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Abstract

The environmental impact of bioenergy supply systean be determined using life cycle
assessment methodologies. This study focuses omibect of production of Miscanthus
pellets and briquettes, potentially used to satisfyewable energy requirements in Ireland.
The impact categories considered are particulamyportant when assessing bioenergy
systems; global warming potential, acidificationtguial, eutrophication potential, and
energy demand. The scope of the study incorporitiesanthus cultivation, harvest,
processing and transport to a biomass distribtoe. aim of the research is to evaluate the
effects of changes in keys variables on the overalironmental impacts of the system. The
scenarios examined include replacement of synthettdisers with biosolids, Miscanthus
processing by pelleting and briquetting, and transgdistances of 50 and 100 km. Results
indicate that maintenance and processing of thecaithus crop have the most
environmental impacts with transport having lesaofeffect. Replacing synthetic fertiliser
with biosolids results in a reduction in global wamg potential of 23-33% and energy
demand of 12-18%, but raises both acidification aattophication potential by 290-400%
and 258-300% respectively. Pelleting of Miscantheguires more energy than briquetting,
hence has higher impacts in each category assdssezhsing the transport distance from 50
to 100 km, results in a small increase in each enmategory. Miscanthus briquette
production compares favourably with wood pelletrosene, and coal production, with

Miscanthus pelleting proving more environmentakyrchging.
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1 Introduction
In Ireland, there is an increasing awareness ofngwx to reduce greenhouse gas (GHG)

emissions in line with Kyoto commitments and to elep alternative energy sources to
reduce dependence on finite fossil fuel resour@é® Irish government has adopted the
European Union’s (EU) renewable energy directiv&DR target of 20% of overall gross

energy consumption by renewables by 2020, Irelamaisdatory target being 16% [1], further

driving the need to develop indigenous bioenergpueces.

Biomass is an important source of renewable en@®igynass contributes about two-thirds of
the renewable energy consumption in Europe, andstl80% of the biomass consumption is
wood and logging residues totalling 3.9% of oveealérgy consumption. The biomass pellet
accounts for only 0.2% of gross final consumpti@h. [This share is increasing as the
pelleting of biomass has many benefits. The deraitn of biomass to pellet form improves
its physical and chemical properties especiallytenms of calorific value resulting in

increased energy density, higher bulk density, ldgter heating value [3]. The manufacture
of wood pellets and briquettes are governed byt @fsEN standards, ensuring that certain

minimum fuel performance criteria are met [4-7].

The sources of raw material that can be used fressful pelleting depends on a number of
factors; the moisture content of the feedstockdsemck density, particle size, fibre strength,
the feedstock’s lubricating characteristics and pghesence of natural binders such as lignin
[8]. Focus has primarily been on the use of woaidrees and sawdust for pellets, however,
prices of these raw materials are increasing [2,Ir®]Jaddition, the increased demand for
pellets for heating is causing shortages of thditicanal raw materials, sawdust and wood
shavings. As a result of these two factors, ateniias turned to using alternative sources of
biomass such as dedicated energy crops (Miscantkad, canary grass and hemp) and
agricultural residues as raw material. Energy craps seen as an attractive source of
renewable energy as they offer reduced greenhcasemissions when compared to fossil
fuels, coupled with potential carbon sequestrafidh 11]. The economic viability of using
more costly energy crops as raw materials has imaok@as the market prices for pellets
increased about 45% from 1997 to 2006 [12].
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Miscanthus is a perennial, woody, rhizomatous Cédsgrspecies which originated in
Southeast Asia and was imported into Europe as raanwental grass. Miscanthus is
commonly used as a raw material in building makergeotextiles, and paper and packaging
industries [13]. However, Miscanthus is also araidmergy crop, yielding large quantities of
high quality lignocellulosic biomass on a yearlysisaover its lifetime, between 15 and 20
years [14, 15]. The harvested biomass typically &dsw moisture content, important for
maximising energy output [16]. As such, Miscantthas high net energy content when
compared to other energy crops [17]. In additiomsddnthus has high water and nutrient use

efficiencies, making it a low input crop [18-20].

1.1 Environmental benefits of Miscanthus
The use of Miscanthus for energy production offaesy environmental benefits including;

climate, soil, biodiversity, and bioremediation.
Greenhouse gas reductions versus fossil fuels

Miscanthus combustion is considered to be carbaoiraeas its combustion does not result in
a net increase in atmospheric carbon dioxide,jC@Que to absorption of Gby the crop
during photosynthesis [19]. The substitution ofsibduels with Miscanthus in energy
production results in significant avoided GHG enaiss [19, 21, 22]. Hard coal combustion
replaced with Miscanthus combustion for energy lteso a reduction in GHG of 90% [14].
The use Miscanthus for energy production allowsdisplacement of primary energy sources
such as coal and oil. Consequently, 1 tonne of &idws can replace 0.6 tonnes of hard coal
[14], and 400 litres of oil [23].

Soil

The deep rooting nature and rhizomatous structtidigcanthus can result in a number of
benefits to soil structure. The establishment o$ddnthus on tillage soils results in benefits
in terms of improved nutrient and moisture ret@mtireduced wind and water erosion [24,
25], and improved drainage [18]. These benefitsadése observed, albeit to a lesser extent,
when established on grassland sites once the eemhées maturity [18]. Soil erosion is lower

than on annual crops as cultivation and establisliiseonly repeated once over the lifetime
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of the crop [26, 27]. Miscanthus cultivation incsea the rate of nutrient cycling in the soil-

plant system and enhances soil fertility [28].

During establishment of Miscanthus, high rates afiaralisation following ploughing can
result in significant losses in organic carbon amtiogen [18, 29-31]. However, once
established, the perennial nature of Miscanthuswallthe accumulation of soil organic
carbon (SOC) in differing quantities depending on §/pe and previous land use [28, 32,
33]. Miscanthus cultivation on previously arablélsgean result in SOC accumulation rates
of over 1 t/ha [32, 34]. Clifton-Brown et al. [3Bktimated a gross SOC accumulation rate of
0.6 tC/h&a over 15 years of Miscanthus cultivation on a jmesly grassland soil.

