpMyg

m10.

mll = 100
DM13

100

* Rsyrupppe

The total mass of DDG produced is based on the sum of the dry matter contained in the remaining moist grains, plus the dry matter contained in the syrup used
for DDG production, divided by the dry matter content of the DDG as per Equation G-37.

Equation G-37
m10.22M0 4 17 T0Mu
100 100
XDM14
100

ml4 =

The ash content, crude protein, crude fibre, and fat content of the produced DDG are calculated as per Equation G-38 to Equation G-41.
Equation G-38

(0.7 T 4 . Mo T
Xa, = *100

Xpm
ml4.—=
100

Equation G-39

Xpmyy Xcp Xpmy; Xcp
(mlO.—“’.—10 +mll.—=. —1
100 100 100 100

Xepy, = 4. X,lj;.,,(;4 *100
Equation G-40
(m10750e. S + m11. T Z)
Xery, = mild. XLIOM(;4 100
Equation G-41
(m10. 72500, Soo+ mat e 20)
Xp, = %100

Xpm
14. 214
100

The UFL and UFV content of the produced DDG can be calculated as per Equation G-42.
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Equation G-42
Gross Energy DDG (Stream m14) GE,,, = 17.3 + 0.0617Xp , + 0.2193Xy , + 0.0387Xp,, — 0.1867 X5y,
Organic Matter digestibility stream m14 OMd,, = 95.81 + 1.911X.p , — 2.54
Energy Digestibiltiy of Stream m14 ED,, = OMd,, — 3.5 + 0.046X¢p , + 0.155Xy,,

ED
Digestibile Energy of Stream m14 DE,, = GE,,. 1054
Metabolisable E St 14 ME,, = (2£14) (86.38 — 0,099 « —Fi4_ 100 — 0,196 « — P11 _
etabolisable Energy of Streamm 1+ = (700 (86. . | Kasi, . | Fasi,
100 100
. ME,,
Quotient Stream m14 q,, =
GEy,

Milk Ef ficiency Stream m14 kl,, = 0.6 + 0.24(q,, — 0.57)
Maintenance Ef ficiency Stream m14 km,, = 0.287q,, + 0.554
Fat Ef ficiency Stream m14 kf;, = 0.78q44 + 0.006

. - kf14(1.5)
Combined Ef ficiency m14 kmf, = kmwm
14 14 .
kl
UFLy, = ME, , * 7—5

G.8. Syrup to Tankers

In the event that there is residual syrup left after moist grain production and DDG production, the remaining syrup (m12) is exported from site in tankers. The
mass of residual syrup produced is calculated as per Equation G-43.

Equation G-43
ml2 =ml3 —m9 —mll

The UFL of exported syrup (m12) can be calculated using Equation G-44.
Equation G-44

Gross Energy moist grains (Stream m12) GE,,, , = 17.3 + 0.0617X¢p , + 0.2193Xy,, + 0.0387Xp, — 0.1867X 5y,
Organic Matter digestibility stream m12 OMd,;, = 95.81 + 1.911X.p , — 2.54
Energy Digestibiltiy of Stream m12 ED,, = OMd,, — 3.5 + 0.046X¢p , + 0.155X,,

ED
Digestibile Energy of Stream m12 DE,, = GE,,. 1052
Metabolisable Energy of Stream m12 ME,, = DEy, (86.38 — 0.099 _Xers 100 0.196 « 0Pz _
9y 27\ 100 ' ' 1 — Xasti, ' 1 — XasHi,
100 100
. ME;,
Quotient Stream m12 q,, =
GE,,

Milk Ef ficiency Stream m12 kl,, = 0.6 + 0.24(q,, — 0.57)
Maintenance Ef ficiency Stream m12 km,, = 0.287q,, + 0.554
Fat Ef ficiency Stream m12 kf;, = 0.78q,, + 0.006

Combined Ef ficiency m12 kmf,, = km M
y 12 2 ) + kmy, <05
UFLy, = ME,, <12
= *
12 127712
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Appendix H: Feeds Recovery Plant Energy Consumption

Nomenclature Description Unit
EGasppe Natural gas demand to dry distillers dried grains (DDG) MWhg/a
nBoiler Boiler efficiency %

Egtectricitycentrifuge Electrical energy consumption of centrifuge MWh./a
Stk Share of thick stillage used in anaerobic digestion %

m, Mass of thick stillage kgwwt/a

Eptectricityprier Electrical energy consumption of dryer MWhe/a

My, Mass of DDG produced kgwwt/a

Mrnick total Total mass of thick stillage available kgwwt/a

Egtectricitypouor mut Electrical energy consumption of the pellet mill MWhe/a

Egiectricityyyr Electrical energy consumption of the mechanical vapour recompression (MVR) system MWhe/a

