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0 Maximising the benefits dfiogas also
maximises the potential drawbacks.

0 Compromise programming (CP) assessed 9,621

scenarios of biogas production.

U Preferences of distillery management were

accounted for in the CP analysis.

i CP suggests an optimal biogas system uses

100% ofthick stillage and 100% of draff.

i Scope 1 emissions are reduced by 45% when

using the optimal biogas system.
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Multi-criteria decision analysis

The anaerobic digestion (AD) of distillery 4pyoducts presents benefits such as greenhouse gas (GHG) emission savings and
electricity savings, as well as drawbacks such as reduced animal feed and protein praddctie potential import of animal

feeds. This work balances these benefits and drawbacks amimgromise programmin@CP). The best combination of by
products (from 9,261 scenarios) to use in AD was selected based on criteria choserapgment adlarge distillery. The use

of all by-products maximises benefits and drawbacks; the contrary also applies. When benefits and drawbacks are equall
important, CP recommends using 50% of available draff, 50% of available thick stillage, and 55% of atailatilEge. 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 distilleryScegecé
emissions by 45%, achieve a Scope 3 emissions savings of 22% of current Scope 1 emissions, and reduce electricity consumpti
in the feeds recovery plant of the distillery by 63%. Protein loss of 9,618 t could require the import of 19t&8nieleet

weight of material (ktwwt) of distillers grains and 9.15 ktwwt of soybean meal. If different criteria or criteria weightsseey

a different result would be recommended. The methodology developed herein can aid in decarbonising the food ged bevera
industry by allowing decisiemakers 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 3Category 1 (S&1) (Purchased goods and servidesjudescradle to gate emissionsjdltradle to gate emissions includk emissions that occur in
the lifecycle of purchased products up to the point of receipt by the reporting comp#@y .eg8ssions are deemed relevant by the distillkdgitionally, these
S3-C1 emissions may potentially be influenced by the implentientaf an AD project by potentially replacing synthetic fertilizer use in barley cultivation.

Scope 3 Category 2 (832) emissions from capital goods. Emissions associated with the production of capital goods shall not be amortized], discounte
depredated over time, all of the cradle to gate emissions associated with Capital Goods shall be accounted for in the ysiioofafdtye capital goods. S32
emissions are deemed relevant by the distillery and will be influenced by the potentialatimmstian AD plant.

Scope 3 Category 3 (S33) emissions from fuel and energy related emissions not included in Scope 1 and Scope 2 include emissions relatdddtiche pro
of fuels, and energy purchased by the distilleryC33emissions are deemedlavant by the distillery and will be influenced by the implementation of an AD plant
to reduce natural gas consumption.

Scope 3 Category 4 (834) upstream transportation and distribution includes the emissions from the transportation and distritéhretsf (excluding fuel
and energy products) purchased or acquired by the distillery in vehicles and facilities not owned or operated byrheQitstitleransportation and distribution
services purchased by the distillesuch as inbound and outld logistics are included. 34 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 bieypihiel dibstillery.

Scope 3 Category 558-C5) waste generated in operations includes for emissions from third party disposal and treatment of waste that is geherated b
distillery. S35 emissions are deemed relevant to the distillery in their Scope 3 emission calculations, primarilfr@mdegdfilling of waste and incineration of
waste generated in operations. Implementation of an AD project could a&5 &3issions if land spreading of digestate is classified as waste disposal. Inclusion
of digestate transportation and applicatiotand in S3C5 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 cudemtlsiotipeamfluerced by the
implementation of an AD plant, further descriptions of these can be fouldd@ D and WRI, 2013

Scope 3 Category 8 (838) upstream leased assets are relevant to the calculation of Scope 3 emissions of the distillery but will not theoaitgrede
implementation of an AD project.

Scope 3 Category 9 (839) downstream transportation and distribution includes the transportation and distribution of the products sold Hgitheetisten
the distillery and the customer, if the transptian is not paid for by the distillery, and is conducted using vehicles or facilities not controlled or owned by the
distillery. S3C9 emissions are deemed relevant in Scope 3 emissions calculations of the disti@8ye@&sions may be altered by thgplementation of an
AD plant, specifically in the transportation of feed products from the distillery to customers. Althouitfh &8issions are not deemed relevant by the distillery,
they will be included in this analysis.

Scope 3 Category 10 (S310) Processing of sold products inclsdemissions associated with the processing of intermediate products sold by the distillery to
third parties. S810 emissions are deemed not relevant to total Scope 3 emissions for the distillery and the implemeatafi@npiént will not alter S€10
emissions.

Scope 3 Category 11 ($311) Use of sold products includes the emissions associated with the use of sold goods. (G#@hflyemissions are deemed not
relevant in the calculation of Scope 3 emissions for the distillery. The application (use) of digestate on land follawiplgrientation of an AD plant could
potentially result in SE11 emissions if the digestate iassified as a product sold to a customer. However, digestate is unlikely to be sold to customers, and &
S3-C11 is not deemed relevant to the distillery, they will not be accounted for in this work.

Scope 3 Category 12 (8312) end of life treatment of kbproducts 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 ancAllltat §3C12 if the emissions
following the application of digestate on laackclassified 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 weEkL3@missions will not be assessed.

Scope 3 Category 13 (Downstream Leased Assets), Category 14 (Franchises), and Category 15 (Investments) are not dedméukreistibery Scope 3
calculations and will not be altered if an AD plant is implementeduels, 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; thegase digestate treatment, and feed
production, on the GHG emissis arising from the distillery will be split into; Scope 1 emissions, Scope 2 emissions, Scope 3 emissions, and pdentially
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

S3

Nomenclature  Description Unit
(W) Anaerobic digester volume mé
i Anaerobic digester radius m
Q Anaerobic digester height m
0 Fabric heat loss w
" Tank wall U value W/m?K
0 Tank wall area m?
Y Anaerobic digestion temperature °C
Y External temperature °C
Y Tank top U value W/m?K
0 Tank top area m?
% Tank base U value W/m/K
0 Tank base area m?

Y Internal surface heat transfer resistance m2K/W
Q Concrete thickness m
_ Concrete conductivity W/(m.K)

Q Insulation thickness m

_ Insulationconductivity W/(m.K)
Y External surface heat transfer resistance m2K/W

Oee
Q Effective floor thickness m
Q Wall thickness m
_ Soil conductivity W/(m.K)

Y Concrete heat transfer resistance m2K/W

Y Insulation heat transfer resistance m2K/W
Y Floor U value W/m?K
® Anaerobic digester tank volume based on daily available feed me

o Mass of feedstock added per day kg
@ Volatile solids content of feedstock %

00'Y Organic loading rate kgVS/mf/day
0 Number of anaerobidigesters No.