Bioremediation

The deep-rooting and perennial nature of Miscantipuevides a low soil-erosion
environment making it ideal for the treatment anebl-down of organic wastes. Energy crop
plantations are considered particularly suitableuse as biological filters for treatment of
wastewaters and sludges as their end use as feslsnps direct entry of pollutants into the
food chain [36, 37].

Biodiversity

When replacing grassland with Miscanthus, an olvénalease in biodiversity results in a
greater number of species being present [18]. &iiyjl biodiversity in Miscanthus is also
higher than it is in conventional annual crops [29]scanthus cultivation improves flora,

fauna, mammal and soil biodiversity [24, 38, 39].

1.2 Why life cycle assessment

The use of Miscanthus for energy production offemany environmental benefits as
discussed above, however it can lead to negativeoemental consequences. Large-scale
increases in biomass cultivation can pose risketaral ecosystems by impacting on soil and
water resources. As a result of these concernse tieve been many questions regarding the
sustainability of bioenergy and the rate at whigtional governments, and the EU, are

encouraging bioenergy development [40]. As such, decision to use Miscanthus as a
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source of energy depends to a large degree on ib®teconomic and environmental

performance [21, 22].

Life cycle assessment (LCA) is a tool which can used to assess the environmental
sustainability of energy production from a holigberspective. Many studies have used life
cycle assessment methodologies to estimate thent@dteenvironmental impacts of
Miscanthus production [21, 22, 41-44]. Few of tkeiewed studies focus on the results to
changes in management and production practicesmBjerity of the literature pertaining to
LCA studies of pellets focuses on the productiomwobd pellets. Both the emissions and the
energy requirements of wood pellet production hagen analysed in previous studies [45-
50] with few relating to pellets from alternativeousces, poplar [51], straw [3] and
Miscanthus [52].

2 Materials and methods

2.1 Goal and scope

The aim of this paper is to analyse Miscanthus ypetdn and processing in Ireland, with
regard to emissions and energy requirements thouigtme life cycle. In order to fill the
gaps identified in the literature, in particulantaéing to effects of management scenarios
and pelleting of Miscanthus, this paper assessesftact of changes in key variables on the
overall environmental performance of the systens é&nvisaged that the results will provide
insights into the optimal performance of the Midbars production and processing chain in
terms of the environmental impacts studied. Speeciftention is paid to the production of
Miscanthus using two different fertilisers, synibednd biosolid. Two processing methods
are assessed; briquetting and pelleting. And tawostort distances, 50 and 100 kilometres
(km), are evaluated. As this study focuses ofpttoeluction, processing and transport of the

processed biomass to a distributor it is thus eefias a ‘cradle-to-gate’ LCA study.

2.1.1 Functional unit

As the focus of this paper is on the productioMMagcanthus products for the generation of
heat or electricity, it is useful to express thsutts in terms of energy content of the final
delivered product. Therefore, the reference fumetianit is 1 GJ of energy embodied in the

processed Miscanthus at the gate of the proceBsergy content is commonly used as a
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functional unit in Miscanthus production studie2,[243, 44]. Using a measure of the
performance of the system in terms of energy oufioivs the system to be compared to
other energy production systems [53, 54].

2.1.2 System description

The boundaries of the system are illustrated iarégl. The system encompasses all aspects
of the pelleting system; raw material acquisitiorop cultivation and harvesting), feedstock
processing (pelleting and briquetting), and tramsfwothe distributor.

System Boundary
D -------
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preparation 2 BETERERS | i
M
v D | Planting |
Planting <-.-i‘- -et Stock
i Herbicide :
!
D ' Fertiliser
~ Crop P
[ | L L
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Crop 15 1-year pmemmm ey
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4‘ Harvest Stool
“| Elimination
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Processing
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Key:
D - diesel Vv
consumption I Transport to distributor
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Figure 1 — System diagram
The entire burden of the system is allocated tdefbfiquette production. No loads

allocation is required in the feedstock option tzes ¢ntire harvestable yield is considered as

fuel.
Description of Miscanthus processing cycle outlimetigure 1:
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The ground is prepared prior to seeding. This we®lapplication of herbicide to control

actively growing weeds, ploughing, and finally disk to prepare a stale seedbed for
planting. The Miscanthus crop is planted with a mhed potato planter to a density of

15,500 cuttings per hectare. The site is cons@dldty rolling and a residual herbicide

applied. Fertiliser is not applied during the fitato growing seasons. Beyond this, fertiliser
is applied 14 times over the life of the Miscantiplemtation (after every harvest). Herbicide
is also applied at this stage. The applicationyotigetic fertilisers and biological fertilisers

are compared in this study. After an establishmpeniod of 2 years, Miscanthus is harvested
on a yearly basis. The crop is mown and left infiblel to dry before baling. The bales are
subsequently transported 5 km to the farm yards kkhopped and further dried using a
modified grain dryer. The Miscanthus is then pellietor briquetted. The processed
Miscanthus is transferred to trucks and is trarspoto the distributor. In this analysis two

transport distances are compared; 50 km and 100rke Miscanthus crop is removed from

the site at the end of the crops life (approximyafel years) by the application of herbicide
such as glyphosate followed by ploughing. This ésathe majority of the root system in

place without damaging the soil structure [15].

2.2 Inventory analysis
The LCA was conducted in Simapro 7.3 [55] usingnany and secondary data from various

sources, the sources of data and use of the dataulined in the following sections.

Data specifically relating to Miscanthus production Irish conditions is used wherever
possible. Where there are limitations in this dather standard data for Miscanthus and
general agricultural production reported in therbture is used. The Miscanthus production
cycle in this model is based on data from Teagascénthus Best Practice Guidelines [15]
and other literature [16, 35, 56, 57]. The datafdelieting was obtained from trials in the
University College Dublin research laboratory. Thiata was combined with pelleting
infrastructure data from the ecoinvent databasé. [bBe gathered data was supplemented
with data from ecoinvent databases.

Table 1 outlines frequency of field operations aver lifetime of the crop.
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Table 1: Summary of field operations

Frequency of operation

Field operation (per 17 year cycle)

Pre-ploughing herbicide 1
Plough 2
Disk 1
Plant 1
Roll 1
Harvest 14
Herbicide 15
Fertilise 14

Table 2 details the inputs to the cropping systerar ahe lifetime of the Miscanthus

plantation (17 years).