H.1. Thermal Energy Consumption of Feed Recovery plant for DDG production

The production of DDG requires the use of steam in the feeds recovery plant. Hourly data on total steam consumption of the feed recovery plant was obtained
from the SCADA system for the distillery, which measured the mass flow rate of steam in kg/hr used in each of the driers. The hourly steam pressure was also
obtained. Hourly steam consumption was calculated in kg/hr using the trapezoidal rule. The specific enthalpy of evaporation of steam based on the pressure of
steam used was used to calculated hourly thermal energy consumption. Hourly energy consumption in each drier was summed to give weekly total energy
consumption for all the driers combined.

The specific energy consumption per week of DDG drying was calculated by dividing the weekly thermal energy consumption of the driers by the weekly mass
of DDG produced. The specific energy consumption per tonne of DDG produced (on a weekly basis), and the total energy consumption per week are shown in

Figures H-1 and H-2.

Regression analysis was performed using the Curve Fitting Toolbox in Matlab to fit a linear model to the specific weekly thermal energy consumption to dry the

DDG. The resulting linear model is also shown in Equation G-1 with an intercept of -6.255 and a slope of 4083 (aR? of 0.3958).
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Figure H-1. Specific Thermal Energy Consumption of DDG.

Please cite this article as: O’Shea R., Lin R., Wall D.M., Browne J.M., Murphy J.D. Distillery decarbonisation and anaerobic digestion: balancing benefits and

drawbacks using a compromise programming approach. Biofuel Research Journal 31 (2021) 1417-1432. DOI: 10.18331/BRJ2021.8.3.2




S27
O'’Shea et al. / Biofuel Research Journal 31 (2021) 1417-1432

900,000

800,000

700,000

600,000

500,000

400,000

300,000

Drier Steam Energy (MJ)/week)

200,000

100,000

o 50 100 150 200 250 300 350 400
Mass DDG (t/week)

Figure H-2. Total Thermal Energy Consumption of DDG.

Specific thermal energy consumption per tonne of DDG produced reduces as DDG production increases, this could be a result of increased efficiency of the
process as through put of DDG increases. The average thermal demand for the drying of DDG is 2,403 MJ/tppe. The total consumption of thermal energy in the
form of steam for drying of DDG was ca. 8,714 MWh.

Annual steam consumption of the dryers used for DDG production, if DDG production is to occur, is calculated as per Equation H-1 based on weekly values of
DDG (assuming 50 weeks of operation). The consumption of natural gas required to produce this amount of steam is calculated by dividing the annual steam
consumption of the driers by the efficiency of the steam boilers (Ngoiler=73.394%).

Equation H-1

3600

mig _ Mmig
m14 * (1000*50*( é"255)4—4‘083)*1000
(M Whth)

EGaSDDG = a

nBoiler
H.2. Electrical Energy Consumption of Feeds Recovery Plant

H.2.1. Centrifuge Electrical Energy Consumption

The total electrical energy consumption of the centrifuges used to process the thick stillage into cake maize and centrifuge liquor was calculated using average
values of real power consumption (kW), between the period 28/02/2019 and 30/04/2019 as data prior to 28/02/2019 was not readily available.

Hourly energy consumption was calculated using the trapezoidal rule, hourly values of electrical energy consumption were summed over a day to give daily
energy consumption.

The volume of thick stillage process was based on hourly flow rates (m%hr) from flow meters. Hourly flow was found by numerical integration using the
trapezoidal rule. Hourly flows were summed to determine total daily flows for the days corresponding to days when electrical energy consumption data was available
for the centrifuges.

The specific electrical energy consumption per m® of thick stillage processed, and the total daily energy consumption for a given volume of thick stillage
processed are shown in Figure H-3 for each of the centrifuges for which data was available. Regression analysis was conducted using the Matlab Curve Fitting
Toolbox, an intercept value of -0.0003064 and a slope of 1.566 were calculated (aR? = 0.5122). The linear model is also shown in Figure H-3 for the combined
specific electricity consumption of centrifuge A and centrifuge D on a daily basis.

Specific electrical energy consumption of the centrifuges reduces as through put of thick stillage increased. The average electrical energy consumption per m?
of thick stillage processed was 1.3 KWh/m?.

Annual electrical energy consumption by the centrifuges processing thick stillage is calculated according to Equation H-2 based on daily volumes of thick
stillage to be processed (assuming 351 days of operation).