@ Daily volumetric biogas production at standard temperature and pressurem®/day

Y Share of thin stillage used in an anaerobic digester %
a Mass of thin stillage available kg
() Volatile solids content of thin stillage %

6 00 Biochemical methane potential of thick stillage LCH4kgVS
Y Share of thick stillage used in an anaerobic digester %
a Mass of thick stillage available kg
@ Volatile solids content of thick stillage %

6 00 Biochemical methane potential of thick stillage LCH./kgVS
Y Share of draff stillage used in an anaerobic digester LCH4kgVS
a Mass of draff stillagavailable %
® Volatile solids content of draff stillage kg

6 00 Biochemical methane potential of draff stillage %

® Volume of biogas produced at operational conditions
i} Standard pressure °C
Y Standard Temperature kPa
Y Anaerobic digester operational temperature °C
0 Anaerobic digester operational pressure kPa
n Saturation pressure of water vapoubiagas kPa
Q Exponential
Y Temperature of biogas K
a Mass of water vapour contained in biogas kg
@ Daily volume of biogas produced m®
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Nomenclature  Description Unit
Y Universal gas constant for water vapour kPa.ni/kg.K
(@] Energy required to evaporate water kJ
Q Specific enthalpy of water evaporation kJ/kg
(@] Energy required to heat incoming feed to AD plant kJ
a Mass of feedstock added. kg
&) . Specific heat capacity of water kJ/kg/K
Y Feedstock temperature °C
(0] Net biogas energy production kJ
(0] Gross biogas energy production kJ

Fabric heat loss was calculated foriadividual tank initially, the volume of each AD reactor tanh) (vas taken to be 5000%mn the advice of IDL staff.
Reactor tanks were assumed to be cylindrical in shape. In order to estimate the surface area of the re@jtahtatdak(radiud § and heightQ) were calculated

S0 as to minimize the surface area to volume ratio in an effort to minimize heat losswsitign B-1.

Equation B-1

The base and wall of each reactor were assumed to be constructed of concrete 300 mm thick and insulation 150 mmptlitkattrereactor was assumed
to be constructed of insulation only with a thickness of 200 mm[ see 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 (Jain2013)
Top 0.15 0.03 (Jain, 2013)

Thermal energy lost through the reactor fabbic ( ) was calculated based on the temperature of the AD taviKs the external air temperatuf&/( ), the
% of the tank wall, the tank wall surface aréa ( ), the area of the tank top ( ) and its U value ), and the area of the tank bade ( ) along with

the base U valuéY ) usingEquation B-2:

Equation B-2
0 Y & Y Y Y6 Y Y Y 6 Y Y
The U value for the reactor wal{ ) and topTY ) were calculated using based on the thickness of the cori@rete ( ) Equations B-3 andB-4.

Equation B-3

Equation B-4

The values of Rema@nd Ryema refer to the surface heat transfer resistances, these were taken to b&@\¥and 0.04 rfK/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 wlhthatmdiresttin CIBSE Guide A,
section 3.5.2as follows

B 6 “ 'l
0 T Z 1) m®zgzz i Q
Q Q _ Y Y % Y
Qa o}
% = 11 i
S5 ) p
Qa o}

M v Q

Soil thermal conductivity was assumed to be 2 W/(m.K) as per Table 3.14, sectio€BSE,Guide A.

Thermal energy loss through the reactor tank fabric was calculated for each hour, for each day in a year, based omthextemiahair temperaturesq)
recorded at Cork Airport, for each hour over the period 48&5 to give a conseative 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 builtb&heind tanks was estimated by
specifying a given organic loading rate (OLR) in kgV3tayfor 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 eacti-daiz (5):

Equation B-5

a z
®

60y

As the amount of feed available per day fluctuates, the maximum daily volume required was chosen in order to give ave@ssienade of the total AD tank
volume required. The total number of AD tanks requited ) was thercalculated by dividing the total tank volume required by the volume of a single AD tank
(5,000 n).

Thermal energy is also required to evaporate water within the AD reactor tanks as the biogas produced is saturatedaptuwatke total daily prodtion

of biogas @ ) at STP (0°C, 101.325kPa) was calculated based on the BMPk@VS) 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 daycaspen B-6.
Equation B-6

) Y a ® 6 00 Y a ®» 6 00 Y a ®» 6 00

@ p T TET® U

The volume of biogas at an operating conditién ( ) of 37 °C and 2 kPa above aigpheric pressure (103.325 kPa) was then calculated(7):

Equation B-7

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

Equation B-8
no o
The values otoefficients used in Equation-8are shown imable B-2.

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

C -5.8002206E+03
C, 1.3914993E+00
Cs -4.8640239ED2
Cy 4.1764768ED5
Cs -1.4452093E08
Ce 6.5459673E+00
Please cite thisarticle&®:6 Shea R., Lin ., Wall D.M., Browne J. M., Mbatapcingbenkfits@dnd Di s
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The totalmass of water vapour contained in the biogas produced petiday ( ) was calculated usingquation B-9 under the assumption that water
vapour behaves as an ideal:.gas

Equation B-9
I3 3 d) T~
a N 8Y Y Cx@ Q'Q

Within Equation B-9, Ryaeris the universal gas constant for water (0.461 kBFagiK).

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

Equation B-10
(¢ a 2 Qo
The thermal energy required to heat the incoming f€ed () was calculated for each feed stream (Draff, thin stillage, and thick stillage) individually using
Equation B-11:

Equation B-11

‘0 a ey zy Y Q0
The specific heat capacity of eafged stream was assumed to be that of water at the given temperature of the feed stream, sourced from CIBSE Guide
Concise Guide to Building Services Engineering. The temperature of each feed stream was based on data sourced ftery 8@AIBAIsysem. As an initial
estimate, the temperature of draff was assumed to be 78 °C, thin stillage was assumed to be at a temperature of &k °gillagd thas assumed to be at a
temperature of 90 °C.
The total annual thermal energy demand of the AD plast assumed to be met through the combustion of some of the biogas produced, the boiler efficienc
was assumed to be 80%. Based on this, the total annual net energy production of the AD plant () was calculatedHq. B-12).