Table 2: Data summary of inputs to cropping system

Frequency (per 17 Application Total (kg/ha)

Plan Input year cycle) rate (kg/ha)  over life cycle
Water 1 200 200
Land preparation ~ Glycophosphate 1 1.8 1.8
Crop Cuttings 1 15500u 15500u
Establishment Water 1 500 500
Glycophosphate 1 1.44 1.44
Pendimethalin 1 1.09 1.09
Maintenance Water 14 200 2800
Nitrogen 14 60 840
Phosphorous 14 9 126
Potassium 14 58.75 822.5
Pendimethalin 14 1.37 19.17
Crop removal Glycophosphate 1 1.8 1.8

2.2.1 Field inputs

Nursery stock production was modelled based on fdama Jungbluth et al. [56]. Nitrogen,
phosphorus and potassium fertiliser data was oddairom the Danish LCA Food Database
[59]. Biosolid data was obtained from [36, 60, @ésticide production is based on data from
Nemecek et al. [62].
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2.2.2 Machinery and fuel consumption

Data regarding the manufacture and fuel consumgti@onventional agricultural machinery
used in Miscanthus cultivation were obtained fromeport by Nemecek et al. [62]. For
machinery specifically related to Miscanthus hatimgs such as the baler, not contained in
the ecoinvent databases, other sources of data weexdk [22]. Data on tractor and trailer

manufacture was obtained from the ecoinvent dataj&s].

2.2.3 Field emissions

The cultivation of Miscanthus and the use of fesgits result in emissions to air, soil and
water. The ammonium contained in fertilisers canddeased to the atmosphere as ammonia
(NH3) through the process of volatilisation. Rates ofatilisation depend on a number of
factors; fertiliser type, soil type and pH, and tiea conditions [64]. In this study, NH
volatilisation is assumed to be 2% of applied & according to sources [62, 65]. For the
application of biosolids, it is assumed that 26%hef N contained in the biosolids is released

as ammonia according to Nemecek et al. [62].

Nitrous oxide (NO) is produced naturally as a product in the diicition and nitrification
processes by soil micro-organisms. The additiomitvbgen to the cropping system in the
form of both synthetic and biological fertilisershances MO formation. NO is a powerful
greenhouse gas and is has 298 times the globalimgupotential of 1 kg of C®equivalent
[66]. In this study NO formation is estimated to be 1.25% of availabigogen from
synthetic sources after ammonia volatilisation.sTéstimation is consistent with those used
in published literature [64, 67, 68]. As emissidastors for both synthetic fertiliser and
biosolids are similar, M0 emission rates for both are assumed to be the sagording to
the Biosolids Emissions Assessment Model (BEAM)[69

Preliminary results show low levels of nitrate lleiag compared with other crops [19].
Higher leaching rates in the year after establistinage observed, however in subsequent
years nitrate leaching reduces to rates compataltteose from unfertilised grass [70]. The
nitrate leaching rate is estimated according toORfata [67], it is assumed that 30% of
applied nitrogen in both synthetic and biosolidilisers is lost in leaching to groundwater

while 0.75% is converted to.N.
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During the nitrification process in soils, nitrogerides (NQ) may be produced in parallel
with N>O. NO, emissions in this study for both synthetic andsblial fertilisers are estimated

according to Nemecek et al. [62].

2.2.4 Harvest and yield

Yields of Miscanthus are lower in Northern Eurofé-(6 t/ha) in comparison to Southern
Europe (24 t/ha) as it is limited by temperaturg][Peak yield occurs in autumn; however it
is common practice to postpone harvest until thleiong spring. This improves the quality
of the biomass as nutrient and moisture conteetseluced, and energy content is increased.
The yield loss is compensated by the increaseenggrcontent [23]. The average harvestable
yield from 1 ha of Miscanthus in Ireland is assurteetde 11.5 dry t/ha from a 1 year harvest
cycle [15]. Harvest losses represent an importasd Hduring the conversion of the standing
yield of the crop to the harvested yield. HarvdBtiency was assumed to be 90% according
to Styles and Jones [57].

Basic elements of current harvesting technology lmarused [23]. Miscanthus mowing is
based on data from Nemecek et al. [62]. Miscantalisg is based on data from Smeets et
al. [22] and Nemecek et al. [62].

2.2.5 Drying

The harvested Miscanthus must be dried to a meistointent in order to be stored in a stable
manner and to allow processing to pellets and btiga [23]. The required moisture content
for pelleting and briquetting is 10%. Upon mowitige Miscanthus is left in windrows in the
field to further reduce the moisture content. Ithen baled, and transported 5 km to the
processing facility where it is chopped. Approxietats0% of the Miscanthus received at the
processing facility is at a suitable moisture canfer processing, while 50% is further dried
using a modified grain dryer [72]. Data for theigrdryer is obtained from Nemecek et al.
[62].

2.2.6 Crop processing
The Miscanthus bales are chopped when receivelieapttocessing facility. Data on the
chopper is obtained from Werner et al. [73]. Thepads further processed based on whether

pellets or briquettes are produced.
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Energy requirements for the pelleting process vairined from trials in the University
College Dublin research laboratory at Lyons Egpeléet plant in Ireland. The pellet machine
used is a 250 kg/h micro pellet pressing line bydafForze. The total installed power
requirement for the system is 57 kW. Further datatlee pellet plant infrastructure was

obtained from Werner et al. [73].

Table 3: Data summary of pelleting process

Power requirement (KWh) 38.55
Output (kg/hr) 150
Net calorific value (MJ/kg) 18

Productivity and energy requirements of the britjngtprocess were obtained from Hughes
[72]. The data is outlined in table 4.

Table 4: Data summary of briquetting process

Power requirement (KWh) 50
Output (kg/hr) 400
Net calorific value (MJ/kg) 18

2.2.7 Transport
It is assumed that the biomass is transported amage distance of 50 km from the
processing plant to the distributor in a 44 tondes{gn gross vehicle weight) truck. The

return trip is assumed to be empty. Data for trartsp obtained from Spielmann et al. [63].

