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My name is Bonnie Carroll. I have lived in Arcata for 24 years and am planning to stay here

through retirement.

I am a psychotherapist with a private practice in McKinleyville.

I smoked pot when I was a teen but quit about 22. It had a weird effect on me and left me feeling

uncomfortable. I didn't use it again until about 2 years ago when a friend had me to try it for my

crippling insomnia and pain

So I took a small bite of cbd/thc chocolate, and within an hour I felt better than I had for years.

About 5 years ago, I was diagnosed with Hashimoto's: an autoimmune disorder of the thyroid.

But after treatment started, I still wasn't ok. More testing found that I had Rheumatoid arthritis.

I went to UCSF where they tested every single organ, muscle, and joint I have. But they couldn't

figure out what was wrong with me. Because, even though I was very sick, I didn't have the

joint damage that accompanies RA.

The doctors were stumped. At this point I had been using caimabis for almost a year and a half.

I told my doctor how cannabis affects my body: one hit of the right strain of cannabis, is like an

epidural and all my pain goes away. My UCSF rheumatologist exclaimed that I must have

fibromyalgia because that is exactly how the right strain of cannabis effects fibromyalgia pain.

I researched fibromyalgia and that is what I have: widespread crippling pain, horrible insomnia,

and an assortment of other disabling symptoms. Both my Primary care doctor and UCSF

Rheumatologist agreed that a super healthy diet, cannabis and a few pharmaceuticals was to be

my treatment plan. Everything was great at first. I had wonderful access to good medicinal,

high CBD cannabis through HPRC. And while it was expensive, it was about the same as my

other prescribed medications.

But on July of 2018, something changed. I believe that the cost of the new testing

requirements, taxation and fees effected the profit margins, so growers focused on the high the

recreational cannabis strains that sell better.



Since July I have not been able to find any low the medicinal strains, and the cost of all the

products that are available increased to the point where it is difficult for me to purchase any

cannabis medicine.

I know people in the legal grow industry who can't find any CBD flowers. Apparently, growers

stopped growing and/or testing their CBD flowers for retail. I have only been able to find a

couple of high CBD, low THC strains, and they weren't even that good. Not as good as the

medicinal strains used to be.

So I am here today to let you know that it would be very helpful if you reduced the fees and/or

taxes on the medicinal cannabis strains that have lower THC levels.

My goal is to have pain relief with minimal cognitive distortion.

I do prefer to live life sober and so do many other medical cannabis users.

Thank You.
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ABSTRACT

The objective of this study was to compare the fuel-chain greenhouse gas balance and farm economics
of hemp grown for bioenergy with two perennial bioenergy crops. Miscanthus and willow, and two
more traditional annual bioenergy crops, sugar beet and oil seed rape (GSR). The GHG burden of hemp
cultivation is intermediate between perennial and traditional annual energy crops, but net fuel chain
GHG abatement potential of 11 t/CG2 eq./ha/year in the mid yield estimate is comparable to perennial
crops, and 140% and 540% greater than for GSR and sugar beet fuel chains, respectively. Gross margins
from hemp were considerably lower than for GSR and sugar beet, but exceeded those from Miscanthus
when organic fertilizers were used and in the absence of establishment grants for the latter crop.
Extrapolated up to the EU scale, replacing 25% of GSR and sugar beet production with hemp production
could increase net GHG abatement by up to 21 Mt COjeq./year. Hemp is a considerably more efficient
bioenergy feedstock than the dominant annual energy crops. Integrated into food crop rotations, hemp
need not compete with food supplies, and could provide an appealing option to develop more
sustainable non-transport bioenergy supply chains.

2013 Elsevier Ltd. All rights reserved.

1. Introduction

Growing evidence of the effect of increasing greenhouse gas
emissions on climate (Solomon et al., 2007) together with rising
energy prices and increasing dependence on fossil fuels are
driving countries to consider renewable forms of energy, includ
ing bioenergy. Given the shortage of biomass from forestry
production, and limited suitable "waste" streams, energy crops
are likely to play a major part in the future bioenergy mix
(Clifton-Brown et al., 2007).

Two energy crops for heat and electricity production in North
ern Europe which have achieved popularity are the perennial
energy grass Miscanthus and willow. Both these energy crops
have high establishment costs ( 2500 euro/ha) but are expected
to remain viable for up to 20 years (Bullard and Metcalf, 2001;

•Corresponding author. Tel.: +353 599 170253; fax: +353 599142423.
E-mai7 address: john.finnan@teagasc.ie (J. Finnan).

Dawson. 2007). Suitable energy crops should deliver a good final
energy ratio, offering high useful energy yields and require a low
energy input for cultivation and processing. Both Miscanthus and
willow are examples of more sustainable energy crops, as high
yields of biomass can be obtained using relatively low inputs.
Their perennial nature avoids emissions associated with annual
cultivation and permits reserves of soil carbon to be maintained,
or to accumulate, within the soil.

Although, energy markets are still developing, farmers have
been attracted to the idea of growing energy crops because of
falling farm incomes together with the promise of a strong future
market for bioenergy products. High initial investment costs
together with a land commitment of 15-20 years, however, do
not suit all farmers and may discourage some from considering
energy crops. Consequently, there is an interest to explore
alternative annual energy crops with low establishment costs
that could fit in to standard crop rotations.

Break crops are used by tillage farmers to improve disease and
weed control, as well as to improve soil structure. This practice is

0301-4215/S-see front matter 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.Org/10.1016/J.enpol.2013.02.046
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well known to increase the yield of subsequent crops such as
wheat by as much as 20% (Kirkegaard et a!., 2008). In Northern
Europe, sugar beet and oilseed rape are popular break crops used
in cereal rotations. However. European sugar beet acreage has
reduced by approximately one third since 2006 when the ED
reformed the European sugar beet industry E.U. (2006). The
consequence of this reform was that some countries like Ireland
lost their entire sugar beet industry, together with a valuable
break crop.

Hemp (Cannabis sariva L) is one of the oldest crops in the
world, traditionally grown for its long bast fibre although it can be
grown for short fibre also (Karus, 2002). Hemp bast fibre was the
principal fibre used for maritime ropes and sails for centuries
(Dempsey, 1975). Additionally, cannabinoids from hemp seed
have been used for medicinal, spiritual and recreational purposes
(Van der Werf et al., 1996). Hemp has lost its importance as a raw
material for cordage and textile materials, being replaced by
cotton and synthetic fibres (Meijer et al., 1995). However, there
has been renewed interest in hemp recently as an insulation
material as well as a feedstock for specialist paper, and 15,000 ha
are currently grown in Europe (Hobson. 2009). Hemp is an
excellent break crop as its extensive root system improves soil
structure. Subsequent crops have less weed pressure, and yield
increases of 10-20% have been shown in winter wheat crops
grown after hemp (Bosca and Karus, 1997). It has been demon
strated that hemp can produce high annual yields of biomass
(  lOt/ha) in Ireland with no agrochemical input and with
modest fertilizer input (Crowley, 2001). Van der Werf et al.
(1996) reported that Hemp was capable of annual yields of over
17 t of stem dry matter per hectare, while average stem dry
matter yields of 11 t per hectare across Europe were reported by
Struik et al. (2000), and stem yields of up to 13.61 of dry matter
per hectare (t DM/ha) were reported by Meijer et al. (1995). More
recently, Prade et al. (2011) demonstrated that hemp grown for
energy could provide yields of 14.41 DM/ha when harvested in
the Autumn and 9.9 t DM/ha when harvested in the spring. Hemp
biomass has good combustion properties and could be used to
generate either heat or electricity (Rice. 2008). Hemp thus offers
the combined potential of an effective break crop and an efficient
energy crop, offering farmers the possibility of exploiting new
markets in bio-heat and electricity without committing their land
for 15-20 years. Work in Sweden has demonstrated the high
potential for hemp as a feedstock for the production of solid
blofuels or for the production of biogas in anaerobic digestors
(Prade et a!., 2011; Kreuger et al., 2011). But how does hemp
compare with other annual energy crops and with perennial
bioenergy crops, economically and as a strategy to mitigate
greenhouse gas emissions? The primary objective of this study
was to answer that question.

2. Methodology

2.1. Scope, aims and boundaries

Hemp was compared with two annual bioenergy crops, sugar
beet and oilseed rape, and two perennial bioenergy crops, willow
and Miscanthus, using Life Cycle Assessment (LCA) and Net
Present Value (NPV) economic assessment. The study was con
ducted using Irish data, and results then extrapolated up to the
European scale to explore wider implications.

The reference systems used for both the life cycle assessment
and the economic analyses were: one hectare over a time period
of 21 years at the farm level (annualised); boiler heating energy
supply chains for biomass pellets and oil. Functional units were
kW h net energy content in processed fuels (pellets ready for

use in boilers) were compared with an equivalent displaced
net energy content in gas oil and related back to land area.
The systems boundary for the LCA was the entire fuel chain,
beginning with agricultural input suppliers (e.g. fertiliser manu
facture) and ending with final combustion in place of fossil fuels.
Hemp, Miscanthus and willow may be used with minimum
processing to generate electricity through cofiring in Ireland's
peat power stations, or with minor processing to generate
electricity through cofiring in coal power stations or heat in
boilers (Styles and Jones. 2007). Meanwhile, sugar beet and OSR
require extensive processing to extract ethanol and biodiesel.
Distribution was not included in the systems boundary. The
systems boundary for the economic analyses was the farm
enterprise: i.e. the net margin for farm operations was calculated.
Simplified economic comparisons excluding subsidies were made
in relation to crude oil displacement.

2.2. Yield estimates

When comparing crop environmental and economic perfor
mance. estimates of yields are critical. A further complication
when comparing perennial crops is their expected productive
lifetime, and yield profile over that lifetime, which remains
somewhat uncertain. Styles and Jones (2007) previously com
pared Miscanthus grown over 16 years to willow grown over a
23 year cycle. However, there is little long term data to support

definite conclusions about the economic life of willow and

Miscanthus and it was decided to compare their performance
over assumed productive lifespans of 17. 21 and 25 years
respectively. Hemp could be grown in the same field over this
period or more typically in different fields as part of a rotation,
taking advantage of the benefits of hemp as a break crop. All three
crops were considered to have similar yield potential in Ireland.
Crowley (2001) reported hemp stem yields up to 141 DM/ha in
Ireland while Van der Werfet al. (1996) reported stem dry matter
yields up to 17.1 t DM/ha in the Netherlands. Miscanthus yields
greater than 15 t DM/ha in Cashel, Co. Tipperary were reported by
Clifton-Brown et al. (2007) and 17.5 t DM/ha were reported by
Riche (2005). Willow yields of up to 44.61 DM/ha for certain
varieties in a three year cycle (14.9t DM/ha/annum) have been
reported (DEFRA, 2007) in the UK. The yield of all crops, however,
is subject to interannual variation and average yields are invari
ably lower than peak yields and reflect both good and bad years.

The yield of all crops varies according to meteorological
conditions, agronomic practices and soil type. Consequently, each
crop was considered across a range of four yield levels which
were considered representative of the potential yield range of
that crop; a low yield, two mid-level yields and a high yield.
Fertiliser application rates affect yields, but are also determined in
response to past and expected yields based on yield-response
curves. Therefore, low and high fertilization rates were assumed
for low and high yields while a mid-range fertilization strategy
was assumed for the two mid range yields.

Perennial energy crops exhibit a yield building phase followed
by a more stable mature phase. Clifton-Brown et al. (2007)
reported average Miscanthus yields of 9 t of dry matter per
hectare which reflected both the yield building phase of the crop
as well as interannual variability during the mature phase, in this
study, we assumed that perennial energy crops also have a third
phase characterised by yield decline which precedes a decision to
renew or replace the crop. In contrast, annual energy crops such
as hemp exhibit their full yield potential in the year of sowing
subject to the limitations of soil, management and season and are
not expected to exhibit a yield decline phase particularly when
grown in a rotation. In order to treat the three crops on an equal
basis, four yield scenarios were defined for each crop with mature
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Table 1

Biomass yields (t DM/ha) from Hemp. SRC and Miscanthus over a twenty one year
productive life cycle.

Year Hemp SRC Miscanthus

8 10 12 14 8 10 12 14 8 10 12 14

1 8 10 12 14 0 0 0 0 0 0 0 0

2 8 10 12 14 5.3 6.6 8 9.2 0.9 1.9 2.9 3.9

3 8 10 12 14 5.3 6.6 8 9.2 5.8 6.8 7.8 8.8

4 8 10 12 14 8 ID 12 14 8 10 12 14

5 8 10 12 14 8 10 12 14 8 10 12 14

6 8 10 12 14 8 10 12 14 8 10 12 14

7 8 10 12 14 8 10 12 14 8 10 12 14

8 8 10 12 14 8 10 12 14 8 10 12 14

9 8 10 12 14 8 10 12 14 8 10 12 14

10 8 10 12 14 8 10 12 14 8 10 12 14

11 8 10 12 14 8 10 12 14 8 10 12 14

12 8 10 12 14 8 10 12 14 8 10 12 14

13 8 10 12 14 8 10 12 14 8 10 12 14

14 8 10 12 14 8 10 12 14 8 10 12 14

15 8 10 12 14 8 10 12 14 8 10 12 14

16 8 10 12 14 8 10 12 14 8 10 12 14

17 8 10 12 14 8 10 12 14 8 10 12 14

18 8 10 12 14 7.2 9 10.8 12.6 7.6 9.5 11.4 13.3

19 8 10 12 14 7.2 9 10.8 12.6 7.2 9 10.8 12.6

20 8 10 12 14 6.5 8.1 9.7 11.34 6.8 8.6 10.3 12.0

21 8 10 12 14 6.5 8.1 9.7 11.34 6.5 8.1 9.8 11.4

Yield 8 10 12 14 7.1 8.92 10.7 12.5 7.0 8.8 10.5 12.3

yields of 8. 10, 12 and 141 DM/ha (Table 1). The yield building
phase of Miscanthus was modelled according to the results of the
TOPGRASS experiment (Riche, 2005) in which Miscanthus was
grown at a diverse range of sites in the United Kingdom. For
willow, a two year cycle was assumed with yields from the first
harvest (year 3) assumed to be two thirds of subsequent harvests
(Dawson, 2007). Yields of both Miscanthus and willow in a
21 year rotation were assumed to drop by 5% per year after year
17 as the end of the economic life of the crops approached.
Similarly, yields in 17 year and 25 year rotations were assumed to
drop by 5% per year after year 13 and year 21. respectively.

Inputs for each crop are described below and follow standard
agronomic practice. The most significant input in all cases is
fertilizer and a range of nutrient application rates (low. mid and
high) was assumed for each crop. The range of nutrient applica
tion rates was obtained from the literature which suggested that
the nutrient requirements of Miscanthus were lower than those
of willow which in turn were lower than those of hemp. Two
sources of nutrient were considered, mineral fertilizers and
organic fertilizers. The latter could be applied in the form of farm
yard manure, slurry or sewage sludge.

2.3. Hemp

It was assumed that Hemp would be grown on tillage farms as
a break crop. Agronomic operations were assumed to comprise
ploughing, tilling, sowing, fertilization, rolling and harvesting.
Crowley (2001) established that hemp could be grown in Ireland
without the aid of agrochemicals and that a low seeding rate
(30 kg/ha) could be used for biomass production where fibre
quality is not important. Nitrogen fertilizer is the principal input

both in terms of cost and energy input. In France, an optimum
nitrogen fertilization rate of 120 kg N/ha is recommended
(Institut technique du chanvre (2007)) while trials carried out in
2008, 2009 and 2010 on different sites in Ireland using three
different varieties demonstrated that the response curve to
nitrogen starts to reach a plateau at 90 kg N/ha with no response
expected after 150 kg N/ha and an optimum economic response
expected at 120 kg N/ha. (Finnan and Burke, 2013). Therefore, it

was decided to use N fertilization rates for hemp which varied
between 90 kg N/ha and 150 kg N/ha with a mid-point of 120 kg
N/ha. The most common method of harvesting hemp in the UK and
on the continent is to mow the crop into 60 cm lengths and leave it to
dry in a swarthless medium before windrowing and baling In this
study, harvesting was assumed to consist of these three operations.

2.4. Sugar beet

It was assumed the sugar beet would be grown on tillage
farms as a break crop. Agronomic operations comprised plough
ing, tilling, sowing, rolling, fertilization, spraying and harvesting.
Some data specific to sugar beet were taken from Kuesters and
Lammel (1999) who generated an LCA for sugar beet systems in
Europe. All sugar beet crops were assumed to receive two
herbicides, an insecticide and a fungicide during the growing
season. Nitrogen fertilization of sugar beet is limited to a max
imum rate of 195 kg N/ha by Statutory Instrument No 610 of 2010
(Good Agricultural Practice for the Protection of Waters Regula
tions). A fertilizer use survey conducted in 2000 showed that
sugar beet crops in Ireland received an average of 160 kg N/ha.
43 kg P/ha and 157 kg K/ha (Coulter et al., 2002). It was therefore
decided to use three levels of nitrogen application in this study, a
low application of 140 kg N/ha, a mid-point application of 165 kg
N/ha and a high application of 190 kg N/ha. Corresponding levels
of Phosphorus and Potassium were assumed to be applied
following the ratio 1:0.4:1.8 (N:P:K) following nutrient advice
for sugar beet crops (Coulter and Lalor, 2008). Additionally, crops
were assumed to receive 20 kg S/ha and 3 kg B/ha (Coulter and
Lalor. 2008). Annual average fresh yields of clean sugar beet were
provided by the Central Statistics Office (www.cso.ie) up until
2005. Yields over the period 2000 until 2005 ranged from 42 t/ha
to 60 t/ha. It was assumed that present day yields would be
somewhat higher due to improvements in varieties and agro
nomic practices. Consequently, in this study, the yield range used
was from 40 t/ha to 70 t/ha. After harvesting, sugar beet was
assumed to be transported to a processing plant where bioethanol
was produced after cleaning, shredding, diffusion, pasteurisation,
fermentation and distillation. Energy use and GHG emissions
during transport and processing were taken from Cannell (2003).

2.5. Winter oilseed rape

It was assumed that winter oilseed rape would be grown on
farms as a break crop. Agronomic operations were assumed to
consist of ploughing, tilling, sowing, rolling, spraying, applying
fertilizer and harvesting. Seed rates, pesticide inputs and the
timings of pesticide and fertilizer applications were taken from
Hackett et al. (2006). It was assumed that all crops received an
autumn herbicide, two sprays of fungicide/insecticide, one spray
of boron and a desiccant spray prior to harvest. Nitrogen fertiliza
tion of winter oilseed rape is limited to a maximum rate of 225 kg.