Equation H-2

STK-MThick.total
(Fremrmicktotat , (~0,00003064) + 1.566 ) (MWhe>
1000

EElectricityCen,rifuge = Srg.my * a
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Figure H-3. Electrical Energy Consumption of Centrifuges.
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H.H.2. DDG Drier Electrical Energy Consumption

The total electrical energy consumption of the driers used to dry the moist grain to form DDG was calculated using average values of real power consumption
(kW) between the period 28/02/2019 and 30/04/2019 as data prior to 28/02/2019 was not readily available.

Hourly energy consumption was calculated using the trapezoidal rule for each direr, hourly values of electrical energy consumption were summed over a week
to give weekly energy consumption as data on the mass of DDG produced was only available on a weekly basis.

The specific electrical energy consumption of the driers per t of DDG produced, and the total daily energy consumption of the driers for a given tonnage of DDG
produced are shown in Figure H-4. A linear model was fitted using Matlab (intercept value = -0.206, slope = 133.6, aR?=0.433) and is also shown in Figure H-4.
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Figure H-4. Drier Electrical Energy Consumption.

Specific electrical energy consumption reduced as DDG production increased, the average electrical energy consumption of the driers per tonne of DDG produced
was 72.21 kWhit.

Annual electrical Energy consumption of the driers producing DDG is calculated from Equation H-3 based on weekly production figures of DDG (assuming
50 weeks of operation per year);

Equation H-3

(107:01:50 * (=0.206) — 133'6) (MWhGaS)
My *

Eplectricityprier = M4 1000 a

H.2.3. Pellet Mill Electrical Energy Consumption

The electrical energy consumption was calculated for the pellet mills in the same manner as the electrical energy consumption of the driers. Data was sources
for the same time period, real power consumption was obtained. A linear model relating specific electrical energy consumption to weekly DDG processed was
fitted with Matlab (intercept = -0.7275, slope = 35.94, aR?=0.7569), the results are shown in Figure H-5.
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Figure H-5. Pellet Mill Electrical Energy Consumption.

Once again, the specific electrical energy consumption of the pellet mills reduced as DDG production increased, the average electrical energy demand for pellet
production was 14.5 kWh/t. Limited data is available for electrical energy consumption of the driers, as such these results are to be treated with caution.

Annual electrical energy consumption of the pellet mills is calculated as per Equation H-4 based on weekly DDG production figures (assuming 50 weeks of
operation per year).

Equation H-4

(%4 (~0.7275) + 35.4) (MWhe)

Epectricitypeyec i = M4 * 1000 a

H.2.4. Electrical Energy Consumption: MVR Units

Electrical energy consumption was calculated for the 2 MVR units operating at the distillery for the production of syrup from thin stillage and centrifuge liquor.
Data on real power consumption for MVR1 was obtained for the period 01/05/2018 to 01/05/2019. Data on real power consumption for MVVR2 was obtained for
the period 01/05/2019. Hourly energy consumption was calculated using the trapezoidal rule for each of the MVR units, hourly values were summed within each
day to obtain the daily electrical energy consumption of each MVR unit.

Syrup production volumes from MVR1 and MVVR2 were calculated using data flowmeters. Flow data for each of the flowmeters was used to obtain hourly syrup
flow from each MVR unit using the trapezoidal rule. Hourly flows within a day were summed to obtain daily syrup flow from each MVR.

The total electrical energy consumption of MVR1 and MVVR2 was 5,132 MWh, and 1,263 MWh, respectively. The electrical energy consumption of MVRL1 is
higher owing to the fact that it was in operation for a longer period of time than MVVR2 which was newly installed in 2018.

The specific daily electrical energy consumption of each MVR unit per m® of syrup produced is shown in Figure H-6. MVR displays a clear reduction in specific
energy consumption with an increase in volumetric syrup production, the same trend is not visible for MVR2. This could be due to the fact that MVR2 is a new
unit and operated under a start-up condition for longer than MVR1. The average specific electrical energy consumption of MVR1 was found to be 140 KWh/m?,
MVR2 had an average electricity consumption of 91 kWh/m?, while both systems combined has an average electrical energy consumption of 127 kWh/m? of syrup
produced. A first order exponential model was fitted to the combined specific energy consumption of the MVR units with respect to the daily mass of syrup produced
using Matlab (scale = 327.6, exponent = -0.006033, aR?=7192), results are shown in Figure H-6.
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Figure H-6. MVR Specific Electrical Energy Consumption.
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Additional data was sourced for MVR1 and MVR2 based on the volume of thin stillage and centrate that was processed by each MVR. Flow data for each of the
flowmeters was used to obtain hourly thin stillage and centrate flow to each MVR unit using the trapezoidal rule. Hourly flows within a day were summed to obtain
daily thin stillage and centrate flow to each MVR.