2.3 Life Cycle Impact Assessment

The attributional LCA for Miscanthus cultivationdprocessing in this case was carried out
using CML 2001 [74] and ecoinvent methods [75]. Thmepacts assessed include
acidification potential (AP), eutrophication potaht(EP), and global warming potential
(GWP). The cumulative energy demand (CED) is alsuated, allowing the energy ratio
(energy out versus energy in) of the system todbeutated.

2.3.1 Global warming potential
Global warming potential (GWP) is an important eammental impact to consider in the

evaluation of renewable energy systems. GWP réethe potential of the system to trap
Please cite this article as: Murphy F, et al. Miscanthus production and processing in Ireland: An

analysis of energy requirements and environmental impacts. Renewable and Sustainable Energy

Reviews 2013; 23: 412-20, http://dx.doi.org/10.1016/j.rser.2013.01.058



greenhouse gases in the atmosphere, leading tateliochange. Gases which contribute to
global warming include carbon dioxide, methane amegen dioxide. GWP is expressed in
kg CO--equivalents [74].

2.3.2 Acidification potential

Acidification potential (AP) is an important envmmental impact to consider when
evaluating bioenergy systems as it is expectedntoease with increased production of
biomass. AP is caused by the emission of acidsidrfarming substance the environment,
resulting in acidification of soil and water. Adidation harms natural life such as fish and
trees, and also causes damage to buildings etcmaire sources for emissions of acidifying
substances are agriculture and fossil fuel combmistexamples of contributing substances
include; sulphur dioxide, nitrogen oxides and amiaorAP is expressed in kg S0

equivalents [74].

2.3.3 Eutrophication potential

Eutrophication potential (EP) is another environtabeimpact important in the evaluation of
bioenergy systems. EP is defined as the poteotialitrients to cause over-fertilisation of
water and soil which in turn can result in increaggowth of undesirable biomass. This
biomass has negative impacts on other life in tosystem. Contributing substances include;
phosphates, nitrates, ammonia, nitrous oxides Efcis expressed in kg R@quivalents
[74].

2.3.4 Energy demand and energy ratio

Cumulative energy demand (CED) of a product oresystharacterises both the direct and
indirect energy use throughout the life cycle.dta particularly important evaluation of
bioenergy systems in order to ensure that moreggnsmot consumed than produced. CED
is expressed in mega joules (MJ).

In addition, Huijbregts et al. [76] found that CEDrrelates well with most environmental
life cycle impact categories and can be consideardappropriate proxy indicator for

environmental performance.

A further way to assess advantages of renewablggsgstems may be to evaluate the pure
energy ratio of the system. The term "energy rasalised to characterize relations between
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the energy input and output. Energy ratio is aorattween the energy output and energy

input according to the following equation;
ER = Eo / Ei where;

Eo - energy output,

Ei - energy input,

ER - energy ratio [77].

3 Results

Table 5 gives the results of the impact assessioernihe base case scenario; production of
Miscanthus pellets using synthetic fertiliser amdngsporting the product 50 km to the
distributor. The table gives the impacts per giglggGJ) of energy contained in the pellets
over each stage of the life cycle. The productibfh &J of Miscanthus pellets requires 272.1
MJ of energy and results in the emission of 20.g3K%-eq. In addition to this, 0.1118 kg
SO,-eq and 0.0329 kg R&2q are released.

Table 5: Results of the impact assessment of the 8¢anthus pellet chain per GJ of

energy contained in the pellets

Impact Land Crop
category Unit prep Planting Maintenance  Harvest removal Pelleting Transport Total
AP kg SO2eq 0.0007  0.0007 0.0339 0.0028 0.0004 0.07170.0016 0.1118
EP kg PO4-eq 0.0002 0.0008 0.0197 0.0008 0.0002 0.01070.0004 0.0329
GWP kg CO2 eq 0.11 0.11 4.88 0.47 0.07 14.25 0.34 20.23
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CED MJ 1.8 10.3 35.6 8.3 1.2 209.2 5.7 272.1

Figure 2 highlights the percentage contributioreath stage in the life cycle to the overall
environmental impacts. An analysis of the resuéipicted in figure 2 shows that the largest
contributor to AP, GWP, and CED is the pelletinggass. This step utilises a large quantity
of delivered energy in the form of electricity. M&nance causes the most eutrophying
emissions. The production of this electricity résuh the largest degree of emissions in the
life cycle. When considering the life cycle of teeergy crops in isolation, it is clear that the
maintenance step results in the most emissions. i$hdue to the production and application
of synthetic fertilisers.

100

90 -

80 -

07 m Transport

60 1 H Processing

50 m Crop removal
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Figure 2 - Process contribution to AP, EP, GWP and CED

Figure 3 gives the energy demand required to p@duGJ of processed Miscanthus for each
stage in the life cycle, including the alternatimeanagement options. The black figures
indicate the energy demand for each step whilegtieen figures indicate the cumulative

energy demand throughout the chain.
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Figure 3 - Energy requirements of life cycle stages (MJ per GJ of energy produced)

The energy ratio of the system can be calculatecobyparing cumulative energy demand in
table 5 to the energy content of the Miscanthukeiseaind briquettes outlined in tables 3 and
4. Table 6 outlines the energy ratios of the ddfédmMmanagement scenarios. Results show that

the best scenario in terms of energy performandkeproduction of Miscanthus briquettes

using biological fertilisers and transporting

scenario involves the use of synthetic fertilisergproducing Miscanthus pellets which are

then transported 100 km.
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Table 6: Energy ratios of the different managemenscenarios

Energy
Scenario Ratio
Synthetic fertiliser, pellets, 50 km 3.7
Synthetic fertiliser, pellets, 100 km 3.6
Synthetic fertiliser, briquettes, 50 km 5.3
Synthetic fertiliser, briquettes, 100 km 5.2
Biological fertiliser, pellets, 50 km 4.2
Biological fertiliser, pellets, 100 km 4.1
Biological fertiliser, briquettes, 50 km 6.5
Biological fertiliser, briquettes, 100 km 6.2

3.1 Alternative fertilisers

As shown by the results, the production of synthiitilisers makes a large contribution to
each of the impact categories studied due to teeggrand resources used to produce them.
The application of biosolids to the crop as anralive fertiliser has the potential to reduce
these impacts through the utilisation of a wastedpct to meet the crops nutrient
requirements. Sensitivity analysis was carried ootsubstituting biosolids for synthetic
fertilisers. Table 7 shows that using biosolidgplace of synthetic fertiliser increases both
acidification and eutrophication potential by 29W0% and 258-300% respectively.
However, global warming potential and cumulativergy demand are reduced by 23-33%

and 12-18% respectively.