Equation B-12
0 z0 (0] (0]

Ty
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Please cite this article 836 Shea R., Lin R., Wall D. M., Browne J. M., Mbatapcingbenkfits@dnd Di s
drawbacks using a compromise programming apprdziofuel Research Journall (2021) 14171432.DOI: 10.18331/BRJ2021.8.3.2




S7
O 6 S leteale/ BiofuelResearch Journd@1 (2021) 14171432

Appendix C: Fugitive Methane Emissions

Table C-1. Fugitive Methane Emissions

Fugitive methane emissions (% Total CkProduction) Digestate Storage Source

2.9 Open (Delre et al., 2014)

3.1 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)

3.4 Not Specified (Hradet al., 2015)

14 Closed (Fredenslund et al., 2018)

1.9 Closed (Fredenslund et al., 2018)

8.3 Open (Fredenslund et al., 2018)

3.3 Closed (Fredenslund et al., 2018)

1 Not Specified (Poeschl et al., 2012)

0.4 Closed (Scheutz andfredenslund, 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)
4.5 Closed (Scheutz and Fredenslund, 2019)
2.6 Closed (Scheutz and Fredenslund, 2019)
8.6 Closed (Scheutz and Fredenslund, 2019)
2.1 Open (Scheutz and Fredenslund, 2019)
2.6 Open (Scheutz and Fredenslund, 2019)
3.1 Not Specified (Mathieu Dumont et al., 2013)
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Appendix D: Land Bank Calculation

Nomenclature Description Unit
a Mass of nitrogen (N) application allowed in electatal vi si on ( ED) kgfij o
a Mass of phosphorous (P) applicati kg Il owed in ele
W) Fertiliser replacement value of phosphorous (P) %
@ Fertiliser replacement value of nitrogen (N) %
a Mass of digestate produced kg
@ Nitrogen (N) content of digestate %
® Phosphorous (P) content of digestate %
o] 3 Mass of digestate sent to elector kg ivision (ED)
Q Di stance from anaerobic digestion f@hant to elector
a Mass of CQeq emissions associated with digestate transportation kg

The total land area required for the spreadingligbstate was calculated in accordance with S.I. 605 of 20b7efnment of reland, 201Y using the
methodology outlined in (Department of Agriculture Food and the Marine and Department of Housing Planning and Local Gp2&timepplied to each
parcel of land in the vicinity of the AD plant. For the purpose of this work data on tasidok population and land use in electoral divisions (EDSs) 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 basgldPomdex of 3 for as per S.I 605 of 2017
(Government ofreland, 201y and will result in a conservative estimate of the mass of phosphorous that could be applied to each ED. The ama@ent thfatitro
can be applied to arable land is based on a\sbildex of 1 for the cultivation of barleyspvernment ofreland, 201Y.

The total amount of nitrogeii () and phosphorougi( ) that can be spread on land within each electoral divigia found bythedivision of the total
mass of Nand P allowed by the biologically available share of nitrogen and phosphorous in the digestate. The phosphorous &iailaBilitps taken to be
100% Government ofreland, 201). No default availability of N is available for digestate in Irelamalues of bioavailable N content in digestate (also termed
fertiliser replacement valu® ) found in the literature range from-28% of N content in digesta{éable D-1). The average fertiliser replacement value of
digestate found ititerature is 61.7%, as no definitive values for the fertilizer replacement value of digestate éxist for Irish conditions a valuef 60% based
on values assessed in literature will be used.

Knowing the mass of digestate producéd ( ) and nitrogend ) and phosphorous ) 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 withritieiggihgftotal tonnekilometres of digestate
hauled with the decision variables being the mass of digeétate () to be hauled to each EB{. D-1). Minimising the total tonn&ilometres hauled will
minimise the energgonsumption and GHG emissions associated with road transportation of the digestate. The distance from each ED to tH{@ Abgsant
calculated using road network data from Open Street Maps using QGIS software. The optimisation problem was sohathiarthpackage GNU Octave.

Equation D-1
i Edesa & REQ
' & a
[N 4
'y
'y
Lt ) a
'y
{88,
R & a
[N 4
'y .
v a8
'y N
rr a
tr a m
The CQegemissions associated with the transportation of digestate ( ) 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 trapspafrdijestate 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
Cattle Slurry
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate
Digestate

65
40
80
80
65
75
62
45
59
76
68
85
60
64
71
69
55
41
24
86
65
39
65
40
37
62
60
90

(Leinonen et al., 2018)
(Wall andPlunkett, 2016)
(Dieterich et al., 2014)
(Lukehurst et al., 2010)
(De Vries et al., 2012b)
(De Vries et al., 2012b)
(De Vries et al., 2012a)
(De Vries et al., 2012a)
(Rigby and Smith, 2014)
(Rigby and Smith, 2014)
(Rigby and Smith, 2014)
(Rigby and Smith, 2014)
(Baral et al., 2017)

(I. Sigurnjak et al., 2017)
(I. Sigurnjak et al., 2017)

(Ilvona Sigurnjak et al., 2017)

(De Notaris et al., 2018)
(De Notaris et al., 2018)
(De Notaris et al., 2018)
(De Notaris et al., 2018)
(De Notaris et al., 2018)
(De Notaris et al., 2018)
(De Notaris et al., 2018)
(Cavalli et al., 2016)
(Cavalli et al., 2016)
(Cavalli et al., 2016)
(Jensen, 2013)
(Jensen, 2013)

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

Nomenclature Description Unit
ao Mass of nitrogen (N) contained in calcium ammonia nitrate (CAN) which is replaced by digestate kg
a Mass of nitrogen (Ngontained in digestate Kg
® Nitrogen (N) fertiliser replacement value of digestate %
O Specific CQeq emissions associated with the production of calcium ammonia nitrate (CAN) kgCOeq/kgN
ao Mass of phosphorous contained in triple super phosphate that can be replaced by digestate kg
a Mass of phosphorous contained in digestate kg
O Specific CQegemissions associated with the production of triple super phosphate kgCOeq/kgROs
O Specific CQeq emissions associated with the production of synthetic phosphorous kgCOeq/kgP
The total mass of nitrogen contained in CAN coulddpaced by using digestate ) was calculated according fmjuation E-1:
Equation E-1 o ' .
ao a LA

The mass of CAN replaced is calculated basethenitrogen 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 Eurd@e () was taken to be 8.03 kgG&)/kgN (ool et al, 2012. The emissiosof GHGs
associated with the production of CAN used in other literature are outlifexbia E-1.