The specific electricity consumption per m® of thin stillage and centrate processed by each MVR unit was calculated based on the daily volume processed by
each MVR unit. Linear models were fit to the resulting data using the Matlab curve fitting toolbox, results for MVR1 (Intercept: 6.67, slope: 0.008581, aR?: 0.7809)
and MVR2 (Intercept: 1.72, slope: 0.008061, aR? 0.7658) are shown in Figure H-7.
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Figure H-7. Specific Energy Consumption of MVR1 and MVR2.

The annual average specific electricity consumption of MVR1 was 16.369 kWh/m?® of input thin stillage and centrate, the annual average specific electricity
consumption of MVR2 was 9.9 kwWh/m? of input thin stillage and centrate. The total volume of thin stillage and centrate processed by MVR1 was 313,490 m?, the
total annual volume processed by MVR2 was 127,429 m®. Therefore, 71% of thin stillage and centrate was processed by MVR1, while 29% of thin stillage and
centrate was processed by MVR2.

Annual electricity consumption of the MVR units was calculated based on the daily volume of thin stillage and centrate processed by each MVR unit. It was
assumed that 79% of thin stillage and centrate was processed by MVR1 and 29% was processed by MVR2 (as outlined in Appendix G). The total electricity
consumption of both MVR units was calculated as per Figure H-5.

Equation H-5
0.2

0.71 9
(mg + ==+ 0008581 +6.67) (g * =+ 0.008061 + 1.72 ) (MWhe>

_ 5
EElectricityMVR - 1000 * 1000

a
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Appendix I: Feeds Recovery Plant Energy Savings

Nomenclature Description Unit
MDD Gpaseiine Mass of distillers dried grains (DDG) produced in baseline scenario kg
SEDDGiermome  SPECIfic thermal energy demand to dry DDG MWh/t
Enatural Gaspeeas Avoided natural gas demand to produce steam used in feeds recovery plant MWh/a
Nboiter Boiler efficiency %
Egasppe Natural gas demand to produce DDG in scenario assessed MWh/a
mCO0,,,..c Mass of CO,eq associated with animal feed production kgCOzeq
SEco, Specific CO.eq emission of natural gas kCO.eq/MWh
MTK g asetine Mass of thick stillage available in baseline scenario kgwwit
SEcentrifuge Specific energy consumption of the centrifuge kwWh/m?®
SEprier Specific energy consumption of the dryer kWh/t
SEpeiiet Specific energy consumption of the pellet forming machine kWh/t
SEyvr1 Specific energy consumption of the mechanical vapour recompression (MVR) unit 1 kWh/m®
SEmvr2 Specific energy consumption of the mechanical vapour recompression (MVR) unit 2 kwh/m?®

1.1. Thermal Energy Savings

The thermal energy reduction when the AD plant is operational is calculated based on the current thermal energy consumption of the feeds recovery plant
processing the current mass of DDG produced (mppgy,,...i...)» te specific thermal energy consumption of the driers (SEDDGDMM l), minus the reduced thermal

energy consumption of the feeds recovery plant when the AD plant is operational. The avoided natural gas consumption when the feeds recovery plant no longer
operates (Eyarural gaspeeqs ) 1S CalCUlated using Equation I-1.

Equation I-1
mDDGBaseline * SEDDGDrierThermal

ENatural Gasreeds — Nooil - EGasDDG
oiler

The reduction in GHG emissions associated with avoided natural gas consumption in the feeds recovery plant is calculated using the specific CO,eq emission
factor for natural gas (Eq. 1-2).

Equation 1-2

mCOzFeeds = ENatural Gasreeds T SEC02
1.2. Electrical Energy Savings

The reduction in electrical energy consumption of the feeds recovery plant is the difference between baseline electrical electricity consumption and the electricity
consumption of the feeds recovery plant when a given share of by-products are used in a potential AD plant. Baseline electricity consumption of the centrifugal
processing of thick stillage is calculated based on the current throughput of thick stillage (mr,,,,...) and the specific electricity consumption of the centrifuge
(SEcentrifuge)- Base line electricity consumption of the DDG driers is calculated based on the current mass of DDG processed and the specific electricity
consumption of the drier (SEp, ). Baseline electrical energy consumption of the pellet mill is calculated based on the current mass of DDG processed and the
specific electricity consumption of the pellet mill (SEp.;,.). Baseline electricity consumption of the MVR units is calculated using the current volume of thin
stillage and centrate processed, the share of thin stillage and centrate sent to each MVR unit, and the specific energy consumption of each MVR unit (SEyyz1,