3.2 Processing

The pelleting of Miscanthus utilises a large qusntif delivered energy (257 kWh/t) in the
form of electricity. This energy use has a majde@fon each impact category assessed, as
can be seen in figure 2. Briquetting of Miscanthegpuires 125 kWh/t, approximately half the
requirement of pelleting. As such briquetting afifeg the contributions to all four categories
assessed; reducing AP by 7-26%, EP by 4-13%, GWEB{87%, and CED by 30-35%.

3.3 Transport distance

Two transport scenarios were analyse; transporthef pellets and brigquettes over two

distances, 50 and 100 km. The results show thatdihsport distance has a smaller effect on
the impact categories, with increasing the trarnsgigtance to 100 km increasing AP by 0.4-

2%, EP by 0.4-1.5%, GWP by 2-3.5%, and CED by 2-4%.
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Table 7: Overall results — management scenarios (p&J of energy contained in

processed biomass)

EP (kg PO, GWP (kg CO, CED

Scenario AP (kg SQeq) eq) eq) (MJ)
Synthetic fertiliser, pellets, 50 km 0.1118 0.0329 20.23 272.1
Synthetic fertiliser, pellets, 100 km 0.1135 0.0333 20.56 277.8
Synthetic fertiliser, briquettes, 50

km 0.0822 0.0285 14.82 187.9
Synthetic fertiliser, briquettes, 100

km 0.0838 0.0289 14.49 193.6
Biological fertiliser, pellets, 50 km 0.4411 0.1186 15.50 239.1
Biological fertiliser, pellets, 100 km 0.4427 0.1191 15.84 244.8
Biological fertiliser, briquettes, 50

km 0.4114 0.1143 9.76 154.9
Biological fertiliser, briquettes, 100

km 0.4131 0.1147 10.10 160.6

3.4 Greenhouse gas comparison with other fuels

One of the main benefits of bioenergy utilisatisrthe reduction in GHG emissions achieved
when compared to fossil fuel systems [19, 21, RREcanthus pellets and briquettes can be
compared to two other biomass fuels; wood pellets frewood. Sjglie and Solberg [9]
estimated emissions from wood pellet productiofbéoin the range of 8-37 kg G&y/GJ,
depending on raw material, source of electricitgduand transport methods. Hagberg et al
[48] estimated emissions from pellet productiorSimeden to be 3-4 kg G€g/GJ if waste
heat is utilised in production, rising to 19 kg £@/GJ if oil is used, both comparing
favourably to Miscanthus pellet production whichiwsni5.5 to 20.23 kg C£q9/GJ. Wood
pellets may have lower emissions than Miscanthadymts as they are produced from wood
processing by-products and the share of emisssoakoicated between the products [48].

Miscanthus pellets replace kerosene and Miscarihgsettes replace coal as fuel in home
heating systems. Data on the environmental impattsoal and kerosene supply were
obtained from the ecoinvent database [78, 79]. @reg@se gas emissions associated with
Miscanthus briquette production are comparableotd and kerosene production which emit
approximately 12.28 kg CQand 11.69 kg Coper GJ respectively. These figures do not
include transport to Ireland which would increasessions if included. Although outside the
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scope of this analysis, further GHG reductionsléedy to occur when comparing biomass
combustion to fossil fuel combustion. The biomasassumed to emit only the carbon it had
accumulated from the atmosphere during its growiyde, therefore biomass combustion is

often assumed to be carbon neutral.

4  Conclusion

The aim of this study was to analysis the productiod processing of Miscanthus from a life
cycle perspective, identify hotspots in the prosucichain and identify the effectiveness of
management practices which affect these hotspois.r@sults of this study clearly identify
maintenance and processing of the Miscanthus csothe stages of the life cycle which
contribute most to each of the impact categoriesdifecation potential, eutrophication
potential, global warming potential, and energy dech This finding echoes those outlined
in Styles ad Jones [52], where cultivation andatly of Miscanthus contributed most to life
cycle GHG emissions. The pelleting of the harvestiestanthus utilises a large quantity of
energy in the form of electricity. The productiditluis electricity results in the largest degree
of emissions in the life cycle. The energy requieamduring pelleting is also higher
compared to other studies [22] which results irhardife cycle emissions. This may be due
to the fact that the data is based on lab scaldtsegnergy requirements may be lower on an
industrial scale. When this step is replaced bgumiting, which has a lower energy demand

than pelleting, significant savings are made tdezdhe impact categories.

The other main contributor to each of the impadegaries is the maintenance of the
Miscanthus crop. This is due to the production apglication of synthetic fertilisers. The
production of synthetic fertilisers is an energtemsive process and utilises non-renewable
fossil fuels. Emissions from maintenance are highan other studies which assume that no
fertiliser inputs are required [21, 41]. Experiemmedreland suggests that inputs are required
to achieve a reasonable yield (circa 11 tonnesdcaprding to Byrne [80]. By utilising
biosolid fertilisers, savings can be made in terofisenergy use and greenhouse gas
emissions. However, the application of biosolidscréases the acidification and
eutrophication potential. As such, the decisioapply biosolids or synthetic fertiliser would

require a careful analysis of both positive andatieg effects.
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Varying the transport distance has a smaller effecthe results, however, the benefits of

keeping the transport distance as low as possibleantified.

The data for the power requirement for the peltetpction process is based on results from
lab-scale testing. As such, additional analysi$ redjuire data from commercial scale pellet
manufacture. However, in Ireland Miscanthus britpgetare manufactured on a small scale,

while Miscanthus pellets are not currently manufeed on a commercial scale at all.

The results of the study identify hotspots in thesddnthus processing chain which may
enable the development of optimal management sosnarassist in the further progress in a

developing biomass industry in Ireland.
Acknowledgement

This study was funded under the Charles Parsongyimesearch Program (Grant Number
Grant Number 6C/CP/EQ01) of Science Foundatiomme(SFI).