N/ha by Statutory Instrument No 610 of 2010 (Good Agricul
tural Practice for the Protection of Waters Regulations). Fertilizer
use data on winter oilseed rape is not available. It was therefore
decided to use three levels of nitrogen application in this study, a
low application of 140 kg N/ha. a mid-point application of 180 kg
N/ha and a high application of 220 kg N/ha, these levels corre
spond to the nitrogen recommendations of Hackett et al. (2006).
The corresponding rates of phosphorus and potassium recom
mended by Hackett et al. (2006) were also used. While the central
statistics office publishes annual data on oilseed rape yields, the
yields are an average of those obtained from winter oilseed rape
and spring oilseed rape. Annual harvest reports (unpublished
data) give oilseed rape yields ranging from 3.1 t/ha to 4.5 t/ha
while Teagasc economic figures for winter oilseed rape provide
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yield ranges of between 4 t/ha and 6 t/ha. In this study, we used
a yield range from 3 t/ha to 6 t/ha. After harvest, oilseed was
transported to a processing plant where biodiesei was produced
after drying, solvent extraction, refining and esterification. Energy
use and GHG emissions during transport and processing were
taken from Cannell (2003). After harvest, it was assumed that the
oilseed rape straw was collected and baled for energy use,
displacing oil, representing nearly complete use of biomass in a
manner comparable with energy crop biomass use. Straw yields
were taken from Cannell (2003). The calorific value of rape straw
was taken from Keppel (2010).

2.6. Miscanf/ius

The first stage of ground preparation for Miscanthus cultiva
tion includes herbicide application followed by subsoiling and
ploughing. Rhizomes are planted in the spring following rotava-
tion, ridging and pick-up of 3 year old Miscanthus rhizomes
where 1 ha supplied rhizomes to plant 10 ha at 20,000 rhizomes
ha"' at a total energy intensity of 4000MJ/ha (Bullard and
Metcalf, 2001). Herbicide application was assumed to consist of
two pre-planting applications, one application in each of the first
three years and thereafter every two years, two herbicide appli
cations were assumed to be necessary to remove the crop. It was
assumed that no fertilizer was used In the first two years nor in
the last year. N requirements for Miscanthus were defined by
Plunkett (2010) to vary between 30 kg N/ha and 100 kg N/ha
depending on soil nutrient status. In contrast, Clifton-Brown et al.
(2007) suggested that nitrogen offtakes from a Miscanthus crop
grown on former grassland in Co. Tipperary could be met by a
combination of soil reserves and atmospheric deposition. For this
study, we assumed that nitrogen fertilization was necessary to
replace crop offtakes and that nitrogen fertilization rates ranged
from 50 kg N/ha to 100 kg N/ha with a mid-point of 75 kg N/ha.
The different fertilizer rates correspond to the defined levels of
mature yield and consequently to different levels of offtake.
At harvest, it was assumed that Miscanthus was mowed and

then baled.

2.7. Short rotation coppice willow

It was assumed that willow planting is preceded by two
herbicide applications, subsoiling, ploughing and tilling. Coppi
cing (cut-back) in year 1 and each subsequent harvest with the
exception of the last harvest is followed by a herbicide application
and by fertilization. The last harvest is succeeded by two herbi
cide applications to kill the crop and ploughing to remove the
crop. Yields from the first cropping cycle can be expected to be
lower than subsequent cycles because of incomplete site capture
before yields reach a plateau with normal variation due to
prevailing weather conditions (Dawson, 2007). The yield from
the first harvest was taken to be 2/3 of mature yield. After year 17,
yields were assumed to decline at 5% per annum for the last; four
years of the plantation life preceding a decision by the farmer to
remove the willow plantation. Fertilization rates up to 120-
150 kg nitrogen, 15-40 l<g phosphorus and 40 kg potassium per
hectare per year have been suggested by Dawson, 2007. Plunkett
(2010) suggested nutrient application rates of 40-130 kg N/ha/
annum. 0-34 l<g P/ha/annum and 0-155 kg K/ha/annum depend
ing on the nutrient levels in the soil. For this study, it was
assumed that fertilization of willow Is necessary to replace crop
offtakes and that nitrogen fertilization rates ranged from 50 leg N/
ha/annum to 130 kg N/ha/annum with a mid-point of 90 kg N/ha/
annum. The different fertilizer rates correspond to the defined
levels of mature yield and consequently to different levels of
nutrient offtake. Herbicide application was assumed to comprise

of two pre-planting applications, followed by a post cut-back
application and an application after each harvest, one additional
application was considered necessary to remove the crop. There
are two methods of harvesting willow; the crop can be cut and
chipped in one operation after which the chips need to be dried
immediately. Alternatively, the crop can be cut as whole stems
and left to season before chipping (Dawson, 2007). We assumed
that willow would be harvested by the latter method to avoid the
cost of chip drying.

2.8. Energy use and GHG emissions

In the first instance, it was necessary to construct average farm
models representing each system, following the example of Casey
and Holden (2004) and based on Styles and Jones (2007). All
relevant inputs to the system and induced processes (e.g. soil N2O
emissions) were then considered in a life cycle inventory up to
the point of the farm gate. All major inputs and sinks of the major
greenhouse gases (GHGs), CO2, CH4 and N2O were considered.
Inventory mass balances were summed and converted into a final
Global Warming Potential (GWP) expressed as kg C02eq. consid
ered over a TOO year timescale, according to IPCC (2007) guide
lines (C02 = l, CH4=23, N20=296) as used in the energy crop LCA
model reported in Styles and Jones (2007). Although more recent

GWPjoo values were published in IPCC (2007) (25 for CH4
and 298 for N2O), the model was run with the older values as
CH4 is a minor component of GHG emissions from the arable
systems under study, and the difference for N2O is insignificant,
especially when considered against other sources of uncertainty
such as soil emission factors. LCA outputs were calculated and
expressed as kgC02eq./ha of land and per year, averaged
over 21 years (the estimated lifetime of Miscanthus and willow
plantations).

Energy use was divided according to two categories of activi
ties; those which primarily used diesel and those which primarily
used electricity. A lower heating value of 35.9 MJ/kg was applied
(Dalgaard et al., 2001) and diesel lifecycle GHG emissions were
calculated according to Flessa et al. (2002) including upstream
extraction and processing emissions. Lubrication oil emissions were
calculated as 5% of farm machinery diesel emissions (Dalgaard et al.,
2001). Greenhouse gas production from electricity usage was calcu
lated using the 2004 GHG intensity of delivered electricity in Ireland
(0.173 kg/C02eq./MJ/e) after conversion of primary energy require
ment values (where literature values reported as such) to delivered
electricity based on an efficiency factor of 0.406 (Howley et al., 2006).
Indirect emissions associated with agricultural machinery production
and maintenance were assumed to be proportional to fuel con
sumption following the method of Dalgaard et al. (2001). Fertilizer
manufacturing, packaging and transport energy intensities of 79.6,
34.5 and 10.5 MJ/l<g for N, P, K and S were used to which were added
manufacturing N2O emissions of 9.63 g/kg N (Elsayed et al., 2003).
Combined manufacturing and calcification emissions quoted by
Elsayed et al. (2003) were divided into manufacturing and soil
emissions based on an energy requirement of 6.43 MJ/kg. Soil
emissions were calculated as per Ireland's National Inventory Report
(McGettigan et al., 2006). Herbicide energy contents were obtained
by multiplying the energy content per active unit of herbicide
(Dalgaard et al., 2001) by the average active ingredient/ha for
herbicides approved for willow and Miscanthus, active/ingredient/
ha in oilseed rape herbicides and active ingredient per hectare in
beet herbicides. Similarly, fungicide and insecticide energy contents
were obtained by multiplying the average active ingredient per
hectare for approved fungicides and pesticides by the energy
content per active ingredient of herbicide as given by Dalgaard
et al. (2001).
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2.9. Below ground carbon Storage

Carbon is stored under ground in roots and rhizomes, and
following decomposition some of this carbon may remain seques
tered in the soil for long periods of time, so that increasing
quantities of this fraction in soils correspond with long-term
removal from the atmosphere. The quantity of below ground
biomass was assumed to be directly related to the quantity of
above ground biomass, and thus varied with yield scenarios.
There is considerable debate about the quantity of carbon
sequestered in the soil under different circumstances. Soil carbon
accumulation will depend on several factors such as existing soil
carbon content, soil structure and meteorological conditions.

Previous studies have shown that the introduction of rotation

into an arable system can lead to increases in soil carbon (West
and Post. 2002). Hemp grows via a substantial tap root(Amaducci
et al.. 2008) which is left in the soil after harvest. However, in an
annual arable system it is likely that most of the soil carbon
would be mineralised and oxidised following tillage operations,
and therefore not contribute to long-term sequestration. In the
absence of data on the accumulation of carbon in soil systems
following hemp cultivation, it was decided to assume that there
was no net gain in carbon in soils where hemp was included in a
rotation, as per Similarly, it was assumed that there would be no
net increase or decrease in soil carbon after sugar beet or winter
oilseed rape are cultivated; i.e. that soil carbon in the tillage soils
in which these crops are routinely grown is in equilibrium.

Arable soils typically have a low carbon content and it is
generally accepted that conversion to perennial crops will result
in an increase in soil carbon content. However, the conversion of
grassland to perennial crops is more complex and there is
uncertainty as to whether the conversion of grassland to per
ennial biomass crops will lead to any increase in soil carbon.
Clifton-Brown et al. (2007) could not show any significant
difference between the soil carbon content under a long term
Miscanthus crop and an adjacent pasture. For this study, two
scenarios were considered for below ground carbon storage for
perennial crops, grassland and arable. It was assumed that there
would be no increase in soil carbon when grasslands were
converted to perennial energy crops but that soil carbon would
increase if perennial energy crops were sown on arable land.
A sequestration rate of 0.61 C/ha/annum was used for Miscanthus
(Clifton-Brown et al., 2007) while a sequestration rate of 0.5 t
C/ha/annum was used for willow (Matthews and Grogan, 2001),
under mid yield estimates. These sequestration rates were
assumed to vary in direct proportion with yield.

2A0. Carbon mitigation

Carbon sequestration was subtracted from cultivation emis
sions to calculate net cultivation emissions. Gross GHG abatement

from the substitution of fuels for heat and electricity production
was based on the assumption that the fuel replaced would be
light fuel oil. The calculation was performed based on a lifecycle
GHG burden of 0.087 kg/COaeq./MJ diesel oil (Elsayed et al.,
2003). Gross GHG abatement from the replacement of petrol
and diesel by bioethanol and biodiesel was also calculated based
on emission factors from Elsayed et al. (2003)—i.e. 0.081 and
0.087 kg/C02eq./MJ petrol and diesel, respectively. Processing and
transport emissions arising from the use of Miscanthus, SRC,
hemp and OSR straw biomass for heating were calculated from
factors presented in Gustavsson and Karlsson (2002). Pelleting
energy was assumed to be provided as electricity, and the Irish
GHG emission factor described above was applied. Heating boiler
efficiency for biomass was assumed to be 85%, compared with
90% for oil boilers. Bioethanol and biodiesel processing energy

and emission factors were taken from Elsayed et al. (2003). Net
carbon mitigation was calculated on a per hectare basis for each
energy crop as gross GHG avoidance by fuel substitution minus
cultivation and processing emissions.

Substantial land areas within the EU are used for liquid biofuel
production at present, the two principal crops grown are oilseed
rape for biodiesel production and sugar beet for bioethanol
production. Hemp could be grown on some of this land to
produce feedstock for heat and electricity production. The net
GHG abatement obtained from replacing 25% of the oilseed rape
and 25% of sugar beet (land area basis) with hemp was calculated.
Sugar beet and oilseed rape land areas in the EU together with the
average yields of these crops were obtained from FAOSTAT
(2009), data was the most recently available and was used for
calculations. 25% of oilseed rape area amounted to 1620,336 ha
while 25% of sugar beet area amounted to 373,085 ha. GHG
abatement from these areas at present is potentially achieved
through the production of bioethanol from sugar beet and the
production of biodiesel and straw feedstock from oilseed rape.
Average EU yields (3.3 t/ha for oilseed rape and 69.5 t/ha for sugar
beet) were used to calculate GHG abatement from these areas.
GHG abatement from the production of hemp in these land areas
was calculated for yields of 8 t/ha to 14 t/ha. Net additional GHG
abatement was calculated as (GHG abatement from hemp—GHG
abatement from oilseed rape or sugar beet).

2.11. Economic analysis

An economic analysis was performed for the low, middle and
high yielding scenarios for each crop. Establishment costs for
willow and Miscanthus were taken from current charges for
rhizomes/cuttings as well as from current contractors charges.
The cost of hemp seed ( 180/ha) was obtained from a quotation
from Co-operative Centrale des Producteurs de Semences de
Chanvre, the principle producer of hemp seed in Europe assuming
a seeding rate of 30 kg/ha (Crowley, 2001). The cost of field
operations and herbicides were taken from figures for crop costs
and returns (O'Mahony, 2010). The cost of fertilizer was taken
from figures from the central statistics office (CSO, 2010) and
adjusted according to inflation. Organic fertilizers could come
either from manure or slurry generated on the farm or from
organic wastes such as sewage sludge. Some studies have
assumed a gate fee for organic wastes. However, we assumed
that the costs of transportation and spreading would be borne by
the waste company but that the farmer would not receive any
direct income from the spreading of sewage sludge on his land.

Net margins from hemp production were also compared to
those from winter oilseed rape and sugar beet. As gross margins
vary from year to year, it was decided to calculate the gross
margins for oilseed rape and sugar beet from an average of the
most recent three years, 2009, 2010 and 2011. Gross margins for
these crops over this three year period were obtained from
Teagasc (O'Mahony, 2009, 2010; and O'Donovan, 2011) and
compared to gross margins for hemp calculated above. Theore
tical net margins from all three annual crops were calculated by
assuming that the net energy output per hectare was equivalent
to the market price for crude oil containing an equivalent energy
content; 0.54/L, excluding all duties, according to the EU energy
portal (values updated February 2013).

An economic spreadsheet model, based in Microsoft Excel, was
used to evaluate the life cycle economics of the three crops. A net
present value approach (NPV) was adopted, similar to that
presented by Rosenqvist et al. (1997) in which the three crops
were converted to an annual income stream which facilitated a

comparative economic analysis. Total costs and returns for the
three energy crops were compared over the greatest plantation
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lifespan of 21 years (willow), calculated as NPV for the year of
plantation using a 5% discount rate, annualised and expressed per
hectare. For Miscanthus and willow, two alternative economic
scenarios were evaluated. The first alternative scenario evaluated

the economic returns from both crops without the availability of
an establishment grant. The second alternative scenario used an
8% discount rate for all three crops to reflect a higher expected
rate of return from the more risk averse farmer.

3. Results

Fig. 1 displays the breakdown of annual GHG emissions arising
from the cultivation of one hectare of each of the five energy
crops considered, including indirect upstream emissions from the
manufacture of agrochemicals and machinery, under mid yield
scenarios. Hemp cultivation gives rise to annual GHG emissions of
almost 3 t/C02 eq.. intermediate between Miscanthus and SRC
(both approximately 2 t/C02 eq./year) and sugar beet and OSR
(both approximately 3.5 t/C02 eq./year. respectively). In all cases,
indirect emissions (primarily fertiliser manufacture) andl soil
emissions (primarily N2O stimulated by fertiliser application)
dominate. For Miscanthus and SRC planted on tillage land,
annualised rates of soil carbon sequestration offset cultivation
emissions, resulting in a negative net GHG emission for each
hectare planted with Miscanthus. This sequestration effect does
not occur when Miscanthus and SRC are planted on grassland.
Reducing the productive plantation lifetime for the two perennial
energy crops to 17 years increased annualised cultivation GHG
emissions by less than four percent, whilst increasing the pro
ductive plantation lifetime reduced annualised cultivation emis
sions by less than three percent (data not shown).

Substituting mineral with organic fertilizers such as sewage
sludge to supply crop nutrient demands reduces cultivation
emissions by between 0.4 and 1.5 t/C02 eq./ha/year (Fig. 2). This
effect arises through the avoidance of upstream fertiliser manu
facture emissions, and therefore is proportionate to fertiliser
application rates across the energy crops-resulting in the largest
cultivation emission reductions for hemp and the smallest for
Miscanthus. Nonetheless, mid-yield cultivation emissions for
hemp remain 25% and 19% higher than for Miscanthus and SRC
planted on grassland, respectively (Fig. 2). If organic fertilisers are
applied to the. two perennial energy crops planted on arable land,
their cultivation acts as a net GHG sink over plantation lifetimes,
sequestering between 0.5 (SRC) and 0.9 (Miscanthus) t/C02 eq./
ha/year.

Varying yield estimates changed the amount of fertiliser and
harvesting emissions, and also the amount of soil carbon
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o

5 1

4 -

3 -

2-

1 -

0

-1 -

-2 -
/

□ Minerallfertiliser
□ Organiclfertiliser

Arable Grass

Fig. 2. Variation in net cultivation GHG emissions arising across the range of. yield
estimates for each crop (error bars), and depending on either mineral or organic
fertilizer application for Miscanthus. SRC and hemp.

20 n
□ Processing

E3 OilSllsplacemenllbyStraw

O

s-

■ Cultivation

SOilSisplacement
15-

10-

i

Fig. 3. Breakdown of GHG avoidance achieved by different energy crops, based on
mid yield estimates.

sequestration when the perennial crops are planted on arable
land. Excluding soil sequestration effects for the perennial crops,
low yields resulted in cultivation emission reductions of between
8% and 25% across all crops, whilst high yields led to cultivation
emission increases of between 11% and 25% across all crops
(Fig. 2). For the perennial crops planted on arable land, additional
soil carbon sequestration under high yields more than offset GHG
emissions arising from additional fertiliser applications, resulting
in higher net CO2 sequestration under high yielding crops (Fig. 2).

3.1. Bioenergy chain GHG and energy balance

For mid yield estimates of hemp. Miscanthus and SRC. cultiva
tion emissions equate to 20%. 15% and 16%. respectively, of the
gross emissions avoided through displacement of oil (Fig. 3). Net
cultivation carbon sequestration for Miscanthus planted on arable
land supplements GHG avoidance from oil substitution by 2.4% at
the mid yield estimate, whilst net cultivation emissions from SRC
planted on arable land offset oil displacement GHG avoidance by
2.2% (Fig. 3). For OSR and sugar beet, cultivation emissions offset
gross emission avoidance through heating and transport oil
substitution by 41% and 43%, respectively, and processing emis
sions offset gross emissions avoidance by a further 12% and 37%.
respectively. By contrast for hemp and the perennial energy crops,
processing and transport GHG emissions equate to less than 5.5%
of the gross emissions avoided through oil substitution (Fig. 3).
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Consequently, the net CHG abatement attributable to the
hemp energy chain under the mid yield estimate, 11 t/C02eq./
ha/year, is 140% greater than for OSR energy chains and 540%
greater than for the sugar beet ethanol fuel chain, expressed per
hectare of land planted (Fig. 4). Net GHC abatement attributable
to the hemp energy chain is slightly lower than for the
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Fig. 5. Useful energy balance of fuel chains for the different crops.

Miscanthus and SRC energy chains when the latter crops are
planted on arable land, but higher than for Miscanthus and SRC
energy chains when those crops are planted on grassland (Fig. 4).
Varying yield estimates has a strong effect on net GHG avoidance,
but does not effect the comparative performance of the different
crops. For hemp, the yield range of 8 to 141 per hectare per year is
associated with a range of net GHG abatement from between
8.7 and 16.1 t/COzcq. per hectare per year. Reducing cultivation
emissions through use of organic fertilisers (Fig. 2) could further
increase net GHG abatement, by up to 1.5t/C02eq. per hectare
per year.