SEMVRZ)'
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Appendix J: Animal Feed Replacement Calculation

S34

Nomenclature Description Unit
AProteiny,ist grain Difference in protein production between scenario and baseline contained in moist grains kg
Muoist Graingase Mass of moist grains in baseline kg
XDMptoist Grain Dry matter content of moist grains %
XPyoist Grain Crude protein content of moist grains %DM
m7 Mass of moist grain exported from the distillery kgwwit
Xpm, Dry matter content of exported moist grains kgwwit
Xcp, Crude protein content of exported moist grains %DM
AUFLyoist Grain Difference in UFL production between scenario and baseline contained in moist grains UFL
UF Lyoist Grain UFL in moist grain UFL
UFL, UFL in exported moist grain UFL
AProteingppg Difference in protein production between scenario and baseline contained in dried distillers grains (DDG) kg
MppGgase Mass of DDG in baseline kgwwit
XpMppe Dry matter content of DDG %
Xcpppe Crude protein content of DDG %DM
ml4 Mass of DDG produced kgwwt
Xpmy, Dry matter content of DDG produced %
Xcpy, Crude protein content of DDG produced %DM
AUFLppg Difference in UFL production between scenario and baseline contained in DGG UFL
UFLppg UFL in DDG in baseline UFL
UFL,, UFL in DDG in scenario UFL
AProteingy,, Difference in protein production between scenario and baseline contained in syrup kg
Mgyruppask Mass of syrup in baseline kgwwit
XDMsyrup Dry matter of syrup %
XePsyrup Crude protein content of syrup %DM
m12 Mass of syrup exported from site in scenario kgwwit
Xpmy, Dry matter content of syrup in scenario %
Xcpy, Crude protein content of syrup in scenario %DM
AUFLgyyyp Difference in UFL production between scenario and baseline contained in syrup UFL
UF Lgyryp UFL in syrup in baseline UFL
UFL4, UFL I syrup in scenario UFL
Myp Mass of imported animal feed “AF” kgwwit
CPyr Crude protein content of imported animal feed “AF” kg/kgwwt
UFLyp UFL content of imported animal feed “AF” UFL/kgwwt

The shortfall in energy and protein in the case of Moist Grains can be calculated using Equation J-1.

Equation J-1

Xpm, Xcp,
" 100 100

X X
. _ DMpmoist grain “*CPmoist Grain
APrOtelnMUist Grain = Muoist Graing ase* 100 . 100 -

AUFLMoisc Grain = Myoist Graingasg® UFLMoist Grain — m7. UFL7

In the case of DDG, the loss of energy and protein can be expressed as per Equation J-2.

Equation J-2

XDM14 XCP14
100 " 100

XDMDDG XCPDDG _

100 ° 100

AProteinppe = Mppep -

AUFLppg = Mppgyase UFLppg — M14.UFLy,
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For syrup, the shortfall in protein and energy can be calculated using Equation J-3.

Equation J-3
. XDMSyrup XCPSyrup XDM XCP
AProteinsyrup = Msyrupssss 300 100~ ™2 100 * 100
AUFLgyrp = Msyrupp ase- UF Lsyrup — M12.UFLy,

The mass of imported animal feed (m,) required to replace the total reduction in energy and protein output from the feeds recovery plant when a portion of
distillery by-products are used in an AD plant can be calculated using Equation J-4. The goal of the optimisation model was to minimise the required mass of
imported animal feeds.

Equation J-4

NAF

min Z Myr
AF=1

NAF

Myp. CPyp = APToteiny s grain + APTOteinppcAProteing,,,

AF=1
NAF

Z Myp- UFLAF = AUFLMaist Grain + AUFLDDG + AUFLSyrup
AF=1

s.t.
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Appendix K: GHG emissions associated with the production of imported replacement animal feed

Nomenclature Description Unit
CO2F, country Specific COzeq emissions from the production of animal feed (AF) type “j” in country “i” kgCO./kgwwt
AF; Animal feed type “j” Na
Country i Country “I” Na
Mproduction €O, aF; Mass of CO,eq emissions from the production of animal feed (AF) type “j” in country “i” kgCO.eq
Neountry Number of countries Na
Tur Number of animal feed types Na

The three largest feed types by mass in each year (in no order) from 2011 to 2018 are;

e  Brewing or distilling dregs and waste.