The main source of phosphorous in Ireland 638 (N-P-K) fertiliser (Dillon et al., 201§. 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 prod&Bepléambprocessing whiskey hyroductwas calculated assuming
that 100% of the phosphorous presenthe digestate was bioavailable, as outlined in S.I 62%/¢rnment of reland, 201). The total mass of synthetic
phosphorous that can be replaced by digestabe ( ) from the AD plant was calculated as pepation E-2:

Equation E-2

ao a

The triple super phosphate used in Ireland was also assumed to be sourced from mainland Europe, GHGassoissitatswith the production of triple super
phosphorous™O ) were found to be 0.36 kgG&x/kgROs (Kool et al, 2012). Conversion of 1 kgi®s to 1 kgPwas done through multiplication by

0.436 {vall and Plunkett, 20)6thus the GHG emissions associated with the production of synthetic phosph@ous)were 0.15696 kgCgq/kgP. Alternative
GHG emissions associated with the production of tsplger phosphate are shownlimble E-1.

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

Fertiliser Unit CO; (kg) CH4 (kg) N2O (kg) CO2eq (kg) Reference

CAN kgN 2.66 0.00174 0.0134 6.697 (O6Brien et al ., 201
CAN kgN - - - 7.11 (Donal O6Brien et al
CAN kgN - - - 5.164 (D. O6Brien et al.,
Triple Superphosphate kgP205 1.67 0.00245 0.00003 1.740 (0O6Brien et al., 201
Triple Superphosphate kgP205 - - - 1.86 (Donal OO6Brien et al
Triple Superphosphate kgP205 - - - 1.926 (D. O6Brien et al.,

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

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 assureed ttistence of 1163 km. The
specific CQeq emissions of each transportation phase in terms of Jeg@@i@®m are; 0.1878 kgGex/tkm for road transportation, 0.0304 kg&&@/t.km for rail
transportation, 0.0188 kgGen/t.km for waterbasedtransportation with the Netherlands, and 0.00544 kg@Qor 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 201 7dtasemhdvdrlinger et al., 201)/
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Appendix F: GHG Emissions Associated with Fertiliser Replacement and Digestate Use

S13

Nomenclature Description Unit
a Mass of direct BO-N emissions from synthetic fertilisapplication kgN,O-N
ao Mass of nitrogen from synthetic fertiliser applied to land kg
ao Mass of nitrogen from organic fertiliser applied to land kg
go Direct N;O-N emission factor for synthetic nitrogen fertiliser kgN,O-N/kgN
‘00 Direct N;O-N emission factor for organic nitrogen fertiliser kgN,O-N/kgN
a0 Mass of nitrogen applied whichslatilised kgN
O @ Volatilisation factor for nitrogen from synthetic fertiliser kgN/kgN
Ol () Volatilisation factor for nitrogen from organic fertiliser kgN/kgN
aoo o Mass of indirect BO-N emissions form volatilised nitrogen kgN,O-N
‘g0 Emission factor for the conversion of volatilised N tgONN kgN2O-Njgn
a0 Amount of nitrogen fertiliser applied to latigat is lost via leaving and run off. kgN
Ol () The fraction of applied nitrogen that is lost via leaching and run off. kgN/kgN
aoo o Mass of indirect BO-N emissions associated with nitrogen kgN,O-N
‘ago Emission factor for N2e€N arising from leached nitrogen gN>O-N/kgN
av 0 O Mass of NO expressed as the mass of nitrogen kgN
auv 0 Mass of NO kgN,O
@ Nitrogencontent of digestate kgN/kgwwt
o] Total mass of digestate kgwwit
a Mass of nitrogen in synthetic fertilizer replaced by digestate kgN
() Nitrogen (N) fertiliser replacement value difestate %
® Nitrogen (N) content of calcium ammonia nitrate (CAN) fertiliser %
o] Total mass of calcium ammonia nitrate (CAN) replaced kg
G 60 Mass of CQeq from CAN production kgCOseq
& 60 Mass of CQeq from CAN transportation via road in the Netherlands kgCOseq
Q Road transportation in the Netherlands km
G 606 Mass of CQeq from CAN transportation via rail in tiéetherlands kgCOeq
Q Rail transportation in the Netherlands km
& 60 Mass of CQeq from CAN transportation via barge in the Netherlands kgCOeq
Q Barge transportation in tHéetherlands km
G 606 Mass of CQeq from CAN transportation via sea from the Netherlands kgCOeq
Q Sea transportation from the Netherlands km
& 60 Mass of CQeq from CANtransportation via road in Ireland kgCOeq
Q Road transportation in Ireland km
& 60 Mass of CQeq from CAN spreading kgCOeq
"0 Global warming potential of D kgCOeq/kgNO
(&) Phosphorous (P) content of digestate %
N Fertiliser replacement value of phosphorous (P) %
a Mass of phosphorous (P) replaced kgP
a Mass of BOs replaced kgP.Os
a Mass of triple super phosphate (TSP) replaced kg
G606 Mass of CQeq from phosphorous production kgCOeq
a 60 Mass of CQeq from triple super phosphate from raeghsportation in the Netherlands kgCOeq
G 606 Mass of CQeq from triple super phosphate from rail transportation in the Netherlands kgCOeq
& 60 Mass of CQeq from triple super phosphate from bang@sportation in the Netherlands kgCOeq
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Nomenclature Description Unit
G 606 Mass of CQeq from triple super phosphate from sea transportation from the Netherlands kgCOeq
a 60 Mass of CQeq from triple super phosphate from road transportation in Ireland kgCOeq
a Mass of CQeq arising from digestate use kgCOeq
a Mass of CQeq arising from digestateansportation kgCOeq
a Mass of CQeq arising from digestate spreading kgCOeq
& 60 Mass of CQeq from direct NO emissions associated with digestate use kgCOeq
G 60 § Mass of CQeq from indirect NO emissions from volatilization associated with digestate use kgCOeq
a6u i Mass of CQeq fromindirect NO emissions from leaching associated with digestate use kgCOeq

Direct N;O emissions arise from, amongst other sources, the application of synthetic or organic fertiliser on managed agrisulumaltstal direct BO-N

emission fromagricultural land ¢ ) following the application of a mass of synthetic nitrogen fertiliged ( ) and/or organic
nitrogen fertiliser ¢ 0 ) appication is calculated as peruation F-1:
Equation F-1
a ao 800 auv 800
The specific emissiofactor for NO-N for synthetic fertiliser@O ) is taken to be 0.014 kg®-N/kgNappiea (Duffy et al., 2019 when calculating bD-

N emissions from the application of Calcium Ammonium Nitrate (CAN) as it is the predorsyrehetic nitrogen fertiliser used in Irelaridil{on et al., 201%.
The specific emission factor for,®-N for organic fertiliserQO ) is taken to be 0.006 kg®-N/kgNappiea based on updates to the 2006 IPCC methodology
published in 2019For the purpose of this calculation, organic fertiliser is digestate produced in the AD plant that is spread on ataimiltura