Regarding the energy balance, the hemp energy chain achieves
the highest net useful energy yield of 156 GJ per hectare per year
at mid yield, varying from 124 GJ to 223 GJ per hectare per year
across yield estimates (Fig. 5). The perennial energy crops achieve
slightly lower energy yields of 140 GJ per hectare per year under
mid yields. OSR and sugar beet achieve net energy yields of 72 GJ
and 37 GJ per hectare per year, respectively, under mid yields
(ranges 53-118 GJ/ha/year and 27-59 GJ/ha/year) (Fig. 5).

3.2. Economic analysis

The biomass price needed to cover the costs of hemp produc
tion was 98.1/DM t when mineral fertilizers were used and
61.6/DM t when organic manures were used for fertilizer.
Annualised, discounted profit margins at a discount rate of 5%

are shown in Table 2 for biomass prices ranging from 80/DM t to
140/DM t. with and without the availability of an establishment

grant and using either inorganic fertilizers or organic fertilizers.
Profits from Miscanthus were greater than those from the SRC.
The difference between Miscanthus and SRC ranged from 71 to
194 when mineral fertilizers were used and 56 to 121 when

organic manures were used. This difference was primarily a
reflection of the higher costs of harvesting willow.

The availability of a grant increased annualised discounted
profit margins for Miscanthus by 121 and for willow by 116.
The effect on profit of replacing mineral fertilizer with organic
fertilizers was a reflection of the amount of nutrients required by
the crop. Consequently, the greatest benefit was for hemp,
followed by willow and Miscanthus, respectively. Replacing
mineral fertilizer with organic fertilizer improved the annualised,
discounted, profit margin for hemp by between 285 and 294/
annum (mid-point values) depending on the price of biomass.

Table 2

Economic comparison between Hemp. Miscanthus and short rotation coppice willow with and without the availability of an establishment grant and across a range of
prices and using either mineral fertilizer (MF) or organic fertilizers (OF) as a source of nutrition. Discount rate equals 5%.

Grant Nutrition Price per tonne Miscanthus Hemp SRC

8 10 12 14 8 10 12 14 8 10 12 14

Yield (r DM/ha/annum)
Yes MF 80 25 58 157 178 - 163 -140 - 16 7 -55 -80 20 -6
Yes MF 100 123 181 305 361 -39 15 169 223 45 44 170 169
Yes MF 120 221 305 454 538 84 169 354 439 145 169 319 344

Yes MF 140 320 428 602 697 208 323 539 655 245 294 469 519

Yes OF SO 104 177 276 386 54 145 256 347 40 91 191 291

Yes OF 100 202 300 425 536 181 302 441 563 140 216 341 417

Yes OF 120 300 424 573 713 307 460 626 779 240 341 491 592

Yes OF 140 399 547 721 869 434 617 811 995 340 466 641 767

No MF 80 -96 -63 36 57 -163 -140 -16 7 -171 - 196 -96 -122

No MF 100 2 60 184 230 -39 15 169 223 -71 -71 54 54

No MF 120 100 184 333 403 84 169 354 439 29 54 204 228

No MF 140 320 428 602 697 208 323 539 655 245 294 469 519

No OF 80 -17 56 156 229 54 145 256 347 -76 -25 76 127

No OF 100 81 179 304 402 181 302 441 563 24 100 226 302

No OF 120 180 303 452 575 307 460 626 779 124 225 376 477

No OF 140 399 547 721 869 434 617 811 995 340 466 641 767
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Table 3

Econoinic comparison between Hemp. Miscanthus and short rotation coppice willow with and without the availability of an establishment grant and across a range of
prices and using either mineral fertilizer (MF) or organic fertilizers (OF) as a source of nutrition. Discount rate equals 8%.

Grant Nutrition Price per tonne Miscanthus Hemp SRC

8 10 12 14 8 10 12 14 8 10 12 14

Yield (t DM/ha/annum)
Yes MF 80 -13 12 86 101 -127 -109 -13 5 -70 -90 -17 -37

Yes MF 100 60 103 196 230 -31 11 132 174 4 2 94 92

Yes MF 120 133 195 306 358 66 132 276 342 78 94 205 221

Yes MF 140 206 286 416 487 162 252 421 511 151 186 315 350

Yes OF 80 46 100 174 229 42 113 200 271 2 40 114 151

Yes OF 100 119 192 284 357 141 236 345 440 76 132 225 281

Yes OF 120 192 283 394 486 240 359 489 608 150 224 335 410

Yes OF 140 265 375 504 614 338 482 634 777 224 316 446 539

No MF 80 -132 -107 -34 -18 -127 -109 -13 5 -184 -205 -131 -151

No MF 100 -59 -16 76 110 -31 11 132 174 -110 -112 -20 -22

No MF 120 14 76 186 239 66 132 276 342 -20 -36 91 107

No MF 140 87 167 296 367 162 252 421 511 37 72 201 236

No OF 80 -73 -19 55 no 42 113 200 271 -112 -74 0 37

No OF 100 0 73 165 238 141 236 345 440 -38 18 110 167

No OF 120 72 164 275 366 240 359 489 608 36 110 221 296

No OF 140 145 255 385 495 338 482 634 777 109 202 332 425

Table 4

Economic comparison between Hemp, Miscanthus and short rotation coppice willow using mineral fertilizers with the availability of an establishment grant for different
productive life cycles and across a range of prices. Discount rate equals 5%.

Productive Life Cycle Price per tonne Miscanthus Hemp SRC

8 10 12 14 8 10 12 14 8 10 12 14

Yield (t DM/ha/annum)
17 year 80 -4 29 130 232 -173 -149 -17 7 -86 -128 -46 -36

100 96 155 281 408 -42 16 180 237 17 1 108 144

120 197 280 433 585 90 180 377 467 119 128 261 323

140 297 406 584 761 221 344 574 697 222 256 415 502

21 year 80 25 58 157 178 -163 -140 -16 7 -55 -80 20 -6

100 123 181 305 361 -39 15 169 223 45 44 170 169

120 221 305 454 538 84 169 354 439 145 169 319 344

140 320 428 602 697 208 323 539 655 245 294 469 519

25 year 80 42 74 171 267 -153 -132 -15 6 -36 -60 37 12

100 138 194 314 435 -37 14 159 210 61 61 182 181

120 233 314 458 603 79 159 334 414 158 182 327 350

140 329 433 602 771 196 305 508 617 255 302 472 520

Changing to organic manure improved the profitability of Mis
canthus by 119/annum and of willow by 171/annum (mid
point values). Increasing the discount rate applied to perennial
energy crops from 5% to 8% (Table 3) reduced annual discounted
profits per hectare to between 37/ha to 208/ha for Miscanthus
and from 5/ha to 182/ha for SRC (mid-point values).

Annualised, discounted profits for hemp at equal mature yields
were lower than those from Miscanthus when establishment

grants were available and mineral fertilizers were used for crop
nutrition at a discount rate of 5% over a productive lifespan of 21
years (Table 2). When mineral fertilizers were replaced with
organic fertilizers, profits from hemp exceeded those of Miscanthus
at and above a yield of 10 t/ha and a biomass price of 100/t. In the
absence of an establishment grant and when mineral fertilizer was
used as a source of nutrients, profits from hemp production were
almost always lower than those of Miscanthus at equal mature
yields. However, when organic fertilizers replaced mineral fertili
zers in the absence of establishment grants, profits from hemp
production exceeded those from Miscanthus. Profits from hemp
production exceeded those from SRC at and above yields of 121
DM/ha and a biomass price of 120/DM t at equal mature yields
and a discount rate of 5%. Profits from hemp production exceeded

those of SRC in the absence of establishment grants irrespective of
whether mineral fertilizers or organic fertilizers were used.

The discount rate was increased to 8% for all three crops to
represent a situation in which more risk averse farmers examined
the crops more cautiously before committing to long land
investments periods. In this scenario, shown in Table 3, profits
from hemp production exceeded those from the two perennial
energy crops throughout the range of biomass prices when organic
fertilizers were used both with and without the availability of a
grant. When mineral fertilizers were used as a source of nutrition
and a grant was available, hemp profits exceeded those from SRC at
and above a yield of 101 DM/ha and a biomass price of ICQ/DM t
but were generally lower than those of Miscanthus. In the absence
of an establishment grant, profits from hemp exceeded those from
both willow and Miscanthus when mineral fertilizers were used.

Gross margins for Miscanthus, SRC and hemp for different
perennial energy crop productive life spans when mineral fertilizers
were used and establishment grants were available are shown in
Table 4. Profits from hemp production were lower than those from
Miscanthus production irrespective of the productive lifespan of
Miscanthus. Hemp was more profitable than SRC in certain circum
stances although hemp became less profitable as the productive



160 J. Finnan. D. Styles / Energy Policy 58 (2013) 152-162

1000

800 -

ffi

I
3
0)
fe- 200 •

0

pi

o
-200 f

-400 -

-600

u:d:
-K" .N"

^ vj.®

IT
/■ #■ 4^"

25 -

20 -

15-

O
S 10-

5i

+362%

+216%

+119% +371%

+222%^154%

£?

^ 300-

!■ 250 n

^ 200-

1.0-
e

S 100-1
OJ
c
o

%  50-

+281%

56%

12%

A?'

c?\»'

+276%

p+163%
Ul09%

A?'

s>

4000

3500

3000

2500

2000

1500

1000

500

b
fiS- cS> ^ flS>'

AV X" A"

Fig. 6. Net margins of break crops, (a) current prices. Margins for hemp, assume a
current price of 80/DM t Net margins for sugar beet and winter oilseed rape are
an average of three years 2009,2010 and 2011. (b) Converting net energy into oil
prices @ 0.54/L oil.

lifespan of SRC increased from 17 to 25 years. Increasing the
productive lifespan of Miscanthus and SRC had only a small effect
on the gross margins of these crops. The level of mature yield reached
by perennial energy crops had the greatest effect on gross margins.

A comparison between the net margins of hemp, sugar beet
and oilseed rape are shown in Fig. 6a for different yield levels.
Nett margins for hemp assume a current price of 80/DM t. Nett
margins for sugar beet and winter oilseed rape are an average of
three years 2009, 2010 and 2011. At current biomass prices, net
margins for hemp compare unfavourably to both sugar beet and
oilseed rape. Calculations of net margins on the basis of the
assumption that the energy yield from the three crops is equiva
lent to the value of the oil replaced is shown in Fig. 6b. In this
case, net margins from hemp production greatly exceed those of
sugar beet and oilseed rape.

3.3. Energy security and GHG mitigarion at European level

Extrapolated up to the EU scale, replacing 25% of OSR used to
produce transport fuel and heat (OSR straw) with hemp used to
substitute heating oil could result in additional GHG avoidance of
between 8 and 20 Mt/C02eq./year depending on hemp yields,
increasing GHG avoidance by between 149% and 362% (Fig. 7).
Replacing 25% of sugar beet used to produce ethanol for transport
with hemp could result in additional GHG avoidance of between
2 and 5 Mt/COaeq./year depending on hemp yields, increasing GHG
avoidance by between 154% and 371% (Fig. 7). The picture is similar
for net useful energy generation (gross useful energy generated
minus ail primary energy used in the fuel chain), with the use of
hemp generating an additional 112% to 281% useful energy

Fig. 7. The net additional GHG avoidance and energy production achievable, by
replacing 25% of OSR and 25% of sugar beet grown in the EU with hemp used to
substitute heating oil, based on mid yield (columns) and yield ranges (error bars)
for hemp.

compared with full utilisation of OSR (oil substitutes diesel and
straw substitutes heating oil), and an additional 109% to 276%
energy compared with sugar beet used to produce bioethanol
(Fig. 7).

4. Discussion

4.1. GHG abatement potential

This study has demonstrated that the greenhouse gas mitiga
tion potential of hemp grown as an annual break crop on tillage
land is similar to perennial energy crops such as Miscanthus and
SRC grown on grassland. Of course, these results depend on the
assumptions applied in the study, in particular the comparative
yields and end use of the biomass. Hemp. Miscanthus and SRC
have similar biomass production potential, but their comparative
performance depends on local conditions such as climate and
especially soil type. The productive lifetimes of perennial energy
crops remain somewhat uncertain, in part because it is diflicult to
predict the stresses which will confront these crops over 15-20
year plantation lifetimes from, for example, drought or pathogens.
Dawson (2007) claimed that nine successive harvests are possible
from modern varieties of willow grown in mixtures before
improvements in breeding alone would make it worthwhile to
re-sow, while Bullard and Metcalf (2001) assumed 20 years to be
the economic lifetime of a Miscanthus plantation. Some studies
have shown a yield decline for Miscanthus after 10 years (Clifton-
Brown et al., 2007), although this was without fertilizer applica
tion. However, varying plantation lifetimes had little influence on
the GHG abatement potential of these perennial crops in this study.

Perennial energy crops are characterised by low inputs for
cultivation, and also by their potential to sequester carbon in the
soil and in extensive underground biomass (Clifton-Brown et al.,
2007; Matthews and Grogan, 2001). This effect is most significant
in tillage soils which have low carbon contents. Conversion of
grassland to perennial energy crop production is expected to
result in an initial loss of stored carbon following initial ploughing
and soil preparation. After this initial loss, however, soil carbon
reserves are expected to return to a level equal to or greater than
that for grassland soils. Thus, in terms of the cultivation GHG
balance, the principal advantages of perennial energy crops over
annual energy crops are low cultivation emissions and their
ability to sequester carbon. Nonetheless, for Miscanthus, SRC
and hemp, cultivation emissions (and carbon sequestration) are
small in relation to GHG mitigation through fuel substitution, so
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that hemp compares favourably with both perennial crops in
terms of total GHG abatement potential if it is considered that all
of these crops have similar yield potential. Furthermore, eco
nomic considerations suggest that Miscanthus and SRC are more
likely to be grown on grassland soils where any soil carbon
sequestration effect will be small.

Traditional annual bioenergy crops such as OSR and sugar beet
have higher GHG burdens during cultivation than hemp or perennial
energy crops, primarily owing to their higher fertilizer and agro-
chemical requirements. Sugar beet also requires energy-intensive
processing (fermentation and distillation) to extract bioethanol.
Consequently, the net GHG abatement potential and net energy
balance of these crops is considerably lower than for hemp or the
perennial energy crops.

4.2. Farm economic consrderan'ons

Although not incurring the high establishment costs of willow
and Miscanthus, hemp is associated with higher annual costs
compared with perennial energy crops owing to annual soil
preparation and seed purchase costs, and higher fertiliser require
ments. However, the comparative economics of hemp improve in
relation to perennial energy crops when nutrient requirements
are met by the application of organic manures or sewage sludge,
and in the absence of establishment grants for perennial crops.
Furthermore, hemp is more appealing to risk averse farmers for
whom a higher discount rate should be considered. With an
annual energy crop such as hemp, farmers receive full returns in
the year of planting, and are free to continue or discontinue with
hemp cultivation the following year based on experience. By
contrast, a decision to grow perennial energy crops is accompa
nied by a high initial investment, a waiting period before cash
flows become positive, and a commitment of land for a period of

20+ years.

4.3. A role for hemp in bioenergy sfrafegies

To enable better like-for-like comparison, and reflecting cur
rent energy security concerns, it was assumed that all crops
compared in this study would substitute oil. In fact, Miscanthus.
SRC and hemp biomass may be more likely to be used for
electricity generation through co-firing in coal and peat power
stations in Ireland. This end use may require less processing
(Styles and Jones, 2007), and lead to greater GHG abatement
through the substitution of more carbon intensive fuels. None
theless. it is clear from the comparison based on oil substitution
that the perennial energy crops and hemp are considerably more
efficient feedstocks than OSR and sugar beet. In addition to
achieving greater reductions in GHG emissions, the use of hemp
could substitute a considerably greater quantity of oil than the
use of biodiesel and straw pellets from OSR and bioethanol from
sugar beet. The scenarios represent complete use of lignocellu-
losic biomass for energy (including OSR straw) but do not
consider the possible use of sugar beet pulp as an animal feed,
which, through allocation within LCA, could improve the com
paratively poor energy balance of sugar beet somewhat. Mean
while, a major criticism

directed at the use of annual energy crops to produce biofuels
is the detrimental impact this can have on food supply. Additional
advantages of hemp compared with OSR and sugar beet are that it
is not a food crop and it acts as a relatively low input break crop
that can improve soil quality and the yields of subsequent crops.
Thus, cultivated within a crop rotation cycle, hemp production
can complement, rather than compete with, food production,
Perennial crops such as Miscanthus and SRC, or long rotation
forestry, are regarded as more sustainable long-term sources of

tfioenergy than traditional annual energy crops owing to their low
inputs and their suitability for cultivation on less productive soils
not used for food production. However, these crops are relatively
new for farmers, require long commitment periods, and require
time to build up yields. A significant advantage of hemp over
perennial energy crops is the immediacy of supply offered.
Annual energy crops such as hemp can produce high biomass
yields immediately without the need to wait until the end of a
yield building phase. This is an important advantage in terms of
providing a responsive and variable biomass supply to biomass
consumers (e.g. power stations), and a relevant aspect for policy
makers to consider when contemplating bioenergy strategies.
Hemp may be a particularly valuable crop to introduce farmers
to bioenergy production and to establish biomass supplies.
The shrinkage of the ED sugar sector since 2006 has meant that
a lot of tillage land in Europe is without an efficient break crop.
Hemp offers a far more efficient alternative to sugar beet and OSR,
as a break crop that can be used for bioenergy production and
green house gas mitigation. The emphasis on production of
transport biofuels within the EU, currently supplied from annual
energy crops such as OSR and sugar beet, deters the development
of more effective and sustainable bioenergy fuel chains such as
the production of heat and electricity from hemp and perennial
crops. In particular, the subsidisation of transport biofuel produc
tion (e.g. through reduced duties) distorts the market for bioe
nergy by generating high prices for OSR and sugar beet
feedstocks.
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ABSTRACT

If energy crops are to replace fossil fuels as source for heat, power or vehicle fuel, their

whole production chain must have higher energy output than input. Industrial hemp has

high biomass and energy yields. The study evaluated and compared net energy yields

(NEY) and energy output-to-input ratios (Ro/i) for production of heat, power and vehicle fuel
from industrial hemp. Four scenarios for hemp biomass were compared; (I) combined heat

and power (CHP) from spring-harvested baled hemp, (II) heat from spring-harvested bri-

quetted hemp, and (III) CHP and (IV) vehicle fuel from autumn-harvested chopped and

ensiled hemp processed to biogas in an anaerobic digestion process. The results were
compared with those of other energy crops. Calculations were based on conditions in the

agricultural area along the Swedish west and south coast. There was little difference in

total energy input up to storage, but large differences in the individual steps involved.

Further processing to final energy product differed greatly. Total energy ratio was best for

combustion scenarios (I) and (II) (Ro/i of 6.8 and 5.1, respectively). The biogas scenarios (III)

and (IV) both had low Ro/i (2.7 and 2.6, repectively). They suffer from higher energy inputs

and lower conversion efficiencies but give high quality products, i.e. electricity and vehicle

fuel. The main competitors for hemp are maize and sugar beets for biogas production and

the perennial crops willow, reed canary grass and miscanthus for solid biofuel production.