. Oilcake and other solid residues from the extraction of soya-bean oil.

e  Maize stalks, maize leaves, fruit peel and other vegetable materials, waste, residues and by-products for animal feeding.

From 2013 to 2018 the fourth largest source of feed by mass was: Residues from the manufacture of starch from maize, of a kind used in animal feeding (excl.
dog or cat food put up for retail sale).

The single largest type of animal feed imported varies between years; in 2010, 2011, 2014 and 2015 the largest source of feed was oilcake and other solid residues
from the extraction of soya-bean oil. In 2012 and 2013 maize stalks, maize leaves, fruit peel and other vegetable materials, waste, residues and by-products for
animal feeding, was the main feed imported. In 2016, 2017, 2018 brewing or distilling dregs and waste was the single largest feed type imported by mass.

The use of these feed types cannot be determined from the data sourced from the CSO.

From initial inspection it would appear that the majority of feed imported is suitable for cattle, whether the feed is used in beef production or in the dairy sector
is not yet known.

The two main countries from which feed is imported into Ireland are the USA and Argentina, the USA was the main source of imported in feed in all years from
2010 to 2018, with the exception of 2012 in which Argentina was the largest source of imported feed. In total. Between 40% and 50% of all animal feed imported
into Ireland was sourced from the USA and Argentina. The USA provided between 17-29% of animal feed imports to Ireland while Argentina provided between
15-24% of animal feed imports to Ireland.

The regions from which the third and fourth most feed was imported from between 2013 and 2018 were Northern Ireland and Great Britain.
The GHG emissions (SEco, ) associated with the production of each imported animal feed (AF;) in a given country (Country i) was sourced from

J,.Countryi

literature (Blonk and Paassen, 2018). The GHG emission values associated with the production of imported feeds used in this work are shown in Table K-1.

Table K-1. GHG emissions associated with imported feed production.

kgCO.ea/kg Product - Excluding Land

Imported Feed Country Use Change
Brewing or distilling dregs and waste RER 1.010023831
Brewing or distilling dregs and waste USA 0.949292199
Oilcake and other solid residues resulting from the extraction of soya-bean oil — Soyabean hulls AR 0.285383355
Oilcake and other solid residues resulting from the extraction of soya-bean oil — Soyabean hulls GLO 0.286887048
Oilcake and other solid residues resulting from the extraction of soya-bean oil — Soyabean hulls UK 0.325435996
Oilcake and other solid residues resulting from the extraction of soya-bean oil — Soyabean hulls AR 0.567626764
Oilcake and other solid residues resulting from the extraction of soya-bean oil — Soyabean hulls GLO 0.570617492
Oilcake and other solid residues resulting from the extraction of soya-bean oil — Soyabean hulls UK 0.647291226
Residues from the manufacture of starch from maize of a kind used in animal feeding GLO 1.660244515

AR: Argentina, RER: Europe, USA: United States of America, GLO: Global, UK: United Kingdom of Great Britain and Northern Ireland

Table K-2. Share of imported feed from each country.

. T Oilcake and other solid residues resulting from the Residues from the manufacture of starch from
Brewing or distilling dregs and waste

extraction of soya-bean oil maize of a kind used in animal feeding
Country Share (%) Country Share (%) Country Share (%)
United States 60.049 Argentina 78.123 United States 100
Canada 12.034 Canada 7.929
Northern Ireland 7.713 Northern Ireland 5.839
Sweden 7.193 Paraguay 5.699
Great Britain 6.313 United States 2.410
Vietnam 3.377
Netherlands 3.322
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The total GHG emissions associated with the production of imported animal feeds (mp,quction COZAF-) are calculated based on the mass of animal feed imported
J

from each country, and the specific GHG emissions associated with the production of animal feed in each country (Eq. K-1).

Equation K-1
nAF NcCountry
Mproduction COZAF]_ = Z mAFj * Z (AF}',Cauntryi * SECOZAF]- Cuunrryi)
j=1 i=1
References

[1] Blonk H, Paassen M van. GFLI methodology and project guidelines. Gouda: 2018.
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Appendix L: Transportation of Imported Animal Feed

Nomenclature Description Unit
N Eco,, Specific CO.eq emissions from road transportation kgCO,eq/t.km
SECOzsmp Specific CO.eq emissions from ship transportation kgCO.eq/t.km
SECOZbarge Specific CO.eq emissions from barge transportation kgCOqeq/t.km
SEcozmﬂ Specific CO.eq emissions from rail transportation kgCO.eq/t.km
Mrransport co, ar; Total mass of COeq emissions associated with transportation of animal feed type “j” kgCOqeq

Distances for each mode of transportation for imported feed products are based on prior work by the authors ad are outlined in Table L-1.