Please cite this article as: Murphy F, et al. Miscanthus production and processing in Ireland: An
analysis of energy requirements and environmental impacts. Renewable and Sustainable Energy

Reviews 2013; 23: 412-20, http://dx.doi.org/10.1016/j.rser.2013.01.058



5 References

[1] European Commission. Directive 2009/28/EC of The European Parliament and of the Council of
23 April 2009 on the promotion of the use of energy from renewable sources and amending and
subsequently repealing Directives 2001/77/EC and 2003/30/EC. 2009.

[2] Sikkema R, Junginger M, Pichler W, Hayes S, Faaij APC. The international logistics of wood pellets
for heating and power production in Europe: Costs, energy-input and greenhouse gas balances of
pellet consumption in Italy, Sweden and the Netherlands. Biofuels, Bioproducts and Biorefining.
2011;5:226-.

[3] Sultana A, Kumar A. Development of energy and emission parameters for densified form of
lighocellulosic biomass. Energy. 2011;36:2716-32.

[4] CEN ECfS-. EN 14961:1:2010 - Solid biofuels - fuel specifications and classes. Brussels,
Belgium2010.

[5] CEN ECfS-. EN 14961:2:2011 - Solid biofuels — Fuel specifications and classes - Part 2: Wood
pellets for non-industrial use. Brussels, Belgium2011.

[6] CEN ECfS-. EN 14961:3:2011 - Solid biofuels — Fuel specifications and classes - Part 3: Wood
briquettes for non-industrial use. Brussels, Belgium2011.

[7] CEN ECfS-. EN 14961:6:2012 - Solid biofuels — Fuel specifications and classes - Part 6: Non-woody
pellets for non-industrial use. Brussels, Belgium2012.

[8] Jannasch R, Quan Y, Samson R. A process and energy analysis of pelletizing switchgrass. Final
Report. 2001.

[9] Sjelie HK, Solberg B. Greenhouse gas emission impacts of use of Norwegian wood pellets: a
sensitivity analysis. Environmental Science & Policy. 2011.

[10] McLaughlin SB, Walsh ME. Evaluating environmental consequences of producing herbaceous
crops for bioenergy. Biomass and Bioenergy. 1998;14:317-24.

[11] Khanna M, Dhungana B, Clifton-Brown J. Costs of producing miscanthus and switchgrass for
bioenergy in lllinois. Biomass and Bioenergy. 2008;32:482-93.

[12] Nilsson D, Bernesson S, Hansson PA. Pellet production from agricultural raw materials - A
systems study. Biomass and Bioenergy. 2011;35:679-89.

[13] Visser P, Pignatelli V, Jgrgensen U, Santos Oliveira JF. Utilisation of Miscanthus. In: Jones MB,
Walsh M, editors. Miscanthus for Energy and Fibre. London: James & James; 2001.

[14] Lewandowski |, Kicherer A, Vonier P. CO2-balance for the cultivation and combustion of
Miscanthus. Biomass and Bioenergy. 1995;8:81-90.

[15] Teagasc. Miscanthus Best Practice Guidelines. In: Barry Caslin DJF, Dr. Alistair McCracken,
editor.: Teagasc, AFBI; 2010.

[16] Jones MB, Walsh M. Miscanthus for Energy and Fibre. London: James & James Ltd.; 2001.

[17] Kaltschmitt M, Reinhardt GA, Stelzer T. Life cycle analysis of biofuels under different
environmental aspects. Biomass and Bioenergy. 1997;12:121-34.

[18] Donnelly A, Styles D, Fitzgerald J, Finnan J. A proposed framework for determining the
environmental impact of replacing agricultural grassland with Miscanthus in Ireland. GCB Bioenergy.
2011;3:247-63.

[19] Santos Oliveira JF, Duarte P, Christian DG, Eppel-Hotz A, Fernando AL. Environmental Aspects of
Miscanthus Production. In: Jones MB, Walsh M, editors. Miscanthus for Energy and Fibre. London:
James & James; 2001.

[20] Christian DG, Riche AB, Yates NE. Growth, yield and mineral content of
Miscanthus&#xa0;x&#xa0;giganteus grown as a biofuel for 14 successive harvests. Industrial Crops
and Products. 2008;28:320-7.

Please cite this article as: Murphy F, et al. Miscanthus production and processing in Ireland: An
analysis of energy requirements and environmental impacts. Renewable and Sustainable Energy

Reviews 2013; 23: 412-20, http://dx.doi.org/10.1016/j.rser.2013.01.058



[21] Wang S, Wang S, Hastings A, Pogson M, Smith P. Economic and greenhouse gas costs of
Miscanthus supply chains in the United Kingdom. GCB Bioenergy. 2012;4:358-63.

[22] Smeets EMW, Lewandowski IM, Faaij APC. The economical and environmental performance of
miscanthus and switchgrass production and supply chains in a European setting. Renewable and
Sustainable Energy Reviews. 2009;13:1230-45.

[23] EI Bassam N, Huisman W. Harvesting and Storage of Miscanthus. In: Jones MB, Walsh M,
editors. Miscanthus for Energy and Fibre. London: James & James; 2001.

[24] Borjesson P. Environmental effects of energy crop cultivation in Sweden—I: Identification and
quantification. Biomass and Bioenergy. 1999;16:137-54.

[25] Lal R. Soil quality impacts of residue removal for bioethanol production. Soil and Tillage
Research. 2009;102:233-41.

[26] EI Bassam N. Renewable Energy - Potential Energy Crops for Europe and the Mediterranean.
REU Technical Series 46: FAO-REU, FAL; 1996.

[27] Jankauskas B, Jankauskiene G. Erosion-preventive crop rotations for landscape ecological
stability in upland regions of Lithuania. Agriculture, Ecosystems &amp; Environment. 2003;95:129-
42,

[28] Kahle P, Beuch S, Boelcke B, Leinweber P, Schulten H-R. Cropping of Miscanthus in Central
Europe: biomass production and influence on nutrients and soil organic matter. European Journal of
Agronomy. 2001;15:171-84.