Hemp is an above-average energy crop with a large potential for yield improvements.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Biomass from agricultural crops has been suggested as an

alternative source of energy that has the potential to partly

replace fossil fuels for heat, power and vehicle fuel production

[1—3]. The replacement of fossil fuels is desirable for the
mitigation of CO2 emissions among other aims. However, for

mitigation of CO2 emissions, replacement of fossil fuels with

biofuels based on the energy content is crucial. The fossil fuels
used for producing the biofuels must also be accounted for.
Recent studies have challenged the ability of biofuels to

reduce CO2 emissions, e.g. ethanol from sugarcane or maize
[4] or biodiesel from rapeseed oil [5]. Some biofuels have been

reported to increase overall CO2 emissions, when the

complete well-to-wheel production pathway is considered

(e.g. [6]). Important parameters influencing the environmental
sustainability of biofuels include inflicted land-use change,

utilisation of by-products or origin of auxiliary energy [7].

Major concerns relate to the resource efficiency of agricultural

biomass production (e.g. [6]).
Energy crops are often compared in terms of resource

efficiency, e.g. arable land type, environmental impact, energy
and economic efficiency of the gaseous, liquid or solid energy
carriers produced [8]. For each well-to-wheel production

pathway an energy balance can be calculated that accounts
for the energy outputs minus the direct and indirect energy
inputs in cultivation, harvest, transport and conversion [9].
Energy balances have been drawn up for most of the first

' Corresponding author. Tel.; -i-46 40 41 51 57; fax: -t-46 40 45 21 66.
E-mail addresses: thomas.prade@slu.se (T. Prade), sven-erik.svensson@slu.se (S.-E. Svensson), jan.erik.mattsson@siu.se (J.E. Mattsson).

0961-9534/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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generation energy crops, for example maize (e.g. [10]) and
wheat (e.g. [11)) for ethanol production and rape seed oil for
biodiesel production (e.g. [12]). However, energy balances are

lacking for many other crops that are in the stage of

commercial introduction as energy crops, e.g. industrial

hemp, or for new applications of common crops, e.g. biogas

from residual agricultural biomass.

Hemp (Cannabis satiua L.) can be used to produce different

energy products such as heat (from briquettes or pellets

[13,14]), electricity (from baled biomass [15]) or vehicle fuel

(e.g. biogas from anaerobic digestion [16]) or ethanol from

fermentation [17]). Hemp has potential energy yields that are

as high as or higher than those of many other energy crops
common in northern Europe, e.g. maize or sugar beet for

biogas production and reed canary grass as solid biofuel [18].

As an annual herbaceous crop, hemp fits into existing crop

rotations. Hemp requires little pesticide and has been shown

to have the potential to decrease pesticide use even for the
succeeding crop [19], as it is a very good weed competitor [20].

These characteristics of hemp potentially improve the energy

balance, as production of pesticides requires large amounts of

energy [21]. Energy conversion of hemp biomass to biogas or

ethanol has been shown to have promising energy yields
[16,17]. Energy utilisation of hemp biomass processed to solid

biofuels in the form of briquettes has been established
commercially, and is competitive in a niche market [22].

When comparing energy crops with each other based on

their environmental performance (e.g. emissions from

production and use of fertiliser, fossil fuel, etc.), it is important

to also know the emissions avoided by replacing other sources

of energy, i.e. fossil fuels. However, this requires an energy

balance, including the energy inputs and outputs of the

conversion investigated. Earlier studies regarding the use of

hemp for energy purposes have concentrated on calculating

the emissions from sole biomass production [23], from elec

tricity production from hemp-derived biogas [24], from hemp

diesel production [25] and from hemp pulp production [26]. To

our knowledge, no other energy use of hemp biomass (e.g. for
biogas, ethanol or solid biofuel production) has been investi

gated in reference to its energy balance.

The aim of the present study was to evaluate and compare
the ener^ balances of four scenarios for the production of
hemp biomass and further fuel processing. These scenarios

were: (I) combined heat and power (CHP) from spring-
harvested baled hemp. (II) heat from spring-harvested bri-

quetted hemp, and (III) CHP and (IV) vehicle fuel from autumn-

harvested chopped and ensUed hemp processed to biogas in
an anaerobic digestion process. An additional aim was to

compare hemp with other biomass sources used for the final

energy products investigated.

2. Methodology

2.1. Description of base scenarios

The different utilisation pathways for hemp biomass can be

grouped in terms of two different biomass harvest times: Hemp

harvested as green plants in autumn if intended for biogas, or

as dry plants harvested in spring if intended for solid biofuel

production [18]. To compare these pathways, four different

energy conversion base scenarios were investigated (Fig. 1).

Scenario I describes combined heat and power (CHP)
production from combustion of spring-harvested baled hemp.

In this scenario, hemp would act as a complement to straw

fuel in a large-scale CHP plant, e.g. as is common in Denmark

[27]. In CHP production, the combustion heat is used for

production of both electricity (power) and heat, e.g. for resi

dential and commercial district heating.

Scenario II describes the production of heat from combus

tion of spring-harvested, chopped and briquetted hemp. This
scenario illustrates the utilisation currently available in parts

of Sweden, i.e. combustion in small-scale boilers for heating of

private homes |28|.

Scenario III describes the production of CHP from biogas

derived by anaerobic digestion of autumn-harvested chopped
and ensiled hemp. This scenario outlines how biogas (mostly

from maize digestion) is commonly used in Germany [29].

Scenario IV describes the production of vehicle fuel from

biogas derived by anaerobic digestion of autumn-harvested
chopped and ensiled hemp. This scenario depicts the situa

tion of how biogas (of other origin than hemp) is increasingly

being used in Sweden, Germany and other European countries
as vehicle fuel [30].

Scenario III
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Scenario IV',
biogas

vehicle fuel
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briquettes
heat
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Fig. 1 - Schematic overview of the field and transport

operations accounted for in CHP production from baled

hemp (scenario I), heat production from briquetted hemp

biomass (scenario II), CHP production from hemp-derived
biogas (scenario HI) and vehicle fuel production from

hemp-derived biogas (scenario IV).
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2.2. Scenario assumptions

2.2.1. Cultiuation area

Hemp biomass was assumed to be produced in die agricul
tural area called Gdtalands sodra sidttbygder, Gss, extending
over the Swedish west and south coast, up to 35 km inland

(55®20'-57®06' N, 12°14'-14®21' E) [31]. On average, this area
produces high yields per hectare of conventional crops. Gss

comprises approx 330,000 ha arable land [31,32] and is also the
area where hemp could be grown with relatively high biomass
and energy yields per hectare [18]. A typical short crop rotation

in this area is sugar beet followed by spring barley and winter

wheat. This rotation was assumed to be extended with one

year of hemp cultivation following either sugar beet or winter

wheat. It was further assumed that the farm cultivates 150 ha

arable land conventionally, with an average field size of 4 ha,
reflecting the actual average farming situation in the agricul
tural area investigated [33].

2.2.2. Soil treatment

Soil treatment was assumed to comprise stubble treatment,

ploughing and seedbed preparation. Sowing was assumed to
be carried out in combination with fertilisation, with subse

quent light soil compaction by a roller. Pesticide treatment

was assumed to be unnecessary [19]. These field operations
for establishing the hemp crop were identical for all scenarios

tested in the present study.

2.2.3. Scenario I

Solid biofuel production in scenarios I and II requires harvest
in spring, when moisture content (MC) in the biomass is below
a mass fraction of 30% [18], which is required for safe, low-loss
storage [34]. In scenario I, hemp was assumed to be cut and
laid in swaths, then pressed into large square bales

(2.4 m X 1.2 m X 1.3 m). The bales were transported 4 km on

average to the farm (see section 2.4). For intermediate storage
the bales were wrapped together in a plastic film tube, which

is an economic storage option that does not require as much
investment as permanent storage buildings. The bales were

riien transported on demand to a CHP plant, where they were

combusted. A CHP plant with an annual production of 780 TJ

(el) and 1430 TJ (th) was assumed, which is similar to the
dimensions of existing large-scale straw-firing CHP plants, e.g.
[27,35]. Baled wheat straw is typically the predominant fuel in
such plants and was assumed to account for 95% of the energy
produced in the present scenario. The remaining 5% were
assumed to be accounted for by baled hemp biomass. The
bales were fed into the boiler by means of a conveyor belt. The
CHP plant was assumed to be equipped with a flue gas
condensing unit for heat recovery [35]. Table 1 lists the major
process parameters. The straw/hemp ash mixture was
assumed to be transported back to the field and used for fer

tilising the soil for the next crop at 172 kg ha"^. This dosage
was derived from the total amount of ash produced during

one year divided by the total annual cultivation area for hemp
and straw combined [36]. A standard lime spreader was

assumed for spreading of the ash.

2.2.4. Scenario II

For briquette production, hemp is also spring-harvested. Here
it was assumed that hemp was chopped (20 mm length) with
a maize forage harvester in the field and transported in bulk to
the farm, where it was stored dry by compressing it into
a silage tube for intermediate storage. Furtiier processing
included on-site pressing into briquettes, packaging and
transport to local sales places and customers. It was further
assumed that 50% of the briquettes were sold as 12 kg bags at
petrol stations [40]. Individual transport of the briquettes to

Table 1 — Assumed and calculated process parameters used for modelling the CHP plant.

Parameter Unit Assumed, value Source

Nominal effect MW(el) 35 [35]

MW(th) 68 [35]

Electric efficiency % 33 [35]

Thermal efficiency % 60 [35]

Annual production TJ 2384 Own calculations

hemp Straw

HHV
■

19.1 18.7 [18,37]

Ash content wt-% 1.8 5.0 [18,37]

Required DM biomass Mg a~^ 6241 •  121,125 Own calculations

Required cultivation area ha a~^ 1068 34,844 Own calcxilatibns

Nutrient removal® N 24 29

P kg ha~* 10 4 Own unpublished results, [38]
K 7 41

Electricity production TJa-^ 787 Own calculations

Heat production TJa"^ 1431 Own calculations

Indirect energy input % of produced 4.0 [39]

electricity

Ash production Mg a"^ 6165 Own calculations

Nutrient recycling'' P - % 38 Own calculations

K % 100 Own calculations

{ a Based on normalised yields for hemp and maize.

j b Calculated from the content of P and K in the ash derived from the hemp/cereal straw fuel mix.
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the place of combustion was not accounted for, as it was
assumed that the bags were picked up 'on route'. The
remaining 50% were assumed to be delivered to the place of
utilisation in 450 kg bulk bags [40]. The average transportation
distance for both bag sizes was calculated (see section 2.4) to

be 30 km on average. In both cases, briquettes were assumed

to be burned in small-scale domestic boilers (80% thermal
efficiency) for heating purposes.

2.2.5. Scenario III

For the production of biogas, hemp is harvested in autumn

when the biomass DM yield is highest [18]. In this scenario, it

was assumed that the crop was harvested by chopping (20 mm

length) with a maize forage harvester in the field and trans
ported to the biogas plant, where it was ensiled in a silage tube

for intermediate storage. The silage was then fed on demand

to the biogas plant In the biogas reactor the hemp was con
verted to biogas and a nutrient-rich digestate. The hemp

biomass was assumed to be co-digested with maize in
a medium-sized biogas plant with an annual production of

90 TJ raw biogas. This capacity corresponds to typical cen

tralised or industrial biogas plants commonly digesting

biomass from varying sources [41]. In the present scenario,
hemp accounted for 20% of the energy produced, with maize

accounting for the remainder. With such a low proportion of

hemp, process parameters are likely to resemble th!ose for
a process run exclusively on maize. Therefore, this setup was
assumed to be realistic for the implementation of a new

energy crop as substrate in anaerobic digestion.

The raw biogas was assumed to be combusted in an|On-site

CHP plant (Fig. 2, top) with total annual production of 30 TJ (el)

40 TJ (th). Table 2 lists the major process parameters used in

the present study. Pumping and mixing of the digestion

process were assumed to use electricity from the grid, while

heating of the biogas plant was assumed to use heat from the

CHP process, internally using raw biogas as fuel [48].

The digestate was assumed to be stored at the biogas plant

until utilisation as biofertiliser. Fertilisation with digestate

was assumed to partly replace mineral fertiliser according to

its nutrient content in the production of hemp biomass in the

following growing season. Only plant-available ammonium
nitrogen (NHj-N) content in the digestate was assumed to

replace mineral nitrogen fertiliser. The amount of NH4-N in

the digestate was calculated from biomass elemental a!nalysis
(unpublished results) assuming the degree of mineralisation

of the biomass in the digestion process as the production rates

of methane and carbon dioxide suggest. A mass fraction of 5%
of NH4—N were assumed lost in the handling and spreading of

digestate [49]. Additional organically-bound N was not

accounted for. All phosphorus (P) and potassium (K) removed

from the fields with the harvested biomass was assumed to be

returned through use of the digestate as biofertiliser' and to
directly replace mineral P and K fertiliser, respectively.

Transport of digestate from biogas plant to field was assumed

to be achieved by tank truck with no prior dewatering, as
transport distances are relatively short [48].

2.2.6. Scenario IV

In scenario IV, hemp biomass was assumed to be used and

treated as described in scenario III until the production of raw

Scenario III - CHP from biogas
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Fig. 2 — Schematic overview of riie anaerobic digestion (AD)

process and the subsequent utilisation of biogas for base

scenario III (top). The centre panel depicts the padiway

widiout (base scenario IV) and with an additional

upgrading option from 97% methane content to natural gas
quality (NGQ) vehicle fuel (subscenario, grey items). The

bottom panel depicts the subscenarios using external heat

for die AD process widi and without the same upgrading

option (grey items).

biogas. However, instead of combusting the biogas, it was

refined to vehicle fuel (Fig. 2, centre). This upgrading was
assumed to be carried out in a subsequent water scrubber

unit, which is a common choice of technology in Sweden [45].

The upgrading unit increases the methane content to

a volume fraction of 97% in the biogas, which is then pres
surised to 20 MPa. The upgrading unit was assumed to have an

annual nominal production of 90 TJ of biogas vehicle fuel. The

biogas vehicle fuel was assumed to be distributed non-

publicly directly at the biogas plant, e.g. for vehicles in
public transport.

In contrast to scenario III, heating of the biogas plant was

assumed to use heat from a gas boiler, using raw biogas as fuel

[48]. Note that scenarios in and IV refer to the same amount of

biomass utilised.

2.3. Calculation of energy balances

For all scenarios, the net energy yield (NEY) was calculated

•by subtracting the sum of direct and indirect energy inputs

(Eldir/ind) from the energy output (EO).
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Table 2 - Assumed and calculated process parameters used for modelling the anaerobic digestion plant. The tables list the
major direct and indirect energy inputs.

Parameter Unit Assumed value References

Digester, size® m^ 2600 Own calculations

Storage tank for digestate, size'' m^ 14,500 Own calculations

Feed as VS kg m"^ d"^ 3.0 [42]
hemp maize

Required DM biomass Mg a"^' 2218 6377 Own calculations

Required cultivation area ha 215 531 Own calculations

Specific methane yield*' on VS m^ kg-^ 0.22 0.32 [16, 24, 43]
Volatile solids content (of DM) % 93 95 [16, 43]
Nutrient removal^ N kg ha~^ 83 154 Own unpublished

P kg ha"^ 35 31 results [18,38],
K kg ha"'"^ 121 216

Nutrient recycling N® %■ 55 Own calculations
P % 92

K % 100

Life time digester and storage a [44]
Direct energy input 20

Heating GJ ha*"^ a"^ 3.6 [45]
Pumping & mixing GJ ha"^ a~^ 0.8 [46]

Indirect energy input^
Anaerobic digester GJ ha"^ a~^ 0.49

Digestate storage GJ ha"^ a~^ 0.25 Own calculations
CHP plant (scenario III) GJ ha~^ a~^ 0.52

DM = dry matten VS = volatile solids,
a Two units of 1300 each.
b Five units of 2900 each, dimendoned for the storage capacity for digestate accumulated over 8 months [47]..
c Under standard gas conditions of 100 kPa and 273 K.
d Based on a normalised yield for hemp and maize.
e Calculated from 15% losses during digestion and spreading and a share ofNHi—N of 74% according to the degree of mineralisation during the
digestion process.

i f Indirect energy inputs from transport and assembly of building materials were assumed to be minor and were not accounted for. For
j simplicity, building materials included only steel, concrete and plastics, assuming a steel digestion reactor and a steel-reinforced concrete tank
; with plastic gastight roofing for storage of digestate.

NEY - EO - ( ̂  (Eldir) + (E'dir
The energy output represents the energy derived as elec

tricity, useful heat and vehicle fuel from the conversion
processes. The energy output-to-input ratio (Ro/i) was calcu
lated by dividing the gross energy output by the accumulated
energy input of each scenario.

Ro/, = EO/(^(EW)-F^(EIi„d))
These calculations were carried out for two different

system boundaries: (a) From cultivation until intermediate
storage of the hemp biomass (Fig. 1, top) and (b) from culti
vation until distribution of the final energy product (Fig. 1,
bottom).

The conversion efficiency (riconv) was calculated for each
scenario putting the energy output as final energy carrier in
relation to the energy content in the harvested biomass:

hconv = EO/Eb iomass

2.3.1. Energy input
Table 3 lists the energy equivalents for production means that
were assumed for energy input calculations. Energy input was
calculated as the sum of direct and indirect energy inputs
[52,62,63]. Direct inputs accounting for fuel consumption from

field, transport and storage operations were assumed to be
based on the use of fossil diesel, reflecting the current situa
tion. Values for diesel consumption were taken from reference
data [64]. Other direct energy inputs were heat energy (e.g. for
heating the biogas digester) and electricity (e.g. for operation of
the briquette press, digester pumping and mixing). Human
labour and production and utilisation of non-storage buildings
and dismantling/recycling of machinery and building mate
rials were not accounted for, as these were regarded as minor.
Solar radiation was not accounted for as it is free.

Indirect energy inputs accounted for the energy use in
production of seeds, fertiliser, machinery, diesel fuel and
electricity, as well as in maintenance (lubricants, spare parts)
of the machinery used [65]. All fertiliser inputs other than
digestate and ash were based on use of mineral fertilisers,
according to common practice in conventional agricultural
production. The energy contained in machinery was calcu
lated based on the energy used for production of the raw
material, the production process and maintenance and spare
parts [66]. Machinery for soil treatment and briquette pressing
is usually owned by the farmer and was assumed to be so in
this study. Machinery capacity data ([64]; hemp harvest:
unpublished results) was used to calculate the annual
machinery-specific operating hours based on the assumed
crop rotation (Table 4). Machinery and equipment for harvest
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Table 3 - Primary energy factors and energy equivalents for the production means.