Indirect NO emissions arise from the volatilisation of applied N to the air and the subsequent deposition of tiseddgtilong with N that is leached from
the ground following fertiliser application. Indirect® emissions are calculated in Ireland using the IPCC Tier 1 methodalody €t al., 2019. The mass of
volatilised N ¢ 0 ) following the application of nitrogen fertiliser to land is calculated accordifgjt@tion F-2:

Equation F-2

ao ajd "0l ud ajl 201 W

Thevolatilisation factor for synthetic fertilisei@ @ ) in Ireland is 0.025 kgMaiisedkgNappiea (DUffy €t al., 201Y. In the calculations done bip(iffy et al.,
2019 for Ireland, indirect BO emissions from the application afganic 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 maDuce ( ) (0.085 KgNoiatiised KONappiied) and sewage slueg(0.13
kgNvolatiised KgNappiied), the value of 0.085 kgNadised KgNappiea Will be used for digestate in this analysis. The emissions,0fMlassociated with volatilised N
from fertiliser applicationd 0 0 0 ) is calculated as pérquation F-3:

Equation F-3
ad 0 O al 2’00

The emission factor for the conversion of volatilised N &N (TO) is taken to be 0.01 kgfD-N/kgNyoiaiised (Duffy et al., 2019.
Indirect NO emissions also arise from the fraction of N applied in fertiliser that is lost through leaching and runoff. The animogéoffertiliser applied to
land that is lost viéeaving and run off¢{ O ) is calculated according foquation F-4:

Equation F-4
ao al ao z2"0i @

Thefraction of applied nitrogen that is lost via leaching and run"@if @ ) is taken to be 0.1 kghheedkgNagpicaas used for nitrogen fertiliser, pév(ffy
et al., 201Y. The emission of pPO-N arising from nitrogen lost via leaching anchoff ¢ 0 0 0 ) is calculated as pérquation F-5:

Equation F-5
ab 6 U auv 2’00

The emission factor for JD-N arising from leacheditrogen (OO) is taken to be 0.0075 g¥-N/KgNyeachea(Duffy et al., 2019
Conversion from the mass ot@®N to the mass of D emitted is achieved using the following equatian. F-6);

Equation F-6
4006 avs 0 z—
cy
The globalwarming potential of BD (GWRz0) used in the most recent submission from Ireland to the IPCC was 298d@COffy et al., 2019, this value
will be used in calculations in this work. The GWP of {lsed in this work is 25, also used in the most recent submission from Ireland to the IPCC was 298
kgCOeq Ouffy et al., 201Y.
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Total Mass of Digestate (kg): &

Nitrogen content of digestate (kgNikg: @

Mineral N replacement (kghh): & a zZ® LN
N content in CAN (%)

Total mass of CAN replaced (kg):

Eertiliser Production
Specific emissions form fertiliser production: 8.03 kg€@kgN

Emissions associated with CAN production (kg€):& 60 o] z

Zqﬁ'[o'

Fertiliser transportation from factory to port
Road Transportation NL (km¥§2 vao

Specific CQeq emissions: 0.1878 kgG&yy/t.km
Total road transportation G€y emissions for CAN (kgC@q):& 60

20 TP WX Y

Rail Transportation NL (km§2 G
Specific CQeq emissions: 0.0304 kgG&yy/t.km

Total rail transportation C@q emissions for CAN (kgC@q):& 60 z'Q ZT8to Mt

Inland water way NL (km)Q pw
Specific CQeq emissions: 0.0188 kgGe&yy/t.km
Total inland water transportation G& emissions for CAN (kgC@q): ¢ 60

z2Q Zrgip Yy

Eertiliser transportation from port to port

Oversea water NL (kmR ppOOcC

Specific CQeq emissions: 0.00544kgGOkm

Total oversea water transportation €@ for CAN (kgCQeq):& 60

z2'Q ZTBITMUT T

Fertiliser transportation from port to farm
Road transportation IRL (km§2 wp
Specific CQeq emissions of road transportation: 0.1878 kggeyd.km

Total rod transportation G&q emission for CAN (kgCq):& 60

z2Q zrp Px W

Fertiliser Spreading on farmland
Specific CQeq emissions of fertiliser spreading: 0.029676 ket Gertiiser

Total CQeq emissions from fertiliser spreading (kg€ :¢ 60 a

ZTBIC WX @

Fertiliser application to farmland

Direct N,O emissions
Total N;O emitted from CAN application (kgi®): & 0 0 a z

Direct emission of GHG from CAN application (kg&€Q):
a 60 a0 o z "0

z'00 z

Indirect N ,O emissions
Total N;O emissions emitted from volatilisation associated with the application of CAN fertilises@gN

. 11
auv o p a z 20l 0 200z —

. . G P TUTL cy
Indirect emissions of GHG from volatilisation of CAN (kg&Q):
a o0 ald o P 2 "0

h

Total N;O emissions emitted from leaching associated with the application of CANGRgN
. 11
p 20l 0 200z —
T ¢
Indirect emissions of GHG from leaching oPsyntbée'rtiIiser (kgCQeq):
a o0 i afd o P z "0
h

QA z

a0 o

Box F-1. Calculation of the Avoided GHG Emissions Associated with GRéplacement.
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The mass of GHGs that would be emitted by CAN replaced by digestate is calculated@spen F-6.
Equation F-6 GHG Emissions of CAN Replaced by Digestate

& a 60 a 60 a 60 a 60 dg 60 a 60

& 60 a0 & 60 ) a0

Total Mass of Digestate (kg): &
Phosphorous content digestate (kgP/kgh): @

Mineral P replacement (kgR): & a zZ® zZ®
Mass of ROs Replaced (kgfDs): & a z¢® wp
Mass of Triple Super Phosphorous Replaced (kgTé&P): a 2 —

Eertiliser Production
Specific emissions form fertiliser productidn15696 kgC@eq/kgP
Emissions associated with phospha@roduction (kgCeq):& 60 a Zpd QWO

Eertiliser transportation from factory to port
Road Transportation NL (km§2 (0]
Specific CQeq emissions: 0.1878 kgG&y/t.km

Totalroad transportation C@q emissions for TSP (kgG&x):a 60 —20Q 2T PX Y

Rail Transportation NL (km§2 q
Specific CQeq emissions: 0.0304 kgG&y/t.km

Total rail transportation G,eq emissions for TSP (kgG&x): & 60 —2z7Q ZTto M1

Inland water way NL (km)Q pw
Specific CQeq emissions: 0.0188 kgG&y/t.km

Total inland watetransportation Ceq emissions for TSP (kgGe): ¢ 60 ——270 zm@rp Yy