[29] Grigal DF, Berguson WE. Soil carbon changes associated with short-rotation systems. Biomass
and Bioenergy. 1998;14:371-7.

[30] Jug A, Makeschin F, Rehfuess KE, Hofmann-Schielle C. Short-rotation plantations of balsam
poplars, aspen and willows on former arable land in the Federal Republic of Germany. lll. Soil
ecological effects. Forest Ecology and Management. 1999;121:85-99.

[31] Flessa H, Ruser R, Dérsch P, Kamp T, Jimenez MA, Munch JC, et al. Integrated evaluation of
greenhouse gas emissions (CO2, CH4, N20) from two farming systems in southern Germany.
Agriculture, Ecosystems &amp; Environment. 2002;91:175-89.

[32] Matthews RW. Modelling of energy and carbon budgets of wood fuel coppice systems. Biomass
and Bioenergy. 2001;21:1-19.

[33] Christian DG, Poulton PR, Riche AB, Yates NE, Todd AD. The recovery over several seasons of
15N-labelled fertilizer applied to Miscanthusxgiganteus ranging from 1 to 3 years old. Biomass and
Bioenergy. 2006;30:125-33.

[34] Hansen EM, Christensen BT, Jensen LS, Kristensen K. Carbon sequestration in soil beneath long-
term Miscanthus plantations as determined by 13C abundance. Biomass and Bioenergy. 2004;26:97-
105.

[35] Clifton-Brown JC, Breuer J, Jones MB. Carbon mitigation by the energy crop, Miscanthus. Global
Change Biology. 2007;13:2296-307.

[36] Galbally P, Fagan CC, Ryan D, Finnan J, Grant J, McDonnell K. Biosolids and distillery effluent
amendment to Irish Miscanthus x giganteus plantations: impacts on groundwater and soil. Journal of
Environmental Quality (in press). 2011.

[37] Curley E. Investigate the influence of land spreading organic agricultural nutrients on
groundwater quality when applied to establishing energy crops - PhD Thesis. Dublin: University
College Dublin; 2010.

[38] Semere T, Slater FM. Ground flora, small mammal and bird species diversity in miscanthus
(Miscanthusxgiganteus) and reed canary-grass (Phalaris arundinacea) fields. Biomass and Bioenergy.
2007;31:20-9.

Please cite this article as: Murphy F, et al. Miscanthus production and processing in Ireland: An
analysis of energy requirements and environmental impacts. Renewable and Sustainable Energy

Reviews 2013; 23: 412-20, http://dx.doi.org/10.1016/j.rser.2013.01.058



[39] Eppel-Hotz A, Jodl S, Kuhn W, Marzini K, Munzer W. Miscanthus: new cultivars and results of
research experiments for improving the establishment rate. Biomass for Energy, Proceedings of the
10th European Biomass Conference. Wiirzberg, Germany: C.A.R.M.E.N Publishers; 1998. p. 780-6.
[40] McManus MC. Life cycle impacts of waste wood biomass heating systems: A case study of three
UK based systems. Energy. 2010;35:4064-70.

[41] St. Clair S, Hillier J, Smith P. Estimating the pre-harvest greenhouse gas costs of energy crop
production. Biomass and Bioenergy. 2008;32:442-52.

[42] Hillier J, Whittaker C, Dailey G, Aylott M, Casella E, Richter GM, et al. Greenhouse gas emissions
from four bioenergy crops in England and Wales: Integrating spatial estimates of yield and soil
carbon balance in life cycle analyses. GCB Bioenergy. 2009;1:267-81.

[43] Styles D, Jones MB. Miscanthus and willow heat production—An effective land-use strategy for
greenhouse gas emission avoidance in Ireland? Energy Policy. 2008;36:97-107.

[44] Monti A, Fazio S, Venturi G. Cradle-to-farm gate life cycle assessment in perennial energy crops.
European Journal of Agronomy. 2009;31:77-84.

[45] Pa A, Bi XT, Sokhansanj S. A life cycle evaluation of wood pellet gasification for district heating in
British Columbia. Bioresource Technology. 2011;102:6167-77.

[46] Mani S, Sokhansanj S, Bi X. A streamlined life cycle of biomass densification process. 2005.

[47] Petersen Raymer AK. A comparison of avoided greenhouse gas emissions when using different
kinds of wood energy. Biomass and Bioenergy. 2006;30:605-17.

[48] Hagberg L, Sarnholm E, Code J, Ekvall T, Rydberg T. LCA calculations on Swedish wod pellet
production chains - According to the renewable energy directive. Stockholm, Sweden: IVL Swedish
Environmental Research Institute Ltd. ; 2009.

[49] Chen S. Life Cycle Assessment of Wood Pellet. Géteborg: Chalmers University of Technology;
2009.

[50] Magelli F, Boucher K, Bi HT, Melin S, Bonoli A. An environmental impact assessment of exported
wood pellets from Canada to Europe. Biomass and Bioenergy. 2009;33:434-41.

[51] Fantozzi F, Buratti C. Life cycle assessment of biomass chains: Wood pellet from short rotation
coppice using data measured on a real plant. Biomass and Bioenergy. 2010;34:1796-804.

[52] Styles D, Jones MB. Energy Crops in Ireland: An Assessment of their Potential Contribution to
Sustainable Agriculture, Electricity and Heat Production (2004-SD-DS-17-M2) Final Report -
Environmental RTDI Programme 2000-2006. Johnstown Castle, Co. Wexford: Environmental
Protection Agency; 2007.

[53] Nemecek T, Dubois D, Huguenin-Elie O, Gaillard G. Life cycle assessment of Swiss farming
systems: |. Integrated and organic farming. Agricultural Systems. 2011;104:217-32.

[54] Goglio P, Bonari E, Mazzoncini M. LCA of cropping systems with different external input levels
for energetic purposes. Biomass and Bioenergy. 2012;42:33-42.

[55] PRé Consultants. Simapro 7.3.2. 2011.

[56] Jungbluth N, Frischknecht R, Faist Emmenegger M, Steiner R, Tuchschmid M. Life Cycle
Assessment of BTL-fuel production: Inventory Analysis. RENEW — Renewable Fuels for Advanced
Powertrains. Sixth Framework Programme: Sustainable Energy Systems. Uster, Switzerland: ESU-
services Ltd.; 2007.