Energy equivalentItem Unit References

Value used Literature low - high

Diesel fuel energy content MJL"^ 37.4 35.9-38.7 [48,52,53,55,56]

Indirect energy use MJ MJ-^ 0.19® O.lb-0.27 [50-52,55,56,58]

Electricity indirect energy use MJ MI"' 1.20 1.12-1.92 [39,45,49,54]

Natural gas'' energy content MJm"' 39.6 [45]

Indirect energy use MJMJ*^ 1.2 [45]

LPG energy content Mjm"^ 93 [61]

Indirect energy use MJMJ-'' 1.1 [45]

Mineralfertiliser N MJkg-^ 45.0*= 37.5-70.0 [11,48,52,56,57,59,60]

P MJkg"^ 25.0= 7.9-39.9 [11,48,52,56,57,59,60]

K Mjkr' 5.0= 4.8-12.6 [11,48,52,56,57,59,60]

Seeds MJkg-^ 10.1^ 2.5-12.2 [55-57,59,60]

a 0.04 MJ MJ"^ for lubricants and 0.15 MJ for the manufacturing process.
b Natural gas was assumed to be used as external production option of heat for the anaerobic digestion process. Conversion efficiency was
assumed to be r; = 0.96 (th) [45l. The indirect energy for theiconversion process was assumed insignificant
c These values reflect the current trend of increasing energy efficiency in nitrogen fertiliser production ̂ d increasing energy demand for
phosphorus fertiliser production [8]..
d Basedbnthe assumption of 7.5 MJ kg~^ for the production of the seeds, 0.6 MJ kg"^ for coating [60] and 2.0MJkg~^ forthe transport (France-
Sweden, 1800 km at 1.1 Id kg'^ km~^ [59]).

and transport were assumed to be owned by a contractor,
resulting in high numbers of annual machinery operating
hours (Table 4).

The indirect energy for the straw-fired CHP plant was

accounted for as 4% of the power produced [39]. indirect
energy for the building materials used for the anaerobic
digester system was assumed on the basis of a simplified
construction including a steel tank digester and steel-
reinforced concrete tanks with gastight plastic roofing for
storage of the digested residues. Indirect energy for the
upgrading plant and for the transport, assembly and
dismantling of the biogas plant was assumed to be minor and
was not accounted for.

2.3.2. Hemp biomass yields and energy output
Assumptions of realistic hemp biomass dry matter (DM)
yields, MC and corresponding heating values at harvest dates
suitable for biogas and for solid biofuel production have been
reported earlier [18] and were used unaltered in this study
(Table 5). Harvest time-related biomass energy content was

calculated from the biomass DM jrields and the corresponding
higher heating value (HHV) [18].

Table 5 lists the assumed values of parameters used in
calculation of the energy balance. N fertilisation was assumed
to follow recommendations for hemp cultivation [14,19]. P and

K fertilisation was based on actual nutrient removal rates at

die corresponding harvest time as derived from elemental
analysis of biomass samples (unpublished results).

In modelling biogas production from hemp, harvest in
September-October was assumed to result in a biortiass DM
yield of 10.2 Mg ha"^ [18] and a volatile solids (VS) content of
95% of the DM content [16]. The gross energy output as biogas

was then calculated using a specific methane yield of
0.22 m^ kg"^ of ys under standard gas conditions of 273 K and
100 kPa, which was assumed to be a realistic value in

commercial production [16,24] (Table 5).
The energy output for the use of hemp biomass as solid

biofuel was calculated from the hemp DM yield and the

corresponding heating value: For combustion ofbales in a CHP
plant equipped with a heat recovery unit, the HHV was used.
For combustion of briquettes in a simple boiler or wood stove,
the lower heating value (LHV) was used. The biomass was
assurned to be harvested in spring, corresponding to an MC of
15% and a DM yield of 5.8 Mg ha~^ [18]. The low MC is
advantageous for combustion, but is also a requirement
(MC < 15%) for briquetting of the biomass [22].

2.4. Transport distances

Transport distances of biomass from field to storage and of
digestate from biogas plant to field were calculated according
to Eq. (1) [69]:

d=2/3*T*r (1)

where d (km) is the average transport distance, x the tortuosity
factor and r (km) the radius of the area (for simplicity assumed
to be circular with the farm or processing plant in the centre)
in which the transport takes place. The tortuosity factor
describes the ratio of actual distance travelled to line of sight
distance [69]. The parameter x can range from a regular rect
angular road grid (x = 1.27) to complex or hilly terrain con
strained by e.g. lakes and swamps (x = 3.00) [69]. In this study
a median value for x of 2.14 was assumed.

Transport distances for briquettes to petrol stations and
bulk customers were calculated as the radius for coverage of

25% of the study area, using Eq. (1). The coverage area was

assumed to provide sufficient customers for the scope of
briquette production studied.

2.5. Distribution of energy products

The final energy products have to be transported to the final
consumers. In the case of heat this is accomplished in a local
district heating grid connected to the heat-producing plant.
Heat losses were assumed to be 8.2% [70]. Heat from briquette

combustion was assumed to occur at the place of heat



Table 4 — Machinery specifications as used in the present study.

Operation Machine type Working Weight Power/power Diesel Annual Scenario Lifetime Indirect |
width requirement® consumption use use^ energy® {

(m) (kg) (kW) (L ha"^') (ha-') (h ha"') (a) m \
' Cultivation (all scenarios)

1

. Stubble treatment Carrier 3.5 1700 .88 8.6 200 0.5 10 67 i
' Ploughing 4 furrow plough 1.4 1280 88 22.9 180 1.8 10 51 i
Seedbed preparation Harrow combination 6.0 2500 77 5.7 90 0.4 12 99 i

, Sowing/fertilisation Seeding combination 3.0 2700 88 9.4 125 1.0 10 98 j
Rolling Cambridge roller 6.0 4000 66 3.6 80 0.5 12 158 1
Spring harvest (as bales), scenario I !

Cutting & swathing Windrower 4.5 5560 97 10.4 200 1.5 10 240 1
Baling Square baler 3.0 9830 112 6.8 225 0.5 10 333 i
Loading and transport to farm Wagon train n.a. 5500 102 3.7 200 0.9 10 197 1
Storage in plastic wrapping Bale wrapper n.a. 4536 14 3.6 250 0.4 10 200 1
Loading of bales Tractor with fork n.a. 7000 100 0.5 850 0.9 12 309 I
Transport to CHP plant Truck with trailer n.a. 15,800 243 20.6 10®" 41.0® 10 683

Unloading of bales Tractor with fork n.a. 7000 100 0.5 850 0.9 12 309 ;

Loading of ash Front loader n.a. 13,500 105 0.03 1000 0,01 10 520 ,

Transport of ash Truck with container n.a. 17,800 243. 0.3 10®" 0.5® 10 769 ;

Spreading of ash Tractor with spreader n.a. 6400 60 0.7 110 0.2 10 278 i
Spring harvest (as bulk material) ( scenario II) ;

Cutting and chopping Forage harvester 4.5 13,240 458 15.2 400 0.5 10 510 ;
Collecting and transport to farm Forage wagon n.a. 6500 88 2.5 150 1.1 10 '  233 1
Storage Tractor -driven tube press n.a. 7000 147 15.9 210 0.2 12 • 261

Unloading/press feed Front loader n.a. 13,500 105 2.5 350 1.1 10 520 1

Briquette production Briquette press n.a. 2800 .11 15^ 1349 36 10 124

• Transport to sales place Truck with trailer n.a. 15,800 243 5.8 10®" 11.5® 10 683 1
Ailtumn harvest (as bulk material) (scenarios III and IV)

Cutting and chopping Forage harvester 4.5 13,240 458 21.1 400 0.7 10 510 !
Collecting and transport to biogas plant Truck with dumper trailer n.a. 15,246 295 29.0 ' 10®" 58.1® 10 659 ;
Unloading/tube press feed Front loader n.a. 13,500 105 4.1 1684 1.1 10 520 !

Storage Tractor -driven tube ensiling n.a. 7000 147 17.7 160 0.6 12 261 i
' Unloading/biogas plant feed Front loader n.a. 13,500 105 4.1 1684 1.1 10 520 :

Transport of digestate to field Truck with tank trailer n.a. 12,520 295 15.5 10®" 30.9® 10 541 j
Spreading of digestate Tractor with drag hose trailer 12 4300 200 8.6 358 0.5 10 186 1

'' Traction engines (oil scenarios)
For soil treatment operations Tractor n.a. 6000 88 n.a.® 650 n.a^ 12 ' 230 1
For harvest, transport and storage operations Tractor n.a. 9500 200 n.a.® 850 n.a.'' 12 364 i

n.a. = not applicable.

a ̂ 'owering soil treatment operations assumed use of a 88 kW tractor. Powering of. harvest, transport and storage operations assumed use of a 200 kW tractor,
b For hemp biomass production.

c Total lifetime indirect energy including, material, manufacture and maintenance. Calculated after [66,67] with energy coefficients for steel (17.5 MJ kg"'), cast iron (10.0 MJ kg') and tyres (85 MJ kg"').
Repair multipliers are taken from [66].
d Unit: km.

e Unit: km ha"',

f Unit: kWh.

g Included in the respective field operation,
h See respective field operation.
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Table 5 - Assumed values for parameters used for calculation of the energy balance of hemp biomass production and
utilisation as biogas substrate or solid biofuel, respectively. See section 2.2 for description of scenarios. Roman numerals
indicate corresponding scenarios.

Parameter Unit Application of biomass as References

Solid biofuel Biogas substrate^

Scenarios I and II ni and IV

Cultivation

N fertilisation'' kg ha"^ 150 150 (81) [14.19]

P fertilisation*^ kgha"^ 10 35 (32) Unpublished results

K fertilisation*^ kg ha~^ 8 123 (188) Unpublished results

Seeds kg ha~^ 20 20 |18]

Biomass

Harvest period February to April September to October [18]
Harvest losses % 25 10 [18]

DM yield (after harvest losses) Mg ha"' 5.8 10.2 [18]
Moisture content % 15 65 [18]
Specific methane yield** on VS m'kg-' n.a. 0.22 [16,24]

Volatile solids content (of DM) % n.a. 93 [16]

HHV® Ml kg-' 19.1 18.4 [18]

LHV', dry basis MJkg-' 17.4 12.6 [18]
Model

Average field size ha 4 4 [68]
Average transport distance

field -• farm storage (bales, bulk) km 4 n.a. [64]

farm storage -► CHP plant (bales), km 40(1) n.a. Own calculations,
CHP plant farm (ash) section 2.4

farm storage -♦ petrol station/bulk km 30(11) n.a. Own calculations,
costumer (briquettes) section 2.4

field -» biogas plant O^ulk), km n.a. IS Own calculations.
biogas plant -» field (digestate) section 2.4

n.a. = not applicable; DM = dry matter; VS = volatile solids.
a Number in brackets refers to the amount of N, P and K, respectively, derived from the recycling of digestate as biofertiliser. Note that recycling
rates for potassium are higher than removal rates by hemp biomass, due to higher potassium removal rates by maize biomass, which accoimts
for 76% of the recycled digestate. Recycling was only accounted for up to 100% of the removal rates,
b The total nitrogen fertilisation level was assumed to be a fixed amount to ensure crop growth,
c Phosphorus and potassium fertilisation levels adjusted to the amount of nutrient removal,
d Under standard gas conditions of 100 kPa and 273 K.
e HHV = higher heating value,
f LHV = lower heating value.

utilisation, with distribution losses being negligible. Electricity
was assumed to be distributed via the electrical grid with
losses being 7.6% [70]. Biogas vehicle fuel was assumed to be
distributed as 97% methane via a gas filling station directly at
the biogas plant, where all biogas vehicle fuel was used for
public transportation. As a subscenario to scenario III (section
2.6), biogas was assumed to be further upgraded to natural gas
quality (NGQ) and transported to public petrol stations by
a natural gas grid. The biogas pipeline to connect the biogas
plant to the natural gas grid was assumed to be 25 km long,
reflecting the geography of the study area and location of the
natural gas grid (not shown).

2.6. Sensitiuity analysis

A sensitivity analysis was carried out on subscenarios in order
to investigate the effect of a number of parameters on the
energy input and the NEY of hemp used for energy in all base
scenarios.

Diesel consumption for cultivation and transportation,
biomass DM yield and transport distances had been identified

earlier as sensitive parameters in similar scenarios [71].
Therefore, these parameters were varied in subscenarios to all
four base scenarios and their effect on the NEY recorded.

In scenario IV, biogas was assumed to be used to heat the
anaerobic digestion process. It may be of economic interest to
use all the biogas for upgrading to vehicle fuel, e.g. in order to
maximise high value output. Therefore, a subscenario with an
alternative external heat source was tested (Fig. 2, centre and
bottom). A natural gas boiler (rjihermai = 0-96) was assumed to
be used for external heat production [45].

Furthermore, in scenario IV the biogas vehicle fuel, which
is similar to compressed natural gas (CNG), was assumed to be
distributed at a gas filling station directly at the biogas plant.
In a subscenario, the biogas was instead assumed to be
distributed to public petrol stations via a natural gas grid
(Fig. 2, centre and bottom). In such cases, biogas vehicle fuel is
mixed with natural gas, requiring prior adjustment of the
Wobbe index of the biogas (97% methane content) to NGQ in
north-western Europe. This is usually done by adding liquid
petroleum gas (LPG) to 8% content by volume [61]. Note that
adjustment of the Wobbe index is only required where the
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heating value of the natural gas in the grid exceeds the heating

value of the injected biomethane, e.g. in Sweden and
Denmark [72]. For distribution in the local gas grid, compres

sion of the biogas to only 0.5 MPa is sufficient. However, the
biogas has to be compressed to 20 MPa at the gas station for
further distribution.

3. Results

3.1. Energy input in hemp biomass production up to
intermediate storage

The energy input in cultivation, harvest, transport and inter
mediate storage was found to be 11.7 and 13.0 GJ ha"^ for baled
and briquetted solid biofuel production fi"om spring-harvested

hemp, respectively, and 12.2 GJ ha~^ for autumn-harvested,
ensiled hemp biomass for biogas production {Fig. 3, top).

Although the scenarios showed similar energy inputs, there

were large differences in where these inputs were required.
Nutrient recycling via digestate (see section 3.4) credited

cultivation of autumn-harvested hemp with the use of
a reduced amount of mineral fertiliser, resulting in

3.1—3.6 GJ ha"^ less energy input than in cultivation of spring-
harvested hemp (Fig. 3, top). However, this was counter
balanced by higher requirements for storage and transport in
autumn-harvested hemp (Fig. 3, top). Detailed results on

direct and indirect energy input in cultivation, transport and
intermediate storage are provided in Table 6.

3.2. Energy balance of hemp biomass up to jinal energy
product

The four base scenarios differed substantially in their relative

amount of energy input in the form of diesel, electricity, fer

tiliser, machinery and other equipment, production materials

and heat requirements (Fig. 3, bottom).

Subsequent processing of the stored biomass requires

energy inputs for conversion and additional transport.

Conversion energy requirements differed substantially

between the scenarios: inputs were low for solid biofuel

combustion in the form ofbriquetted biomass (0.8 GJ ha"^) and
for CHP production from bales (1.5 GJ ha~^) (Fig. 3, bottom).
CHP production from biogas was more energy-intense

(2.8 GJ ha~^). The most energy-demanding conversion was
the production of vehicle fuel (14.1 GJ ha~^), where the
upgrading of the biogas to 97% methane content represented
45% of the total energy input. This is reflected in the high

amount of electricity required for scrubbing and compression

of the biogas (Fig. 3, bottom).

The NEY was highest for CHP production from bales and
heat from briquettes (Fig. 4), with high overall conversion

efficiencies (86 and 80%, respectively) and high output-to-

input ratios (Ro/i of 6.8 and 5.1, respectively). The NEY of

biogas CHP and vehicle fuel production was substantially
lower. Conversion efficiency was 38% for upgraded biogas

(vehicle fuel) and 22% for biogas CHP. Scenarios III and IV had
a Ro/i = 2.7 and 2.6, respectively.

For each tonne DM • increase in biomass yield, NEY

increased by 15.7,13.1, 3.9 and 5.8 GJ ha"^ for scenarios 1 to IV,
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Fig. 3 - Energy inputs according to production means (left
part of columns) and process stage (right part of columns)
for scenarios I to IV. Energy inputs are given for hemp
biomass production up to intermediate storage (top) and

up to final energy product (bottom).

respectively (Fig. 5, top). Fig. 5 (bottom) shows die influence of
hemp biomass DM jdeld on Rq/i for each scenario. The two
solid biofuel scenarios were strongly yield-dependent, while

die two biogas scenarios were far less sensitive to changes in

biomass DM jdeld.

Consumption ofindirect energy excluding fertiliser-related

indirect energy, i.e. energy embodied in machinery and
buildings and energy consumed in the production and distri

bution of the energy carrierused, such as diesel, accounted for
26,35, 39 and 45% of the total energy input in scenarios 1 to IV,
respectively. Fossil energy sources accounted for 95% of the
total energy input for scenarios I to III and 86% for scenario IV.

3.3. Variations in subscenarios

Of the parameters tested, a ±30% change in biomass yield had
a substantial effect on the absolute value for NEY in GJ ha"^.
This effect was largest for scenario III (±43%), followed by

scenario IV (±38%) and scenarios I and II (±34 and ±35%,
respectively) (Fig. 6). Changes in diesel consumption (±30%)



Table 6 - Direct and indirect energy input of fertilisation, field operations, transport and intermediate storage.

Energy input — solid biofiiel - scenarios I and II Energy input - biogas — scenarios III and IV j
Direct® Indirect Total Direct® Indirect Total

Production means (kg ha ̂ ), (MJha-'^a-^) ' (MJ ha"^ a"^) (kgha- (MJ ha"^ a"^) (MJ ha~^ a~^) -
Mineral fertiliser N 150 6750 6750 67 3009 3009

P (scenario I/IQ 9/6 64/104 64/104 3 29 29 '

K (scenario I/II) 7/0 0/30 0/30 0 0 0

Seeds 20 270 270 20 270 270

Field/transport operation (L ha"^ a (MJ ha ̂  a (MJ ha~^ a"^) (MJ ha"^ a"^) (Lha"^ a"^) (MJ ha"^ a"^) (MJ ha"^ a"^) (MJ ha"^ a"^)
Stubble treatment 8.6 322 97 419 8.6 322 97 419

Ploughing 22.9 856 278 1134 22.9 856 278 1134

Seedbed preparation 5.7 213 96 309 5.7 213 96 309 •

Sowin^fei^sing combinatipn 9.4 352 177 " 528 ̂ ?-4 352 177 528

Ash/digestate spreading incl. transport etc. (scenario I/II) 1.0/0 37/0 15/0 52/0 24.0 902 665 1567

Compaction 3.6 135 123 258 3.6 135 123 258

Bale storage line*'- (scenario I)
Swathing 10.1 377 244 621

Baling 6.6 247 141 388

Loading^transpoiVunloading field-farm 3.5 131 150 281'

Storage in plastic film 3.6 135 471"^ 606

Bulk storage line^—(scenarios II, III and IV, right)
'Cutting and chopping 15.1, 566 168 734 21.0 787 234 1022

Collecting and transport 2.4 90 - 211 301 28.8 1075 242 1317

Ensiling/storage in tube baler 15.7 588 1564® 2152 17.5 654. 1636^ 2290

Total — bale storage line (scenario I) 75.0 2803 8875 11,679

Total - bulk storage line (scenarios II, kft; III and IV, right) 83.5 3122 9867 12,989 141.5 5295 6856 12,151

a Data on diesel consumption calculated from [64]. Values in L ha~^ a~^ represent diesel consumption.
b Spring harvest operation: The biomass is cut and swathed using windrower. The biomass is then pressed with a square baler. The bales are loaded onto a trailer using a tractor with a forklift.
c Autumn and spring harvest operation: The biomass is cut and chopped using a conventional forage harvester. The chopped biomass is blown into a tractor-wagon combination,
d Includes 414 MJ ha~^ for plastic wrapping for storage,
e Includes 1432 M) ha"^ for plastic tube for storage,
f Includes 1415 MJ.ha"^ for plastic tube for ensiling'stqrage.