Table L-1. Transportation distances for imported feed.

Origin Destination Road (km) Rail (km) Barge (km) Maritime Ship (km) Reference
IE IE 58 1 - 0 Prior Work
AR IE - - - 16147 Prior Work
CA IE - - - 4578 Prior Work
NL IE - - - 1163 Prior Work
SE IE - - - 2719 Prior Work
UK IE - - - 441 Prior Work
us IE - - - 5700 Prior Work
VN IE - - - 17455 Prior Work
PY IE - - - 16147 Prior Work
AR AR 410 80 - 10 Prior Work
BR BR 867 477 - 101 Prior Work
us us 182 619 1019 - Prior Work
NL NL 56 2 19 - Prior Work
SE SE 92 39 - - Prior Work
UK UK 84 11 - - Prior Work
CA CA 1096 0 - - Prior Work
VN VN - - - - Prior Work
PY PY - - 1637 - Prior Work

S38

For the purposes of this project, the CO.eq emissions associated with the road transportation of freight (SECOZ,M) will be 0.1878 kgCO.qge/t.km (prior work).

Emissions associated with return journeys shall be equal to 20% of the total emissions associated with the transportation of freight by road (prior work). The CO,eq
emissions associated with sea transportation of goods (SE¢o, "y ) used in this work will be 0.00544 kgCO.eq/t.km (prior work). The CO.eq emissions associated
ship

with the transportation of goods by inland vessels (SECOZWH

e) are 0.0188 kgCO,eq/t.km (prior work). Rail transportation (SEcozm”) was assumed to result in the

emission of 0.0304 kgCOzeq/t.km in The Netherlands (prior work). The GHG emissions associated with the transportation (Mmr,ansport co, ,, ) Of imported feed
J

products is calculated based on the origin of each feed product, the distance over which each feed product is transported, and the mode of transportation used (Eq.

L-1).
Equation L-1

NAF

= E * L * * . * * . *
mTransport COZAF]_ (mAFj AF}Cnunny (draadApj SECOZroad + drallApj SECOzmu + dbargeAFj SECOZbaTge + dshlpApj SECOZSmp)>

=
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Appendix M: Compromise Programming

Nomenclature  Description Unit
X; Input criteria values Na
f(x) Total multi-criteria decision analysis (MCDA) problem Na
fi(x) Individual functions of each input criteria Na
fi Function “i” Na
fIPEAL Ideal solution for function “i” Na
e Ideal solution to total MCDA problem Na
forr Optimal solution to total MCDA problem Na
[PRERHLS Nadir solution to total MCDA problem Na
fNADIR Nadir solution for function “i” Na
d; (%) Degree of closeness of solution for function “i” to the ideal solution Na
p Power Na
w Criterion weight (implies relative importance of criterion) Na
f(xUTOPIAY Utopia solution to total MCDA problem Na
f(x)) Non-utopian solution Na
Regret, distance between non-utopian and utopian solutions to the MCDA problem Na
£ (xREF) Reference point solution to total MCDA problem Na

The method of compromise programming was initially proposed by Zeleny in the 1970°s (Zelany, 1974; Zenely, 1976), the purpose of compromise programming
is to allow a decision make to come to an informed decision based on a large number of potential solutions, comparing each solution based on often conflicting
criteria. This method is seen as a solution to the problem faced by decision makers in relation to the comparison of multiple alternatives with multiple criteria. The
method is based on the identification of an “ideal” solution that is generally infeasible, the identification of a “nadir” solution (again infeasible), and the use of these
to aid in the selection of an “optimal” solution which is furthest from the nadir and closest to the ideal.

Compromise programming is used to compare different solutions, each of which have multiple criteria, based on differing input values (x;). The total MCDA
problem (f(x;)) is comprised of individual functions for each criterion (fi(x;)). The initial step of the compromise programming approach is to identify the ideal
solution for each individual criteria (f;) expressed as f;'°AL, which combined provide the ideal solution to the total MCDA problem f'°EAL, This ideal solution is not
possible, it is infeasible owing to the conflicting nature of each of the individual criteria functions. Therefore, the goal of the decision maker is to identify the
feasible solution that is as close to the infeasible ideal solution as possible, this is referred to as the optimal solution f°°T Additionally, the decision maker wants to
identify an optimal solution that is as far away as possible from the nadir solution of the MCDA problem. The nadir solution of the total MCDA problem, fNAPIR
can be identified by finding the most non ideal solutions for each of the individual functions forming the total MCDA problem fNAP'R,

The degree of closeness (di(x;)) of an individual function, i(x;), to the ideal solution if said function, f{'°*A, can be expressed knowing the ideal and nadir solutions
to fj as per Equation M-1.