Eertiliser transportation from port to port
Oversea water NL (kmQ ppoo
Specific CQegemissions: 0.00544 kgG@km

Total oversea water transportation €@ for TSP (kgCeeq): & 60 ——20 ZMBIMUT T

Eertiliser transportation from port to farm

Road transportation IRL (km§2 wp

Specific CQeq emissions of road transportation: 0.1878 kggod.km
Total rod transportation G@q emission for TSP (kgGex): & 60

20 T WX W

Fertiliser Spreading onfarmland
Specific CQeq emissions of fertiliser spreading: 0.029676 keg€oXGeriiser
Total CQeq emissions from fertiliser spreading (kg€ :¢ 60 a 28I WO X @

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 calculatediasiper--7:

Equation F-7
a a 60 & 60 a 60 a 60 dg 6o & 60
a 60
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Total Massof Digestate (kgw): @
Nitrogen content of digestate (kgNkg: &
Mineral N replacement (kght): & a LN

DIGESTATE

GHG Emissions from Digestate Transport to Land

Transportation of digestate to farmland (t.krogch

Specific CQeq emissions of road transportation: 0.1878 kgggd.km

Mass of CQeq from digestate haulage to land (kg€€): & o8k zTd Yy W

GHG Emissions from Digestate Spreading on Land
Specific CQeq emissions of fertiliser spreading: 1.1492 kg€{IKGigestate
Mass of CQeq from spreading of digestate (kg€Qq): & a ZpP T WG

Digestate Application to Farmland

Direct N,O Emissions
Total N,O emitted from of digestate application (kg: & 6 0 a zZ® 2’00 z—
Direct emission of GHG from digestate application (kg&f):a 60 at 0 2060

Indirect N,O emissions
Total ;O emissions emitted from volatilisation associated with the application of digestat©jkgN

- o r " ney T D e T T
a0 o . & L) 20l W ZOOZQ_LIJ
Indirect emissions of GHG from volatilisation of digestate (kg€ _

a 60 ; ald o " "0

Total N;O emissiongmitted from leaching associated with the application of digestate@gN

- 1T
ald o . a zQ 20l W Z'O‘Ozc—llJ
Indirect emissions of GHG from Ielaiag of digestate (kgCfq): _
a 60 ald o y z "0

h h

Box F-3. Calculation of the GHG Emissions Associated with Digestate Use.
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The GHGemissions arising from the use of digestate on l&nd ( ) for barley cultivation are calculated according-touation F-8.
Equation F-8
a a a & 60 a 60 . a 60
References
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Appendix G: Animal Feed Production

Nomenclature Description Unit
[A) Dry matter content of materi aPowwii 0
® Moi sture content of material %wwt
[A) Crude protein content of matefDMI Ai 0
@ Crude fat content of mater.i.: %DM
@ Fibre content of material #fi 0 %DM
o] Syrup addition to wet grain kgwwt
a Daily production of draff and cake maize mixture kgwwt/day
Y Ratio of syrup addition to moist grains Na
a Total mass of moist grain produced kgwwt
“‘a Gross energyo of material fm MJ/kg
0 0Q Organic matter digestibility o% stream fdio
(00) Energy digestibility of stru % )
‘00 Digestible energy of stream @ Makg
00 Met abol i zable energy of stru MJkg
n Quotient of metabolizable enerNMay to gross energy
KO Milk production energy use efficiency %
h Maintenance energy use efficiency %
fo/o] Fate energy use efficiency %
@ Q Combined maintenance and fat energy use efficiency %
YO Energy content of feed prodi Na 1. Unite forrage
Y Ratio of syrup sent to dried distillers grains (DDG) Na
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Figure G-1. Feeds recovery plafibwchart.

(6DDGO6: Dried Distillersé Grains. OMVROG: Mechani cal VgepouémRéco@pkesH
Centrifuge. 6m56: Centrate from Centrifuge. Exm66t edBr &af bmasidt €akémBai z
Mechani cal Vapour Recompression (MVR) Evaporator. o6m9606 Guryaiups AMdidedr .

Syrup Sent to Dried Distillers Grains Mixer 6 m126: Syrup Exported from Bite. 6dml36: {
Information regarding the composition of the distilleryfgmnpducts and the distillery feed products are outlinethine G-1.

Table G-1. By-product Parameters

Parameter Symbol Unit

Dry Matter Content ® Yowwt
Moisture Content ® Yowwt
Ash Content @ %DM
Crude Protein Content @ %DM
Crude Fibre Content @ %DM
Fat Content ® %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 productbgrafmapthe centrate is mixed with
thin stillage and is sent for processing in the MVR units for the production of syrup. Gaiseof; total mass, dry matter, and water are assumed &s/p&ion
G-1.

Equation G1
at au dag
A18—— AQud—— a¢8——
pTIT pTT P
A18— AQu8—— a¢8—
pTT pTT pTT
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The mass of maize cake produced was calculated &jpetion G-2.

Equation G2

The dry matter content of maize cake ( ) was taken to be 29.103%wwt based on data from the onsite laboratory at the distillery. No direct information or
the volatile solid, ash, protein, fibre, or fat composition of the maize cake was available. The percentage of dry rpatted @dmolatié 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 Maiz¢ \(vere calculated as pEguation G-3.

Equation G3
6 ODADQWI@ 4d18—8—
PTMTP T
0 O DR Q¢ 0 QWAB——8—
PMTP T
0 OV N6 VAW CX8—8—
PMTP T
0 DD QPQ0 G18—8—
PTMTp T
The mass of centraté () exiting the centrifuge was calculated as pegnation G-4.
Equation G4
. —8—38
—&
a

The dry matter content of centratep(é) 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 matedadmplatié 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-asipgon G-5.

Equation G5
0'Q¢ 0 I0dD Qus——8—
PP TT
0 QE0IODDWIQE 0 QEVB——8—
PTMTP TT
0QE 00D WOWiI AV8——8—
PTMTP T T
0'Q¢ 0 I'Gb® ' QUE——8—
PTMTIp T

G.2.Mix 2: Combination of Thin Stillage and Centrate
The total combined mas of thin stillage and centratate, dubbed as MVRifgleduvas calculated as pEguation G-6.

Equation G6
auv ao ay

The composition of the MVR feed: {{) wascalculated as per Equation@o Equation G-12.