46 BIOMASS AND BIOENERGY 40 (2OI2) 36-52

IV Heal ouTpui
l//*/) Bectrieity output
in I II Vehicle IMl output

Net energy yieU

110

100

90

80

1
— laj Energy mput

70

60

50

40

30

20

E> 10

-10

20

30

•CHPfrom bales

Heat from briquettes
CHPfrom blogas

- Vetiicle frjel from biogas

Scenario I Scenario II Scenario III Scenario IV

bales briquettes biogas blogas
CHP heat CHP vehicle fuel

Fig. 4 — Energy output (white), energy inputs ̂ ey) and net

energy yields (black) for scenarios I to IV. Output energy

shows heat, power and vehicle fiiel production from hemp

biomass.

and transport distance (-50%; +100%) influenced NEY by less

than ±2% for solid biofiiel production, by less than ±5% for

vehicle fuel production from biogas and by less than ±8% for
CHP production from biogas (Fig. 6).

The choice of heat source (internal biogas or external

heating) as well as the choice of fuel quali^ and distribution
form (upgrading to NGQ and distribution via natural gas grid)

in scenario IV had only a marginal effect on NEY, which varied

less by than 3% (Fig. 7).

3.4. Nutrient recycling

The large difference in energy input in biomass cultivation
between autumn- and spring-harvested hemp is mainly due

to replacement of mineral fertiliser by nutrient-rich digestate
from the anaerobic digestion of autumn-harvested hemp.

Based on the nutrient content of hemp and maize, 55,92 and

100% of mineral N, P and K, respectively, could be replaced in
the cultivation of autumn-harvested hemp (scenarios III and
IV). This represents an energy saving of 4.6 GJ ha"^, which
corresponds to a reduction of 27% in the energy required for

the cultivation and harvest of the biomass. The energy
required for transport, storage and spreading of the digestate

amounted to 1.6 GJ ha"^.

Utilisation of ash from combustion of hemp (together with
straw in scenario I) as a fertiliser had a much more limited

impact on the energy balance than digestate. Based on riie
nutrient content of hemp and straw, 38 and 100% of mineral P

and K fertilisers, respectively, could be replaced in the culti
vation of spring-harvested hemp. All N is lost in the

combustion process. The replacement of mineral fertiliser by

utilising the nutrients in the ash corresponded to a saving of
0.07 GJ ha"^. However, the energy required for transport and
spreading of the ash amounted to 0.05 GJ ha"^. Fertiliser
energy input amounted to approx. 7 GJ ha"^ for scenarios I and
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Fig. 5 — Energy cutput-to-input ratio (Ro/i) and net energy

yield (NEY) as influenced by die biomass DM yield ofhemp.
Harvest losses of 25% for harvest as solid biofiiel and 10%

for harvest as biogas substrate [18] were subtracted from

the biomass jnald.

II and 3 GJ ha"^ for scenarios III and IV. This corresponded to
48,43,20 and 11% of the total energy input in scenarios I to IV,

respectively.

4. Discussion

4.1. Comparison with other biomass sources

A comparison of the net energy yield per hectare of hemp with
that of other biomass sources based on published data is

shown in Fig. 8. The biomass DM yield per hectare of hemp in
the base scenario is rather conservative. Furthermore, hemp

is a relatively new energy crop with great potential for yield
improvements and jrields 31% above the base scenario (3-year
average) for both autumn and spring harvest have been
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reported on good soils [18]. Therefore, in addition to the base
scenario, the subscenario with biomass DM yield increased by
30% is shown (Fig. 8).

As harvested biomass in intermediate storage, hemp had
similar NEY to other whole-crop silages, e.g. from maize and
wheat and similar to sugar beet according to a comparison
based on the energy content of the harvested biomass (Fig. 8,
top). Sugar beet including tops had 24% higher NEY than hemp
in the base scenario and a similar NEY to hemp with hemp
biomass DM jnelds increased by 30%. Furthermore, since
sugar beet requires about 70% higher energy input in biomass
production, its energy Ro/i is about 40% lower than that of
hemp in the base scenario [8]. The NEY of ley crops seems

60

50
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Fig. 7 - Sensitivity analysis for scenario IV. Variation of the
energy input/output ratio by changing heat and electricity
source and upgrading quality. BS = base scenario.
NEY = net energy yield, given in GJ ha~'.

rather low in comparison, but was based on 5-year average
yields |8|. These are relatively low compared with those in
highly intensive cultivation due to a high proportion of lower-
yielding organic cultivation and to partly less intensive culti
vation techniques |31|.

For solid biofuel production, hemp biomass NEY was
substantially lower than that of perennial energy crops such as
miscanthus or willow, and even that of whole-crop rye (Fig. 8,
top). Hemp has a similar biomass NEY to reed canary grass
(Fig. 8, top), which is reflected in similar heat and CHP produc
tion of these two crops (Fig. 8, centre). Production of electricity
only, i.e. not CHP, from hemp is relatively inefficient with Rq/i
only 2.6 (Fig. 8, centre). Even if the NEY of willow were recal
culated for a comparable electric efficiency [74] and a compa
rable biomass DM yield (not shown) [75] as in the present study,
it would still be about twice that of hemp (not shown).

Production of raw biogas from hemp has similar NEY to
that of ley crops, while maize has about twice the NEY of
hemp (Fig. 8. bottom), mostly due to higher specific methane
yield [77]. These results are reflected again in electricity and
vehicle fuel production from biogas (upgraded) for these
crops. Miscanthus and willow grown in Denmark and
southern Sweden have a higher biomass yield, while their
methane potential is similar to that of hemp (not shown),
resulting in 43 and 28% higher NEY, respectively (Fig. 8,
bottom). With a 30% increase in biomass yield, hemp has
a similar NEY to miscanthus and willow, while maize still has
50% higher NEY.

Generally for all biomass sources, electricity production
from biogas has a relatively low NEY due to the double
conversion biomass to biogas and biogas to electricity. The
NEY could be improved if the heat from power generation
were used for heating purposes, i.e. in residential or
commercial heating by employing combined heat and power
(CHP) production. With a 30% increase in biomass, hemp in
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the present study had similar NEY to triticale and 7, 16 and
32% lower NEY than rye. barley and maize, respectively (Fig. 8,
bottom). Another study has found a lower NEY for hemp, due
to lower energy output [24j.

For the production of upgraded biogas, sugar beet has
a substantially higher NEY than hemp, mainly due to much
higher methane potential. However, since energy inputs for
utilisation of sugar beet are substantially higher than those of
hemp, the Ro/i is similar to that of hemp.

Comparison of the data from the present study to that from
other studies also shows that the production and conversion
models employed for calculating the energy balance can differ

substantially, the two most variable parameters being the
biomass DM yield (e.g. due to fertilisation, climate and soil
conditions) and the conversion efficiency (e.g. due to methane
potential, thermal/electrical efficiencies of the technology of
choice). For example, it is often unclear whether dry matter
yields are based on experimental data or data on commercial
production, i.e. accounting for field and harvest losses. A
comparison of this kind therefore needs to bear in mind the
variability of assumptions upon which the investigated
scenarios are based.

4.2. Energy-efficient utilisation of hemp biomass

Hemp biomass can be utilised in many different ways for
energy purposes. However, the four scenarios investigated in
the present study exhibited large differences in conversion
efficiency, energy output and NEY. When directly comparing
the outcome of the scenarios, it should be noted that energy
products of different energy quality were compared. Higher
quality energy products often require higher energy inputs
and have more conversion steps where losses occur, as well as
lower conversion efficiencies. For example, biogas vehicle fuel
has a high energy density and can be stored with minimal
losses. In contrast, heat can be generated with high conver
sion efficiency, but utilisation is restricted to short-term use in
stationary installations (e.g. a district heating grid). However,
the direct comparison of energy products derived from the
same biomass source can show the best alternative utilisation
pathway in a specific situation.

/ust as for many other energy crops, utilisation of hemp has
not yet been implemented on a large scale. This study shows
examples of how relatively small cultivation areas of hemp
can be utilised for production of renewable energy products,
e.g. briquette production. However, large-scale hemp biomass
utilisation can be implemented with the hemp acting as co-
substrate for biogas production or co-fired solid biofuel.

The most efficient energy conversion is from hemp
biomass to heat and power by combustion, e.g. of bales
(scenario I), This is in agreement with a review of findings that
puts the highest energy yields at 170-230 GJ ha"^ [78]. A 30%
increase in the biomass DM yield of hemp would result in
hemp being just above the upper limit, i.e. in a very compet
itive spot, together with most perennial crops.

Since heat has a low energy quality, this option is only viable
where heat can be utilised in adequate amounts, e.g. in large-
scale biomass CHP plants which are common in Denmark
(straw-fired) and Sweden (wood fuel-fired) (27,35,79.80). The
highest energy quality is found in biogas vehicle fuel, which in
this study has approx. 30% lower energy output per hectare
than CHP from biomass. This option also had the highest
energy input of all four scenarios. The option with the lowest
conversion efficiency and the lowest energy output and NEY is
CHP from biogas. This option only makes sense for wet biomass
sources where combustion is not an option, e.g. manure or food
wastes, but not for dedicated energy crops such as hemp or
maize. Nonetheless, electricity from biogas has become more
common in Germany, where feed-in tariffs render this option
economically attractive, even though the combustion heat is
often only used for electricity production, i.e. the heat energy in
the exhaust gases is not used for heating purposes.
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Ethanol production from hemp was not investigated in the

present study, since this is an option with very high energy

inputs [78). Energy jrields from combined ethanol production

from hemp and biogas production from the stillage are only

marginally higher than that of direct biogas production from

the samebiomass [811, indicatingthat an additional conversion

process for ethanol production seems to be rather inefficient.

4.3. Importance of nutrient recycling

Replacement of mineral fertiliser by digestate corresponded to

a saving of 4.4% of the ener^ content of the biogas produced,

including the energy inputs for storage, transport and

spreading of the digestate. This confirms earlier findings

(2—8%) [48]. Ash recycling resulted in minor replacement of

mineral fertiliser. In addition, ash utilisation as a fertiliser

required a similar amount of energy, making this option less

interesting from an energy balance point of view. However, in

light of future phosphorus deposit depletion [82], recycling of

ash is an important tool for closing nutrient cycles [83].

It has been shown that less than 100% of recycled nutrients

are available to plants directly when spread on the field [78].

The present study did not address this issue, based on the

assumption that fractions of nutrients (e.g. of P, K) not avail

able to plants would replenish soil nutrient pools in the long-

term. The content of micronutrients and organically-bound

macronutrients (N, P, K) was also not accounted for in the

present study, but potentially leads to a long-term fertilisation

effect. These findings support the concept that nutrient

recycling can be important for the overall energy sustain-

ability of biofuels from agricultural energy crops [78].

The present study employed the concept of recycling the

same amount of nutrients (minus losses) as were removed
with the biomass from the same area of land. This was done

irrespective of potential national and regional restrictions as
may apply for the utilisation of digestate and ash in agricul

ture, based on e.g. content of nutrients and heavy metals [84j.
Although a detailed discussion of this topic was outside the

scop>e of this paper, its importance for maintaining a healthy

basis for agriculture must be recognised.

4.4. Potential /uture hemp energy yield improuements

Use of hemp as an energy crop started only recently with the

establishment of new cultivars with low THC content and the

corresponding lifting of the ban on hemp cultivation that
existed in many European countries until the early 1990s [19].
Therefore, hemp has been developed little as an industrial crop
over the past decades [19]. In comparison to well-established

(food) crops, hemp has great potential for improvement, e.g.
increased biomass yields or conversion efficiencies. Improve
ments in harvesting technology could reduce harvesting los
ses, especially in spring harvesting of dry hemp [85].

The low energy conversion efficiency from hemp biomass
to biogas may indicate that NEY can be increased by
pretreatment of hemp biomass prior to anaerobic digestion,
e.g. grinding or steam explosion [81]. Combined steam and

enzyme pretreatment of biomass prior to anaerobic digestion
could improve the methane potential of hemp by more than

25% [81]. Hydrolysis of maize and rye biomass with

subsequent parallel biogas and combustion processes resul

ted in around 7-13% more energy output, although energy

input requirements were 4-5 times higher than when

biomass was only digested anaerobically [86]. Energy input for

production of hemp biomass for both solid biofuel and biogas

purposes is relatively low, situated together with maize at the

lower end of the range for annual whole-crop plants [78]. Only

perennial ener©' crops require less average annual energy

input over the lifetime of the plantations [78].

4.5. Environmental impact

The change in energy source for heating the biogas process in

the vehicle fuel option did not have a significant influence on

NEY. However, the choice of external heat source may have

significant environmental effects. There is probably also

a profound economic effect, since heating fuels of lower

energy quality (e.g. wood chips, straw or other agricultural

residues) could be used for heating the biogas fermenter and

about 5% more biogas could be upgraded to vehicle fuel. All

scenarios examined here were characterised by high fossil

energy input ratios. Fossil diesel accounted for more than 25%

of the total energy input in all scenarios. In an environmental

analysis, a change of fuel to renewable sources could poten

tially improve the carbon dioxide balance considerably.

Based on the energy balance for each scenario, the envi

ronmental influence of the energy utilisation of hemp can be

evaluated, e.g. in a life cycle assessment (LCA). LCAs have

been reported for the production of hemp biomass [23], bio-

diesel [25] and electricity from hemp-derived biogas [24].

However, LCAs for other options such as large-scale
combustion for CHP, heat from hemp briquettes or vehicle

fuel from hemp-derived biogas are lacking.

4.6. Competitiveness of hemp

Hemp can become an interesting crop where other energy
crops cannot be cultivated economically (e.g. maize, sugar
beet and miscanthus further north in Sweden and other

Nordic countries) or where an annual crop is preferred (e.g. to
perennial willow, miscanthus or reed canary grass). Due to its
advantages in the crop rotation (good weed competition) and
marginal pesticide requirements, hemp can also be an inter

esting crop in organic farming.
Hemp as an energy crop can compete with other energy

crops in a number of applications. For solid biofuel produc

tion, perennial energy crops, such as willow, miscanthus and
reed canary grass, are the main competitors of agricultural

origin. Willow and miscanthus have a substantially higher

NEY than hemp, but are grown in perennial cultivation

systems, binding farmers to the crop over approx. 10-20
years. To achieve a similarly high NEY for hemp, above-

average biomass DM yields are required and have been

demonstrated on good soils [18].

For biogas production, maize and sugar beet are the main
competitors. Maize and sugar beet have often a similar or
slightly higher biomass yield than hemp, but a substantially
higher methane potential [64,87]. However, energy inputs for
utilisation of sugar beet as biogas substrate are high, resulting
in similar Rq/i to hemp. With increasing latitude of the
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cultivation site, the growing season becomes shorter and
colder, which decreases the DM yield of maize (C^-plant) faster

than that of hemp (Cg-plant) [881- This is reflected in

commercial production in Sweden, where maize and sugar

beet are grown up to latitudes of 60' N |1.88]. Hemp can be

grown even further north with good biomass yields [89].

5. Conclusions

Hemp has high biomass DM and good net energy yields per

hectare. Furthermore, hemp has good energy output-to-input

ratios and is therefore an above-average energy crop. The

combustion scenarios had the highest net energy yields and

energy output-to-input ratios. The biogas scenarios suffer

from higher energy inputs and lower conversion efficiencies

but give higher quality products, i.e. electricity and vehicle fuel.
Hemp can be the best choice of crop under specific condi

tions and for certain applications. Advantages over other

energy crops are also found outside the energy balance, e.g.

low pesticide requirements, good weed competition and in

crop rotations (annual cultivation}. Future improvements of

hemp biomass and energy yields may strengthen its

competitive position against maize and sugar beet for biogas

production and against perennial energy crops for solid bio-

fuel production.
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ABSTRACT

This study takes combined held trial, lab expeiiment, and economic analysis approaches to evaluate the po
tential of industrial hemp in comparison with kenaf, switchgrass and biomass sorghum. Agronomy data suggest
that the per hectare yield (5437 kg) of industrial hemp stem alone was at a similar level with switchgrass and
sorghum; while the hemp plants require reduced inputs. Field trial also showed that -1230 kg/ha hemp grain

can be harvested in addition to stems. Results show a predicted ethanol yield of -82 gallons/dry ton hemp

stems, which is comparable to the other three tested feedstocks. A comparative cost analysis indicates that

industrial hemp could generate higher per hectare gross proht than the other crops if both hemp grains and
biofuels from hemp stem were counted. These combined evaluation results demonstrate that industrial hemp has
great potential to become a promising regional commodity crop for producing both biofuels and value-added
products.

1. InlToductioD

Biomass conversion to biofuels and chemicals has generated a lot of
Interests due to the increasing demand for establishing a secure and
sustainable energy supply that can be incorporated to the existing fuel
system (Shi et al., 201 la). Traditionally, biofuels have been produced
based on starchy or sugar crops such as com, wheat, sugar beets, and
sugar cane. Bioethanol derived from Ugnocellulosic biomass is con
sidered as a promising renewable fuel because of the vast availability
and low cost of the feedstocks (Chijiid.iwat ei a!.. 2011). However, the

major challenges of biofuels production from Ugnocellulosic biomass
include a stable and consistent feedstock supply, development of effi
cient pretreatment technologies to remove lignin and faciUtate enzyme
access to the ceUulose for sugar release, effective fermentation of sugars
and valorization of lignin to value added chemicals (Y.in^ and VVyman,
2008).

Industrial hemp (Connobts saetva L) has a long history being known
and used by humans for a variety of applications, including fibers for
cloths and building composites, seed as a source of essential oil and
food, and secondary metaboUtes from hemp for pharmaceutical appli
cations (Linger ei a!,, 2G02). In the United States, hemp fanning goes

back to the eighteenth century; however, industrial hemp became a

controversial crop due to its genetic closeness to tetrahydrocannabinol
(THC)-producing plants, and was stymied in the 1930s. Growing In
terests in the commercial cultivation of industrial hemp in the United
States resurged since the 1990s. There are multiple, harvestable com
ponents of the hemp plant that can be used in diverse ways. Based on a
recent report, the current annual sales of hemp based product in the
U.S. alone is about $600 million dollars (Jolmson. 2017). in the om

nibus farm bill debate, the 113th congress made significant changes to
the U.S. policies towards industrial hemp. The Agricultural Act ("farm
bill**, P.L. 113-79) was passed in 2014, which allows certain research
institutions and state departments of agriculture to grow industrial
hemp. The continuous introduction and clarification on industrial hemp
at legislation level promoted industrial hemp related research and al
lowed for a kaleidoscopic realm of p>ossibilities to be discovered.