[57] Styles D, Jones MB. Energy crops in Ireland: Quantifying the potential life-cycle greenhouse gas
reductions of energy-crop electricity. Biomass and Bioenergy. 2008;31:759-72.

[58] Ecoinvent C. ecoinvent data v2.0 ecoinvent reports No. 1-25. In: Swiss Centre for Life Cycle
Inventories, editor. Dibendorf2007.

[59] Nielsen P, Nielsen A, Weidema B, Dalgaard R, Halberg N. LCA food data base. In:
www.lcafood.dk, editor.2003.

Please cite this article as: Murphy F, et al. Miscanthus production and processing in Ireland: An
analysis of energy requirements and environmental impacts. Renewable and Sustainable Energy

Reviews 2013; 23: 412-20, http://dx.doi.org/10.1016/j.rser.2013.01.058



[60] McGrath D, Postma L, McCormack RJ, Dowdall C. Analysis of Irish Sewage Sludges: Suitability of
Sludge for Use in Agriculture. Irish Journal of Agricultural and Food Research. 2000;39:73-8.

[61] Wilson C, McGrath D, McGovern C, Coll M. Landspreading Industrial Organic Wastes - Guidance
Manual. EPA; 2007.

[62] Nemecek T, Kagi T, Blaser C. Life Cycle Inventories of Agricultural Production Systems. Final
report ecoinvent v2.0 No.15. Dibendorf, CH: Swiss Centre for Life Cycle Inventories; 2007.

[63] Spielmann M, Bauer C, Dones R, Tuchschmid M. Transport Services. Final report ecoinvent data
v2.0 No.14 Dubendorf: Swiss Centre for Life Cycle Inventories; 2007.

[64] Heller MC, Keoleian GA, Volk TA. Life cycle assessment of a willow bioenergy cropping system.
Biomass and Bioenergy. 2003;25:147-65.

[65] Cherubini F, Bird ND, Cowie A, Jungmeier G, Schlamadinger B, Woess-Gallasch S. Energy and
greenhouse gas-based LCA of biofuel and bioenergy systems: Key issues, ranges and
recommendations. Resources, Conservation and Recycling. 2009;53:434-47.

[66] Hellebrand HJ, Scholz V, Kern J. Nitrogen conversion and nirous oxide hotspots in energy crop
cultivation. Research in Agricultural Engineering. 2008;54:58-67.

[67] IPPC. N20 Emissions from Managed Soils, and CO2 Emissions from Lime and Urea Application.
Guidelines for national greenhouse gas inventories Volume 4: Agriculture, Forestry and Other Land
Use: Intergovernmental Panel on Climate Change; 2006.

[68] Jgrgensen RN, Jgrgensen BJ, Nielsen NE, Maag M, Lind A-M. N20 emission from energy crop
fields of Miscanthus “Giganteus” and winter rye. Atmospheric Environment. 1997;31:2899-904.

[69] Brown S, Beecher N, Carpenter A. Calculator Tool for Determining Greenhouse Gas Emissions
for Biosolids Processing and End Use. Environmental Science & Technology. 2010;44:9509-15.

[70] Christian DG, Riche AB. Nitrate leaching losses under Miscanthus grass planted on a silty clay
loam soil. Soil Use and Management. 1998;14:131-5.

[71] Christian DG, Haase E, Schwarz H, Dalianis C, Clifton-Brown JC, Cosentino S. Agronomy of
Miscanthus. In: Jones MB, Walsh M, editors. Miscanthus for Energy and Fibre. London: James &
James; 2001.

[72] Hughes J. Personal communication. Personal Communication ed2012.

[73] Werner F, Althaus H-J, Kiinniger T, Richter K, Jungbluth N. Life Cycle Inventories of Wood as Fuel
and Construction Material. Final report ecoinvent data v2.0 No. 9. Diibendorf, CH: Swiss Centre for
Life Cycle Inventories; 2007.

[74] Guinée JB, Gorrée M, Heijungs R, Huppes G, Kleijn R, de Koning A, et al. Handbook on life cycle
assessment. Operational guide to the ISO standards. I: LCA in perspective. lla: Guide. IIb: Operational
annex. lll: Scientific background. Dordrecht: Kluwer Academic Publishers; 2002.

[75] Frischknecht R, Jungbluth N, Althaus H-J, Bauer C, Doka G, Dones R, et al. Implementation of Life
Cycle Impact Assessment Methods. Final report ecoinvent v2.0 No.3. Diibendorf: Swiss Centre for
Life Cycle Inventories; 2007.

[76] Huijbregts MAJ, Rombouts LIA, Hellweg S, Frischknecht R, Hendriks AJ, van de Meent D, et al. Is
Cumulative Fossil Energy Demand a Useful Indicator for the Environmental Performance of
Products? Environmental Science & Technology. 2005;40:641-8.

[77] Klvac R. Pure Energy Ratio of logging residua processing. Formec - 44th International
Symposium on Forestry Mechanisation. Graz, Austria2011.

[78] Dones R, Bauer C, Rdder A. Kohle. Final report ecoinvent No. 6. Diibendorf, CH: Paul Scherrer
Institut Villigen, Swiss Centre for Life Cycle Inventories 2007.

[79] Jungbluth N. Erdél. In: Dones R, editor. Sachbilanzen von Energiesystemen: Grundlagen fir den
dkologischen Vergleich von Energiesystemen und den Einbezug von Energiesystemen in Okobilanzen
flr die Schweiz. Dibendorf, CH: Swiss Centre for Life Cycle Inventories; 2007.

[80] Byrne A. Personal communication. 2012.

Please cite this article as: Murphy F, et al. Miscanthus production and processing in Ireland: An
analysis of energy requirements and environmental impacts. Renewable and Sustainable Energy

Reviews 2013; 23: 412-20, http://dx.doi.org/10.1016/j.rser.2013.01.058



Please cite this article as: Murphy F, et al. Miscanthus production and processing in Ireland: An
analysis of energy requirements and environmental impacts. Renewable and Sustainable Energy

Reviews 2013; 23: 412-20, http://dx.doi.org/10.1016/j.rser.2013.01.058