Equation G7
dus— & 8—
® - - ZpTMT
aoc Gu
Please cite this article 836 Shea R., Lin R., Wall D. M., Browne J. M., Mbatapcingbenkfits@dnd Di s

drawbacks using a compromise programming apprdziofuel Research Journall (2021) 14171432.DOI: 10.18331/BRJ2021.8.3.2




S21
O 6 S leteale/ BiofuelResearch Journd@1 (2021) 14171432

Equation G8
aug— a 8—
@ - - Zp T
ao au

Equation G9
Gu8—8— ao8——
@ Zp M
aGu8— G o8—

Equation G10
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@ ZpTT
au8— & o8—

Equation G11
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Equation G12
) au8—8— G o8——
® Zp T
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The total mass of; dry matter, ash, protein, fibre, and fat in the MVR feed were calculated@sapen G-13.

Equation G13

o
0 @YOQDIQ 6 ys—8—

o
PMTIp T
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G.3.MVR Syrup Production

The total mass of syrup produced in the MMRts was calculated using a dry matter balance on the MVR units under the assumption that all of the incomin
dry matter contained in the MVR feed was contained in the produced syrup. The total mass 6f syypdduced was calculated according-tpuation G-14.

Equation G14

dys—

apo

The dry matter content of the syrup was specified exogenously and was taken to be 32.316%wwt based on data fronythe distiller
The total mass of dry matter, ash, crude protein, crude fibre, and fat in the syrup is the satotehgt@mingmass of each constituent in the MVR feed. The
composition of the dry matter contained in the syrup in terms of; ash, crude proteirfiimeidind fat can be expressed udingiation G-15to Equation G-18.

Equation G-15
) Gu8—8— a08——
® Zp T
Gu8— a08—

Equation G-16
) au8—8— Go8——
® Zp T
Gu8— a08—

Equation G17
) augd—8— 008——
® ZPp T
au8— G o8—
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Equation G18
au8—38— G 08——
@ Zp T
au8— ao8—

Syrup is to be prioritised for use in wet grain production, surplus syrup will then be used in DDG production if DDG@raabectis. Finally, ithe 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 draffi(p) and cake maizei(t) was calculated as peruation G-19.

Equation G19
at ap ao

The dry matter content, moisture content, ash, crude protein, crude fibre, and fat content of the mixture of draff ssidecakeatculated usingquation
G-20to Equation G-24.
Equation G20
a18— & 8—
ap art

Zp T

Equation G21
] 418—8— ap8——
@ Zp T
a18— ap8—

Equation G22
a1T8—8— ap8&—8—
» Zp T
a18— ap8—

Equation G-23
i 618—8— Gp8—8—
® Zp T
Aa18— ap8—

Equation G24
a418—8— G p8—38—
@ Zp T
G18— Gap8—

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

Equation G-25

o o
fe 5fe
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[

T& 'OTS’ 'OTE: 'OT'&
= =] =
4
=
=

°
=
3
=
B

fo e

Qs

G.5.MVR Syrup to Wet Grain

The mass of syrupi(e) added to the mixture of draff and cake maize was based on the average daily mass of syrup added to the mix of deaffainel, cak

divided by the mass of draff plus cake maize produced peif\day ( ) as outlined irEquation G-26.
Equation G-26 -
o a QQ0 L O
o} QQ0 0 o

The average mass of syrup added per kg of draff plus cake maize for the period of analysis was found to be 0.04689KggwivElmaff plus cake maize.

The mass of syrugi(e) to be added to the mixture of draff and cake maize for the production sif gnain was calculated accordingquation G-27.
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Equation G27

aw a@z'y

S23

As stated earlier, the use of syrup is prioritised for the production of moist grain, if the total mass of syrup paquigciedess thathe mass of syrup required
for the production of moist grair @) then all of the syrup produced is used for the production of moist grain (¢ p ¥
The mass of ash, protein, fibre, and fat contained in the syrup stream sent to the mixture of deki€ amaize are calculated accordingtpiation G-28.

Equation G28

G.6.Mix 3: Moist Grain

Q
c:
=

Q Q
TS DT& °
A A
To 3o 3o 2o

Q
Te: Z

o
=
3

The total mass of moist grain is calculated astugration G-29.

Equation G-29

G

B

=

=

=
E

The total mass of dry matter, as, crude protein, crude fibre, and fat contained in the moist grain is equal to trechurorddtituent contained in the incoming

mixture of draff and cake maize, combined with the incoming mass of syrup. The dry matter content of the moist grams forgsémdd p Jris calculated as
perEquation G-30.

Equation G-30

Ag8— auB—

ap adw

zpmm

Ash content, crude protein, crude fibre, and fat content of the dry matter fraction in the produced moist grains aee ealooiiding té-quation G-31to

Equation G-34.

Equation G-31

Equation G-32

Equation G-33

Equation G34

a8—8— GuB—8—
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ZpTmm
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zpmm

a8— auwB—
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dg8— & uB—

zpmm

ZpTT

Current annual production of moist grains was found to be ca. 62,766 twwt/a. If the total mass of moist grain produckid isdan excess of 64,617 twwta,
any surplus moist grains will be further mixed with syrup and dried to produce BPGr(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 msasidgnai further production of DDG

will occur.

The UFL of the prduced moist grains can be calculated asqperation G-35.

Equation G-35

Of €04 Q1 ARGIANIO O'Q¥d 1| ‘W 6"CD

p W T @)X

™ p @ T8O T Y @)
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G.7Mix 4: DDG Production

If DDG is to be produced, additional syrup from the MVR streamp ¢ will need to be mixed with the moist grains remaining after the export of moist grains
(& p It The mass of dry matter contained in syrup added to the most grains remaining for the production of DDG was calcdlatethbasenual mass of dry
matter contained in DDG produced minus the mass of dry matter contained in the remaining moisttgra@gsulting ratio of 0.6296 kgDiyludkgDMupistcrain
Y ) is used to calculate the mass of syrup added to the remaining moist grains, using a dry matter content of syrup oflg@&@&emtata from the
distillery. The mass of syrup aeld to the remaining moist graia ¢ { for the production of DDG is calculated as pepation G-36.

Equation G-36
ap B——2'Y

app

The total mass of DDG produced is based on the sum of the dry omttained 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 Equaidh G

Equation G-37
apB— ap pg—

apt

The ash cont#, crude protein, crude fibre, and fat content of the produced DDG are calculated:gsgiem G-38to Equation G-41.

Equation G-38

‘ 6p 8B—8— ap p—8—
@ Zp M
ap B—

Equation G-39

Gp B—8— Gp p—8—
» Zp T
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Equation G40
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Equation G41
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The UFL and UFV content of the produced DDG can be calculated &sjpefion G-42.
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Equation G42
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G.8. Syrup to Tankers

In the event that there is residual syrup left after moist grain production and DDG productiemadiveng syrupd p ¢ is exported from site in tankers. The

mass of residual syrup produced is calculated aspention G-43.