The conversion of Ugnocellulosic biomass to biofuels usually un
dergoes three steps: (i) pretreatment to open the rigid structure of plant
cell walls; (ii) enzymatic saccharification to breakdown solid ceUulose
into sugars; and (iu) fermentation to produce biofuels or chemicals
(Kjmiredtly el al., 201.?). Several pretreatment techniques have been
studied over the years, with dilute acid, alkali, hot water, and steam
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explosion, being the most extensively inverstigated (VVynnin et al .
201 1). However, the efficacy of a pretreatment method largely depends

on the selection of biomass feedstock; at the same time, the selection of

a pretreatment technology greatly influences biomass decomposition
and sugar release (Behlin;^ er al.. 20lb; Yang ajid Wyman. 2'0}h). Alkali
pretreatment using dilute NaOH or lime generally requires lower tem
perature and pressure, and less residence time compared to other pre
treatment methods (Sun and Chen^. 2002). During an alkali pretreat
ment process, the ester bonds cross-Unking between lignin and xylan
are typically cleaved, thus increasing the accessibility of cellulose and
hemicellulose enriched fractions to enzymatic digestion (Xu ei al.,
2010). In contrast, dilute sulfuric add pretreatment solubilizes hemi-

ceUuloses, relocates Ugiun, and thereby disrupts the Ugnocellulosic
composite material linked by covalent bonds, hydrogen bonds, and van
der Waals forces (Mosier et al , 2005). Dilute sulfuric acid pretreatment
has been shown as a leading pretreatment process that has been im
plemented at commercial scale (5hi c; al , 2011 h). The intensity of
deconstruction during a pretreatment process depends on the char
acteristics of the biomass feedstock as well as the pretreatment condi
tions and the targeted end-products (Vang and Wyrran, 2008).

In addition to the existing applications of hemp for fiber, oil and
nutraceutical products, one potential application of industrial hemp is
for biofuels production. Ethanol production from industrial hemp using
a combined dilute acid/stream pretreatment technique was in
vestigated previously (Kuglar/: et ul., 2*014). Results show that pre
treatment with 1% sulfuric acid at 180 *C for 10 mm led to the highest
glucose yield (73-74%) and ethanol yield of 75-79% (0.38-0.40 g-
ethanol/g-glucose). In a foUow-up study, an ethanol yield of 149 kg of
ethanol/dry ton hemp was reported using alkaline oxidative pretreat
ment (Kitglar/. et aL, 2016). In another study, hemp hurds were frac
tionated by organosolv pretreatment for lignin degradation and sugar
formation. More than 75% of total cellulose and 75% of total lignin
were removed under the following experimental conditions: 165 °C, 3%
H2SO4, 20 min reaction time, and 45% methanol (Gandhi:! et al ,

2014). Furthermore, due to its capacity to grow on heavy metal con
taminated soil, industrial hemp has shown potential in bioremediation
of heavy metals in addition to biofuel production (Ky/.a.s et a! , 2015).

Despite the existing studies related to the biofuels potential of in
dustrial hemp, its technical and economic feasibility still remains un
clear ( J'jhnson. 2017). It is necessary to understand whether industrial
hemp can yield biofuel quantities comparable to the other biomass
feedstocks and whether it is economically profitable to grow industrial
hemp for biofuels and bioproducts. In order to answer these questions,
this study aims to evaluate the potential of industrial hemp as a biofuel
crop using a combined agronomic, experimental and economic analysis
approach in comparison with kenaf, switchgrass and biomass sorghum.
Specific objectives are to: 1) compare the composition and heating
value of industrial hemp with other biomass feedstocks; 2) compare the
recalcitrance of the four feedstocks upon dilute sulfuric acid or alkali
pretreatment and their sugar yields from subsequent enzymatic hy
drolysis; 3) compare both theoretical and predicted ethanol yields from
all four feedstocks and 4) conduct an economic analysis by integrating
agronomy and experimental data to evaluate the economics of in-
du-strial hemp as potential biofuels feedstock as compared to the other
biomass feedstocks. Results from the first-of-a-kind evaluation demon

strate the great potential of using industrial hemp as a promising re
gional commodity crop for producing both biofuels and value-added
products.

2. Materials and methods

2.1. FeedsWcks

Industrial hemp (Cannabis sotiva L, cv 'Futura 75') and kenaf
(Hibiscus cannabinus, cv 'Whitten') for this study were seeded at a site
with a Maury silt loam (Fine, mixed, active, mesic Typic Paleudalfs;

4.2% organic matter, pH = 6.3) at a research farm, University of
Kentucky in June 2015. The research area was prepared by conven
tional tillage. Nitrogen was applied pre-plant at 55 kg N/ha via urea
(46-0-0). No other nutrients, pesticides, or any other inputs were ap
plied throughout the trial. Plots were seeded with an amended plot drill
(Almaco; Nevada, Iowa) with 2.4 m effective width in 20 cm rows.

Hemp and kenaf were seeded at rates of 66 and 44 kg pure live seed
ha"', respectively. The above ground portions of the plants (at ap
proximately 6 cm above the soil surface) were collected by a hand-held

sickle mower 110 days after seeding on 29 Sep 2015. All plant material
was dried for 7 days in a forced-air dryer at ambient temperatures and
transported to the laboratory for analyses. The yields of cellulosic
biomass portion (stem) for hemp and kenaf were 5347 kg/ha and
8227 kg/ha, respectively on dry basis; while yield of the grain portion
of hemp was 1230 kg/ha on dry basis. A subsample from the stem was
collected, ground to pass a 2 mm sieve using a model 4 Wiley mill, and
stored in Ziploc bags at room temperature for subsequent experiments.
Switchgrass (Panicum virgaDm, Alamo) and sorghum (Sorghum bicolor,
forage variety ES5200) samples were provided by the Bioenergy
Feedstock Library, Idaho National Laboratory, Idaho Falls, ID.

2.2. Pretreatment

For dilute alkali pretreatment, 2 g of biomass was mixed with 18 mL
of 2 wt% NaOH solution in a tubular reactor (made of stainless steel

SS316, 6' in length and %' in outer diameter). The reactors were then
capped and the premixed slurry was soaked at room temperature for
4 h. Pretreatment was conducted at 140 ± 2 °C for 1 h in a tempera
ture controlled oil bath. As a comparison, dilute sulfuric acid pre
treatment was carried out at 160 ± 2 'C for 30 min on the four feed

stocks. The reaction was performed by adding 18 mL of 1 wt% of H2SO4
to 2 g biomass sample, in the same experimental setup as mentioned
above. The pretreatment conditions for dilute alkali and acid pre
treatment were selected based on previous reports (Shi ei al . 2011b; Xu
er al , 2010). After pretreatment, the pretreated biomass was washed 4
times with 40 mL deionized (DI) water for each wash and the solids

were separated from the liquid by centrifugation at 40(X)g. The liquid
from first wash was collected for sugar analysis. The washed solids were
stored at 4 *C for enzymatic hydrolysis.

2.3. Enzymatic hydrolysis

Enzymatic hydrolysis of the four untreated and pretreated biomass
were carried out by following the NREL laboratory analytical procedure
(Sell;? er -r! , 2008). The cellulase (CTec2, Novozymes Inc.) and hemi-

cellulase (HTec2, Novozymes Inc.) enzymes were premixed at a 9:1 v/v
ratio. The saccharification was performed at 50 'C for 72 h at an en
zyme loading of 10 mg enzyme protein/g starting biomass in an orbital
shaker (Thermo Forma 435, Thermo Fisher Scientific Inc., Waltham,
MA, US). Liquid samples were taken at 2, 6, 12, 18, 24 and 72 h, cen-
trifuged at 4(X)0 rpm for 10 min and the supernatant was analyzed by
high performance liquid chromatography HPLC, (Ultimate 3000,
Dionex Corporation, Sunnyvale, CA, US)) equipped with a refractive
index detector and Bio-Rad Aminex HPX-87H column and guard
column assembly. Product separation was obtained at 50 'C with 5 mM
H2SO4 as mobile phase at a flow rate of 0.4 mL/min to measure fer
mentable sugar (glucose and xylose) contents.

2.4. Analyticcd methods

Acid soluble lignin (ASL), acid insoluble lignin (AIL), and carbo
hydrate content in the untreated feedstocks were determined using the
procedure described by NREL (Siuiror ei al., 2003). Monomeric sugars
including glucose, xylose and arabinose in the untreated biomass and
pretreatment and enzymatic hydrolysates were determined via HPLC.
The calorific value of biomass was measured using a LECO AC600 bomb
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^calorimeter according to the standard ASTM D5865-10a (ASTM, 2010).
To evaluate the changes in lignin moleoilar weight distribution

during the pretreatment, size exclusion chromatography (SEC) were
performed on the lignin streams in untreated and pretreated biomass
samples. Lignin in the imtreated sample was isolated and extracted by
cellulolytic enzyme lignin (GEL) isolation method (Yoo et al., 2016).
Lignin precipitated from dilute alkali pretreatment liquid and lignin in
the solids after dilute acid pretreatment were prepared by following
acetylation method (Lu and Ralph, 1997). The acetylated lignin was
then dissolved in Tetrahydrofuran (THF) and stored at room tempera
ture before analysis. The molecular weight distributions, including
weight-average molecular weight (Mw) and number-average molecular
weight (Mn) of prepared lignin, were measured by an Ultimate 3000
HPLC system (Dionex Corporation, Sunnyvale, CA) equipped with an
Ultra Violet (UV) detector and a Mixed-D PLgel column (5 jim particle
size, 300 mm x 7.5 mm i.d., linear molecular weight range of

200-4,00,000 u, Polymer Laboratories, Amherst, MA) at 80 'C using a
mobile phase of THF at a flow rate of O.SmLmin"^. Elution profile of
materials eluting from the column was monitored at 290 nm and the
chromatography was calibrated using polystyrene standards (Sigma-
Aldrich).

Fourier transform infrared spectroscopy (FTIR) was performed by
using a Thermo Nicolet Nexus 870 FTIR ESP. Samples were pressed to
12 psi using a spring loaded jack onto the ATR crystal. Sample spectra
were obtained using an average of 64 scans between 400 and
4000 cm~^ with a spectral resolution of 1.928 cm~^. The raw FTIR
spectra were baseline corrected and normalized using Onmic 6.1a
software and compared in the range 750-2000 cra~^.

2.5. Statistical analysis

All experiments were conducted in triplicate or duplicate and the
data are presented as mean values and standard deviations. The sta
tistical analysis was performed using SAS* 9.4 (SAS Institute, Gary, NC,

US), with a significance level of P < 0.05 for all the experimental data.

2.6. PreUmmary economic analysis

The economic feasibility of the four crops (kenaf, hemp, switchgrass
and sorghum) as potential blofuels feedstocks were preliminarily
evaluated by considering their biomass yields, growing cost, corre
sponding ethanol yields, and grain yield and prices. For simplicity, the
capital and processing cost to produce ethanol from kenaf, hemp,
switchgrass and sorghum including the feedstock cost were assumed
same at this stage considering their similar process conditions. And
these costs were decoupled from the evaluation in this study by as
suming a minimum ethanol selling price of$2/gallon (Tao et al., 2011).
Overall revenue includes profits from both biomass and grain if ap
plicable. Biomass revenue was obtained from biomass yield multiplying
ethanol yield and subtracting growing cost, while the grain revenue was
calculated by grain yield and price.

For sensitivity analysis, low and high biomass yields were set to be
25% lower or higher than that of the baseline yield, respectively, in
order to demonstrate their efrects on revenue based on the theoretical

ethanol yield of each feedstock. The overall revenue of kenaf, hemp and
switchgrass were calculated only from cellulosic biomass portion of the
feedstocks, while sorghum's value included those from both the bio
mass and grain.

3. Results and discussion

3.1. Composition analysis and heating values

Table 1 shows the composition analysis and heating value of the
four biomass feedstocks. Industrial hemp (stem) contains 36.5% glucan,
which is higher (p < 0.05) than switchgrass (34.3%), sorghum

Table 1

Chemical composition and heating values of biomass feedstocks.^

Hemp Kenaf Switchgrass Sorghum

Glucan, % •"se.s ± 0.6 •40.8 ± 0.3 '34.3 ± 0.1 '35.2 ± 0.1

Xylan, % '17.0 ± 0.2 ''15.6 ± 0.1 •22.9 ± 0.2 •'22.1 ± 0.1
AIL,% 19.2 ± 0.0 17.3 ± 0.0 17.5 ± 0.0 16.1 ± 0.2

ASL,% 2.6 ± 0.1 3.0 ± 0.6 2.6 ± 0.0 2.2 ± 0.0

Total Lignin, % ®21.9 ± 0.2 '•20.3 ± 0.6 ''ZO.l ± 0.0 '18.3 ± 0.1

Extractives. % 13.3 ± 0.9 13.0 ± 0.7 12.3 ± 0.2 15.6 ± 0.7

Other, % 11.3 ± 1.6 10.3 ± 0.1 10.5 ± O.I 8.8 ± 0.4

HHV, MJ/kg 19.24 19.23 18.79 18.33

LHV, MJ/kg 15.62 15.89 15.70 15.24

Moisture Content, % 8.4 ± 1.4

o

41

CD
6>

6.3 ♦ 0.6 8.0 ± 0.5

The superscript letters indicate the significance levels of the means across feed

stocks.

* Compositions and heating vaiues reported are based on the dry weight of untreated
biomass.

(35.2%), but lower (p = 0.006) than kenaf (40.8%). However, xylan
content of industrial hemp (17.02%) is only higher (p = 0.002) than
kenaf (15.6%) but lower (P < 0.005) than switchgrass (22.9%) and
sorghum (22.1%), Similar glucan and xylan contents for hemp stem
have been reported previously (Kreuger et al., 2011). When both glucan
and xylan were summed up, the four feedstocks show similar level of
total sugars of -53-57%. Overall, results illustrate that the availability
of fermentable sugars in hemp is comparable to the other three feed
stocks.

Lignin is one of the main building blocks of plant cell walls; and
depending on biomass type, it accounts for approximately 10-30% of
the biomass together with cellulose, hemicellulose and other minor
components. Lignin provides structural support and resistance against
microbial and oxidative stresses to the plant (Davin and Lewis, 2005).
As the second most abundant terrestrial biopolymer on earth, lignin can
be converted to aromatic compounds for fuels and chemicals (Prado
et al., 2016). Interestingly, hemp has higher (p = 0.001) lignin content
of 21.9% in comparison to 20.3%, 20.1% and 18.3% lignin in kenaf,
switchgrass, and sorghum, respectively. High lignin content in hemp
represents a potential opportunity in terms of making platform che
micals to improve profitability from a bio-refinery standpoint (Beckham
et al., 2016). A wide range of products can be made out of lignin in
cluding phenols, activated carbons, binders, composites, resins, anti-
oxidants, antimicrobial agent, and biomedical materials, carbon fibers,
fuels, plastic materials and sorbents (Behling et al., 2016).

Furthermore, caloiimetric analysis suggested that hemp (stem) had
a similar heating value (HHV) of 19.24 MJAg when compared to kenaf

(19.23 MJ/kg); whereas both were slightly higher than that of switch-
grass (18.79 MJAg) and biomass sorghum (18.33 MJ/kg). The slight
increase in HHV could be linked to the slightly higher lignin content in
industrial hemp as compared to the other feedstocks. Extractives mainly
consist of free sugars, alditols, organic acids and inorganic ions; per
centages of extractives in hemp were comparable to kenaf and
switchgrass but less than sorghum (Templeton et al., 2010). In addition,
the other unaccounted components, mainly protein and ash, ranged
from 8.8 to 11.3 of the four tested biomass (Chen et al., 2010). Take

altogether, the comparative composition and calorimetry analysis de
monstrated that hemp is a promising candidate for biofuels production
when compare side by side with other biomass feedstocks.

3.2. Sugar yield from pretretument and enzymatic hydrolysis

Sugar release was tracked during pretreatment and enzymatic hy
drolysis of the four biomass feedstocks in order to investigate the ef
fectiveness of the two different pretreatment methods on tested feed
stocks. Fig. lA and B show glucose and xylose yield (% of maximum
potential based on starting material) from enzymatic hydrolysis of di-
lute-NaOH (referring to dilute alkali pretreatment thereafter)
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Fig. 1. A) Glucose and B) xylose yield from enzymatic sacchaiifrcatioa of dilute alkali
pretreated biomass feedstocks at an enzyme loading of 10 mg enzyme protein/g starting
biomass.

Fig. 2. A) Glucose and B) xylose yield from enzymatic saccharification of dilute add
pretreated biomass feedstocks at an enzyme loading of 10 mg enzyme protein/g starting
biomass.

pretreated solids. Results show that glucose and xylose yields for dilute
alkali pretreated hemp were 96.3% and 51.7% of the theoretical value,
similar to glucose and xylose yields (94.1% and 55.6%, respectively)
obtained from sorghum. However, enzymatic hydrolysis of dilute alkali
pretreated switchgrass and kenaf led to lower glucose yields, 79.9% and
77.8%, respectively. Xylose yields for switchgrass and kenaf, 49.7% and
58.7%, respectively, were similar to measured yields for hemp and
sorghum. Results obtained from this study are comparable to that re
ported by Xu and colleagues (2010), where under the best pretreatment
conditions (50'C, 12 h, and 1.0% NaOH), glucose and xylose yields
from switchgrass reached 74.4 and 62.8%, respectively. In a separate
study (Karp et al., 2015), dilute alkali pretreatment of switchgrass at a
NaOH loading of 140 mg NaOH/g dry switchgrass and 0.2% anthra-
quinone at 160 'C and 140 mg NaOH/g dry switchgrass showed -80%
conversion of glucan and xylan within 48 h during enzymatic hydro
lysis performed at 10 mg/g of CTecS and HTecS. For kenaf, a previous
study (Ooi et al., 2011) showed 94% of glucose yield using acid pre
treatment with 37.5% hydrochloric acid in the presence of FeCla at
50 *C or 90 'C. However, 96-100% glucose conversion can be achieved
during enzymatic hydrolysis only when the kenaf samples were treated
with 25% sodium hydroxide at room temperature (Ruan et al., 2012).
In another study, Cao et al. investigating the performance of different
pretreatment methods on sorghum, including dilute NaOH, high con
centration NaOH, and dilute NaOH plus H2O2 (alkaline peroxide) pre
treatment (Cao et al., 2012). Among those, the best result of 74.3%
cellulose hydrolysis yield was obtained when sweet sorghum bagasse
was pretreated by dilute-NaOH solution autoclaving and H2O2

immersing pretreatment Based on results from this study, dilute alkali
pretreatment (2% w/v NaOH at 140 ± 2 *C for 1 h) was highly ef
fective on pretreating hemp and sorghum, while less effective on
switchgrass and kenaf. It seems that dilute alkali pretreatment could be
further optiinized for switchgrass and kenaf, probably at a more severe
condition, in order to ensure high sugar yields.