Equation M-1

|filDEAL _ fz({)|
di(x;) = [f/PEAL f_NAD]lR|
L L

Division by the difference between the ideal and nadir solutions allows for normalisation of the distance from a given solution for a given criteria function to the
ideal of said criteria function on a scale of 0 to 1. It is evident that the ideal solution would result in a degree of closeness of 0. The use of geometric distance for
the expression of the degree of closeness for MCDA problems was proposed by Zeleny (1974) and is based on L,-metrics as per Equation M-2.

n fLIDEAL filx /v
Lp(lj) [Z (fIDEAL _ng;Il> ]

i=1
lsps »

Equation M-2

Owing to the fact that not all criteria are of equal importance, a general form of Equation M-2 can be generated accounting for the relative degrees of importance
(w;) of each individual criteria f; as per Equation M-3.

Equation M-3
n flIDEAL fi (_ )
L (E) [ ( IDEAL N D]IR> ]
P\=J ; f A f A

1<p< o

ZWi=1

i=1

“ 2 [Tt

metric according to Zeleny (1974) is that as “p” increases from 1 to infinity, greater weight is given to larger deviations from the ideal
“p” equals infinity the problem reduces to a minimisation of the maximum deviation in di.

The impact of the
solution. At the point when
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The concept of compromise programming is also described by Yu (1985) in which the “ideal” point is also referred to as the “utopia” point (f(xT°"'4)) owing to
its unattainable nature. Owing to the fact that this “utopia” point is unattainable, some compromise between the individual criteria functions is required. Yu (1985)
proposes that the “regret” resulting from the use of a non-utopian solution (f(x;)) can be approximated as the distanced between f(x"T°"'4) and f(x;);

Equation M-4

r(£(x) = |IF @) - Fmora)|

Where r(f(x;)) is typically a L, norm, the general expression of which is;

Equation M-5

() ) = [Z (e - f(z””"“))pr

The aim of compromise programming is to minimise the regret function in order to come to an agreeable compromise solution (Yu, 1985). The regret function
is similar to the degree of closeness outlined previously by Zeleny (1974 and 1976). Alteration of the value of “p” used will result in different solutions. The regret
function given in Equation M-4 assumes that the deviation of each criterion from its optimal value are all equally important. If the criteria are not equally important
then a set of weights, (w;) can be applied to the criteria;

Equation M-6

r(f(x): pw) = [Z wl (f(z) -~ f (z””"“))pr

1
P

() pw) = [Z: (wif ) = wif (ﬁumm))p]

The weighted expression of regret proposed by Yu (1985) is scale dependant, as are the weights proposed to be used by Yu (1985), this differs from the non-
scale dependant method proposed by Zeleny (1976) in which the regret of each individual criteria is normalised on a scale of 0 to 1 through the use of the Nadir
outlined in Equation M-1.

A discussion on the use of compromise programming, also known as “the method of global criterion” is provided by Miettinen (1998) in which the method is
describe as the minimisation of distance between a reference point and a feasible point. The discussion by Meittinen (1998) also makes use of an “ideal” or “utopia”
point, termed the “reference point ((f(xEF)) and a similar expression to the closeness or regret function used by Zeleny (1976) and Yu (1985) respectively.
Normalisation of the distance between the solution in question and the reference solution is also prosed by Meittinen (1998) in the same manner as that used by
Zeleny (1976) in Equation M-1. Utilisation of differing criteria weights in conjunction with “the method of global criterion” is dubbed the “method of weighted
metrics” by Meittinen (1998), the formulation of the “method of weight metrics” is the same as that outlined in Equation M-6.

A further review of compromise programming was counted by Marler and Arora (2004) in which they describe compromise programming as the minimisation
of distance between a potential optimal point and a utopia point using a Euclidian norm, ensuring that the objective functions are normalised, effectively the same
method as Equation M-3 with p=2 as outlined by Zeleny (1974 and 1976). Normalisation is recommended in order to ensure commensurable units are used in
weighted a priori calculation of multi-objective optimal points, a discussion of appropriate normalisation methods is provided in additional work by Marler and
Arora (2005). The recommended normalisation procedure is that of the “Upper-Lower-bound approach”, which is the same as the normalisation method used to
calculate the distance value in Equation M-1 (Zelany, 1974; Zenely, 1976).
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