Equation G43
apg dpo aw app

The UFL of exported syrumi(p § can be calculated usirigjuation G-44.
Equation G44
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Appendix H: Feeds Recovery Plant Energy Consumption

Nomenclature Description Unit
(0] Natural gas demand to dry distillers dried grains (DDG) MWhy/a

— 0 ¢ "Qa 'Qi Boiler efficiency %
(] Electrical energy consumption of centrifuge MWh¢/a

Share of thick stillage used in anaerobic digestion %
a Mass of thick stillage kgwwt/a
(0] Electrical energy consumption of dryer MWh¢/a
a Mass of DDG produced kgwwt/a
a B Total mass of thick stillage available kgwwt/a
0 Electrical energy consumption of the pellet mill MWh¢/a
(0] Electrical energy consumption of the mechanical vapour recompression (MVR) systei  MWhda

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

The production of DDG requires the use of steam irfeébdsrecovery plant. Hourly data on total steam consumption of the feed recovery plant was obtained
from the SCADA system for the distillerwhich measured the mass flow rate of steam in kg/hr useddh 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 evdsteatiorbased on the pressure of
steam used was used to calculated hotigrmal energy consumption. Hourly energy consumption in each drier was summed to give weekly total energ
consumption for all the driers combined.

The specific energy consumption per week of DDG drying was calculated by dividing the weekly thermat@msugyption 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 energprg@esungsk are shown in
FiguresH-1andH-2.

Regression analysis was performed using the Curve Fitting Toolbox in Matlab to fit a linear model to the specific weellgribegy consumption to dry the
DDG. The resulting linear model is also shown in Equatiehw@th an intercept 0f6.255 and alepe of 4083 (aRof 0.3958).

Figure H-1. Specific Thermal Energy Consumption of DDG
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Figure H-2. Total Thermal Energy Consumption of DDG

Specific thermal energy consumption per tonne of DDG produced reduces as DDG pradaotases, this could be a result of increasfficiency of the
process as through put of DDG increases. The average thermal demand for the drying of DDG is 2,493ThEfotal consumption of thermal energy in the
form of steam for drying of DDG was ca. 8,714 MWh.

Annual steam consumption of theyers used for DDG production, if DDG production is to occur, is calculated as per Equdtibasdd on weekly values of
DDG (assuming 50 weeks of operation). The consumption of natural gas required to produce this amount of steam is yattividiregl the annual steam
consumption of the driers y~788d%efficiency of the steam boilers (d

Equation H-1

0 wQ

© “5¢0aal &

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 andlicertrifvae calculated using average
values of real power cemmption (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 wdrevamandayot give daily
energy consumption.

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

The specific electrical energy consumption pérahthick stillage processed, and the total daily energy consumption for a given volunekddtiltage
processed are shown fingure H-3 for each of the centrifuges for which data was available. Regression analysis was conducted using tiduiMatkitting
Toolbox, an intercept value e6.0003064 and a slope of 1.566 were calculated £aR5122). The linear model is also showri-igure 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 atréralgengleyy consumption pefm
of thick stillage processed was 1.3 kWA/m

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

Equation H-2
. "z @IMNMNONEAQe {¢Q
O Y & 2 -
pPTTT W
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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 hwesajeeal power consumption
(kW) between the period 28/02/2019 and 30/04/2019 as data prior to 28/02/2019 was not readilg.availa

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

The specific electrical energy consumption of the driers per t of DDG produced, and the total daily energy consumpticersffthiea given tonnage of DDG
produced are shown Fgure H-4. A linear model was fitted using Matlgimtercept value =0.206, slope = 133.6, 80.433) and is also shown fiigure H-4.

Figure H-4. Drier Electrical Energy Consumption

Specific electrical energy consumption reduced as DDG production increased, the average electricalrenengyion of the driers per tonne of DDG produced

was 72.21 kWht.
Annual electrical Energy consumption of the driers producing DDG is calculated=fiaation H-3 based on weekly production figures of DDG (assuming

50 weeks of operation per year);

Equation H-3

z

Z T8 MO p o 0 ©Q
PTTT @

(0] a z

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 carighmpiiens. Data was sources
for the same time period, real power consumption was obtained. A linear model relating sptifitabkenergy consumption to weekly DDG processed was
fitted with Matlab (intercept =0.7275, slope = 35.94, &80.7569), the results are showrFigure H-5.
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Figure H-5. Pellet Mill Electrical Energy Consumption

Once againthe specificelectrical energy consumption of the pellet mills reduced as DDG production increased, the average electrical energy gefteind f
production was 14.5 kWh/t. Limited data is available for electrical energy consumption of the driers, as such ttseseereshe treated with caution.

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

Equation H-4
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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 sythip Btitage and centrifuge liquor.
Data on real power consumption for MVR1 was obtained for the period 01/05/2018 to 01/05/2@16n real power consumption for MVR2 was obtained for
the period 01/05/2019. Hourly energy consumption was calculated using the trapezoidal rule for each of the MVR unitajugsuhere summed within each
day to obtain the daily electrical energynsumption of each MVR unit.

Syrup production volumes from MVR1 and MVR2 were calculated using data flowmeters. Flow data for each of the flowmetetstovabtain hourly syrup
flow from each MVR unit using the trapezoidal rule. Hourly flows withotag were summed to obtain daily syrup flow from each MVR.

The total electrical energy consumption of MVR1 and MVR2 was 5,132 Mifh 1,263 MWhrespectively. The electrical energy consumption of MVR1 is
higher owing to the fact that it was in operatfona longer period of time than MVR2 which was newly installed in 2018.

The specific daily electrical energy consumption of each MVR unit pef syrup produced is shown ifigure H-6. MVR displays a clear reduction in specific
energyconsumption with an increase in volumetric syrup production, the same trend is not visible for MVR2. This could be daettth&téMVR2 is a new
unit and operated under a stapt condition for longer than MVR1. The average specific electrical emamgumption of MVR1 was found to be 140 kWR/m
MVR2 had an average electricity consumption of 91 kWhivhile both systems combined has an average electrical energy consumption of 127 édveinap
produced. A first order exponential model was fitethie combined specific energy consumption of the MVR units with respect to the daily mass of syrup producec
using Matlab (scale = 327.6, exponenB006033, aR=7192), results are shown ligure H-6.
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Figure H-6. MVR Specific Electrical Energy Conmption
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