Fig. 2A and B show glucose and xylose yield (% of maximum po
tential based on starting material) from enzymatic hydrolysis of dilute
acid pretreated solids, both at 10 mg/g of enzyme loading. Dilute acid
pretreatment led to a glucose yield of 98.7% and xylose yield of 7.2%
for hemp on basis of the sugar availability in untreated biomass. Similar
levels of sugar yields were observed on the other three biomass feed
stocks. The low xylose yield for enzymatic hydrolysis of dilute acid
pretreated biomass was due to the fact that the majority of the ̂ lan has
been removed during dilute add pretreatment (Shi et al., 2011b).
Glucan and xylan recoveries based on raw biomass were summarized
for different liquid streams of pretreatment and enzymatic hydrolysis,
along with the data showing in Figs. 1 and 2, to provide insights on how
pretreatment affects yield of fermentable sugars. Indeed, most of the
xylose (—40-66%) was solubilized during dilute add pretreatment. The
glucose yield obtained in this study was higher than a previous report
(Kuglarz et al., 2016) where hemp was pretreated by alkaline oxidation
with 3% H2O2 at 90 'C for 1 h with a yield of 74.8% of glucose after
48 h of hydrolysis. However, when the pretreatment time was increased
to 2h, glucose yield increased to 82.4%. For switchgrass, maximum
total glucose and xylose yields of about 86% were achieved at pre
treatment conditions of 140 °C for a 40 min reaction time, 160 °C for
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biomass feedstocks at 10 mg/g enzyme loading.

10 min, and 180 'C for 2.5 min, with a sulfuric acid concentration of
1.0% (Shi et al., 2011b). In another study, dilute acid pretreatment
(1.8% w/v of H2SO4 at 121 *C for 1 h) was shown effective at pre-

treating wild-type forage sorghum and reduced lignin content muta
tions (DIen et al., 2009). Overall, results from this study indicate that
dilute acid pretreatment was as effective as dilute alkali pretreatment
on sugar yield from industrial hemp and sorghum. However, dilute
alkali pretreatment conditions for switchgrass and kenaf need to be
further optimized to ensure high sugar yields. In summary, both dilute
alkali and acid pretreatments greatly improved the sugar yield from
enzymatic hydrolysis as compared with untreated biomass
(Fig. 3A and B). Results from the enzymatic hydrolysis demonstrate that
industrial hemp yields similar levels of glucose and xylose, if not higher
in some instances, when directly compared to the other biomass feed
stocks under the same pretreatment conditions.

3.3. Theoretical and predicted bioedvanol yields

Another factor considered to be a determinant of hemp's biofuel
potential is whether it can yield an amount of biofuels such as ethanol
comparable to other biomass feedstocks. Hie theoretical ethanol yield
and 85% of the theoretical yield based on the composition of the bio
mass can be seen in Fig. 4A. Theoretical ethanol yields from glucose for
hemp, kenaf, switchgrass, and sorghum were 68.2, 75.7, 64.4, and
66.3 gallons/dry ton biomass, respectively. Theoretical ethanol yields
from jQrlose for hemp, kenaf, switchgrass, and sorghum were 33.1,31.1,

44.7, and 42.8 gallons/ dry ton of biomass, respectively. Combined
theoretical ethanol yields from both glucose and xylose for hemp,
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Fig. 4. Ethanol yield based on A) the composition and B) the sugar yields from enzymatic
hydrolysis of the pretreated biomass.

kenaf, switchgrass, and sorghum were 101.2, 106.8, 109.1, and
109.0 gallons/dry ton of biomass, respectively. Considering a more
realistic yield at 85% of the theoretical ethanol yield, about 86.0, 90.8,
92.7, and 92.7 gallons/dry ton of biomass can be produced from hemp,
kenaf, switchgrass, and sorghum, respectively. The convertibility of
sugars recovered from pretreatment liquid and enzymatic hydrolysate
to bioethanol has been evaluated in a number of literatures. In this
study, we hydrolyzed pretreated biomass using cellulase and hemi-
cellulases by following typical enzyme loading and conditions to pro
vide a more realistic sugar yields for ethanol yields prediction (Wyman
et al., 2011). The recovered sugars can be further fermented to ethanol
using a range of wild-type or engineered microbes such as yeast, E. coU,
or Z. mobilis, etc. However, other factors, including presence inhibitors
in pretreatment and en^miatic hydrolysate, the microbial strains and
the fermentation configuration, may affect the ethanol yield (Shi et al.,
2011a). Detoxification techniques and fermentation configurations
have been evaluated for the dilute acid and alkali pretreatment tech
nologies in prevlcxis studies (Lau and Dale, 2009; Tao et al., 2011).

Theoretical ethanol yields based on the actually sugar yields of
hemp, kenaf, switchgrass, and sorghum using two pretreatment
methods were compared (Fig. 4B). For dilute alkali pretreatment,
combined theoretical ethanol yields from both glucose and i^lose were
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82.1, 76.5, 73.0, and 85.8 gallons/dry ton of biomass, for hemp, kenaf,

switchgrass, and sorghum, respectively. However, combined theoretical
ethanol yields (counting ̂ lose in pretreatment liquid) for dilute acid
pretreatment were 82.8, 96.6, 82.0, and 89.5 gallons/ dry ton of bio
mass for hemp, kenaf, switchgrass, and sorghiun, respectively. The
predicted ethanol yields represent 70-90% of the theoretical yields
(Fig. 4A). For instance, the predicted ethanol yields for hemp were 81%
and 82% for dilute alkali and dilute acid pretreatment, respectively,
which are comparable to the scenarios reported elsewhere. In one
scenario, Sipos and co-workers reported 71-74% ethanol yield from
steam explosion pretreated (2% SO2 at 210 *C for 5 min) dry and en
siled industrial hemp (Sipos et al., 2010). In another study, hemp hurds
were converted to ethanol via steam pretreatment (for 10 min at
210 'O, reaching a maximum ethanol yield of 70% (Barta et al., 2010).
It should be noted that the ethanol yields reported in the literature did
not include the potential ethanol from xylose as the strain (yeast) that
was tested can only ferment six carbon sugars. However, both hexose
and pentose sugars can be potentially co-fermented using engineered
strains of yeast and bacteria capable of utilizing both (Lau and Dale,
2009). Thus, the combined ethanol yields were used for the economic
analysis in this study. Overall, it can be concluded that industrial hemp
was able to stand its own in direct comparison to kenaf, switchgrass,
and sorghum and has similar bioethanol potential as the other biomass

feedstocks.

3.4. FTIR and GPC characterization

The structural and chemical changes in the dilute alkali and acid
pretreated samples as compared with untreated feedstocks were in
vestigated by FTIR. Seven peaks were used as references to monitor the
chemical changes of lignin and carbohydrates. The peaks at 1510 cm~^
and 1329 cm"^ represent the aromatic skeleton of lignin and the syr-
ingyl and guaiacyl condensed lignin, respectivelj^ no significant change
was observed at 1329cm~^, whereas the intensity of 1510cm~^ de
creased for dilute alkali pretreated biomass when compared to un
treated and dilute acid pretreated samples, indicating lignin removal
during alkali pretreatment. The peak at 900 cm represents amor
phous cellulose while the peak at 1098 cm" ̂ refers to C—O vibration of
the crystalline region. When compared with untreated biomass, peak
intensity at 1098 cm"^ for dilute acid pretreated samples increased,
indicating the increase of crystallinity by removing amorphous hemi-
cellulose during dilute acid pretreatment (Li et al., 2010). Furthermore,
the bands at 1056 cm~^, 1235 cm~^, and 1375 cm~^, corresponding to
C—0 stretch in cellulose and hemicellulose, C-0 stretching in lignin
and hemicellulose, and C—H deformation in cellulose and hemi

cellulose, respectively, showed significant decreases in dilute alkali
pretreated biomass, which aligns with the removal of bothi hemi
cellulose and lignin during dilute alkali pretreatment (Gupta and Lee,
2010). Taken together, results clearly indicate that both dilute acid and
alkali pretreatment can effectively break down the cell wall polymeric
matrix by selective removal of hemicelluloses and/or lignin.

To get a better insight to lignin depolymerization during dilute al
kali and acid pretreatment, molecular weight distributions of the re
sidual lignin for all the feedstocks were estimated by GPC (Table 2). For

imtreated biomass, switchgrass had the highest average molecular
weight (Mw) of 7541 g/mol; while sorghum had the lowest M„ of
6109 g/mol. The M„ of the recovered lignin streams from dilute alkali
and acid pretreatment liquid, decreased 8—44% as compared to that of
imtreated biomass, indicating partial lignin depolymerization during
the pretreatment. The Mw and number-average molecular weight (MJ
of lignin streams in the dilute acid pretreated solids remained the same
or slightly increased as compared to the Mw and Mn for lignin steams in
untreated biomass. Additionally, the polydispersity index (PDI) of the
lignin in pretreated samples for sorghum, svritchgrass and kenaf in
creased when comparted to untreated biomass, indicating a wide span
of molecular weight distribution after pretreatment.

3.5. PreUminary economic anafysis

Biomass yields, growing costs, and the corresponding ethanol yields
(both theoretical and predicted ethanol yields based on experimental
data) are applied to evaluate the economics for the four biomass types
examined as potential biofuel feedstocks here. Kenaf is a warm season
fiber crop which possess high growth rate and ready for harvesting in
4-5 months (Saba et al., 2015). Kenaf is regarded as the alternative

source of energy which consist of a core (65%) and bast fibers (35%); its
yield varies widely, from 5600 kg/ha at northern to 33,600 kg/ha
southern in the United States (Geisler, 2015; Lee, 2014; LeMahieu et al.,
1991). A kenaf yield of 8227 kg/ha was obtained in this study from a
research plot at the University of Kentucky. The experimental ethanol
3deld of kenaf using dilute acid pretreatment in this study is 96.5 gal
lons/dry ton (Fig. 4B). The growing cost of kenaf including pre-harvest
variable costs, custom harvest and hauling costs, and fixed costs was set

as $724/ha according to a production scenario done in Kentucky at
2013 (Lee, 2014). Therefore, at a price of $2/gallon of ethanol, a rev
enue of $908 per ha from kenaf as biofuel feedstock can be achieved
based on dilute acid pretreatment (Table 3).

In the past, industrial hemp can be grown for its fiber, seed or as a
dual-purpose crop. Similar with kenaf, the variation in hemp yield is
significant ranging from 2 to 18 ton/ha (Kuglarz el al., 2014; Robbins
et al., 2013; USDA, 2000). The biomass yield for fiber-only is ap
proximately twice the yield of dual system for fiber and seed mainly due
to the degradation of fiber quality of male plants over time (Robbins
et al., 2013). However, since the quality requirement for ethanol pro
duction is different from the one for fiber application, it is feasible to
grow hemp as a dual purpose crop, hemp biomass for biofuels and seed
for oil or chemicals. The yields of hemp biomass and seed cultivated in
this study as described in Materials and Methods are 5347 kg/ha and
1231 kg/ha, respectively. The experimental ethanol yield of hemp
using dilute acid pretreatment is 82.3 gallon/dry ton (Fig. 4B). The
growing cost of hemp is assumed to be the same as with kenaf, at $724/
ha in this preliminary analysis, considering their similar growing pro
cess such as timing, equipment, and fertility. This gives a revenue of
$170 per ha from hemp biomass only. In addition, the average price for
industrial hemp seed was between $1.98Ag and $2.20Ag in 2011
(Hansen, 2015). The revenue from hemp seed could be $2462/ha at a
hemp seed price of $2.0/kg. Therefore, the overall revenue from in
dustrial hemp could be $2632/ha (Table 3).

Table 2

The molecular weight distribution of lignin streams comparing untreated biomass with dilute add pretreated and dilute alkali pretreated biomass.'

Untreated Dilute alkali-liquid stream Dilute acid-solid stream

M„ Mo PDI M„ Mo PDI Mv» M„ PDI

Hemp 6771 2530 2.7 5529 2478 2.2 5559 2541 2.2

Sorghum 6109 4216 1.4 3366 1686 2.0 3683 1813 2.0

Switchgrass 7541 4122 1.8 4215 1917 2.2 4504 2118 2.1

Kenaf 6944 3259 2.1 6148 2591 2.4 6350 2692 2.4

' M*: weight average molecular weight; M,,: number-average molecular weight; PDI: polydispersity index.
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* Table 3

Revenue and cost for growing of kenaf, hemp, switchgrass and sorghum based on dilute add and dilute alkali pretreatment.^

Biomass yield Grain yield Growing cost Grain price Revenue grain Ethanol yield Overall revenue (biomass and grain)

Actual Theoretical Actual Theoretical

kg/ha kg/ha $Aa $Ag S/ha gal/dry ton $/ha

Kenaf 8227 _ 724 _ _ 96.5 (76.5) 107 908 (570) 1085

Hemp 5347 1231 724 2.0 2462 82.3 (82.1) 101 2632 (2625) 2981

Switchgrass 7000 - 463 - - 82.0 (73.0) 109 803 (664) 1235

Sorghum 9070 4800 598 0.14 666 89.5 (85.8) 109 1725 (1656) 2105

' Values in the parenthesis are for dilute alkali pretreatment.

Field trials research has been conducted on switchgrass as a po
tential feedstock for bioftiel production (Mitchell et al., 2016; Perrin
et al., 2008). Site-specific annualized yields from the 5-year period
ranged widely from 2500 to 9000 dry matter kg/ha (Perrin et al.,
2008). A yield of 7000 kg/ha was the ten average by extrapolation,
which is used in this study. Based on the five-year average of 10 farms
in Nebraska, South Dakota, and North Dakota, the growing cost at a
farm gate was $463/ha (at 7000 kg/ha), which includes all expenses
plus land costs and labor (Perrin et al., 2008). With an ethanol yield of
82 gallon/ton using dilute acid pretreatment, growing switchgrass can
generate a revenue of $803/ha (Table 3).

Based on final usage, sorghum has various cultivars, grain sorghum,
forage sorghum, biomass sorghum and sweet sorghum. Different culti
vars have different yields for grain and forage. In this study, grain
sorghum is used for comparison since sorghum is one of the main food
sources (USDA, 2016). The average grain yield of grain sorghiun across
United States is 4800 kg/ha in 2015 (USDA, 2016); and the price is
$0.14/kg (Missouri, 2015). On the other hand, the average forage yield
from forage sorghum is 14.6 ton/ha in 2015 (USDA, 2016). Considering
the lower yield of forage from grain sorghum than from forage Sor
ghum, the forage yield from grain sorghum was assumed at 10 ton/ha,
a 31.5% decrease. Hien, the overall revenue from grain sorghum would
be $172S/ha with an ethanol yield of 89.5 gallon/ton using dilute acid
pretreatment (Table 3).

The overall revenues for four biomass pretreated with dilute alkali
showed comparable results. Hemp achieved the highest overall revenue
of $2625/ha based on currently available ethanol yield, followed by
sorghum ($1656/ha), switchgrass ($664/ha) and kenaf ($570/ha).
Based on theoretical ethanol yield, the revenues followed the same
order, hemp having the highest of $2981/ha and kenaf with lowest of
$1085/ha. Among the overall revenue of hemp, 94% is from hemp seed,
which was mainly resulted from two factors: one is that the growing
cost was only applied to biomass revenue as described in Methods;
second is the low biomass yield for hemp in this study, 5347 kg/ha,
which may be due to the variety used in this study. In contrast, Bobbins
et al. reported a potential medium and high yield of 14,231 kg/ha and
18,154 kg/ha, respectively, for fiber only In Kentudq', USA (Bobbins
et al., 2013) and Kuglarz reported a yield of 12,400 kg/ha in Europe
(Kuglarz et al., 2014) from an experimental farm land. If a hemp yield
of 14,231 kg/ha is used, a revenue of $1636/ha could be achieved from
hemp biomass only using dilute alkali pretreatment, which is still the
highest revenue of the four biomass feedstocks examined here. This
yield is used as a baseline of hemp for sensitivity analysis as shown in
Table 4. The heirvestdng time and cultivation practice may affect the
yield of hemp biomass and ethanol, which will be investigated in future
work.

Considering the widely varying crop yields, a sensitivity analysis
about yield on revenue was investigated by varying yield 25% lower or
higher than that of baseline (Table 4). The theoretical ethanol yields
were applied for simplicity and potentials. The revenue of kenaf, hemp
and switchgrass were only from biomass, while sorghum's value in
cluded those from both biomass and grain. As shown in Table 4, hemp

Table 4

Sensitivity analysis of effect of crop yield on revenue of kenaf, hemp, switchgrass and

sorghum with theoretical ethanol yield.

Revenue at theoretical ethanol yield (S/ba)^

Low yield Medium High yield

Kenaf 632 1085 1537

Hemp' 1432 2150 2869

Switchgrass 810 1235 1659

Sorghum 1596 2105 2614

^ Assuming a medium biomass yield of hemp at 14,231 kg/ha (Robbins et al., 2013).
^ Revenue from kenaf, hemp and switchgrass are only from biomass, while revenue for

sorghum from both biomass and grain.

and sorghum exhibited very close revenues, about $2100/ha ($330/ton
biomass treated) at medium yield, which are approximately 90% and
70% higher than those of kenaf and switchgrass, respectively. Ac
cording to doe's billion ton target, the target biomass price is $84/ton
at 2020 (Langhoitz et al., 2016). If the capital and operating cost is
three times the cost of biomass, there could be a positive profit from
growing hemp for biofuels production.

A 25% change in hemp yield caused a 33% variation in final rev
enue, which is same for switchgrass. Kenaf demonstrated a higher
fluctuation in revenue (42%), while the sorghum the lowest (24%). At
high yield scenario, hemp exhibited a revenue of $2896 kg/ha ($456/
ton biomass), which would significantly increase the economic feasi
bility of growing industrial hemp. Detailed techno-economic analysis
will be conducted in future research.

In this study, we investigated a dual purpose scenario where the
hemp stem is used to produce biofuel and hemp grain is sold to the
market for value-added co-products. However, in order to maximize the
profit from hemp cultivation, other scenarios could be explored. In one
scenario, separating fiber from stem adds more value to the hemp
economics, and hemp hurds can be utilized for biofriel production.
Composition of hemp hurds varies depending on the retting process;
however, the composition has been reported comparable to that of
hemp stem (Barta et al., 2010). More value can be extracted from hemp
grain owing to the potential for producing a wide range of essential oils
and food products. Hemp seed oil is a rich source of omega-3 fatty acids
which are essential dietary supplements. In addition, hemp oil contains
several natural products, including p-caryophyllene, myrcene, P-sitos-
terol, a/v-tccopherol, and methyl salicylate etc. If extracted and pur
ified, these compounds can be at much higher value in pharmaceutical
and nutrition markets (Leizer et al., 2000).

The fiber portion of industrial hemp has been explored as a feed
stock for making composite materials for building application such as
multi-layer wall plug for concrete, steel or wood structures (Sassoni
et al., 2014). Furthermore, in a recent study, hemp stem and hurds have
been successfully converted to advanced materials for energy-related
applications such as supercapacitors and carbon spheres (Sun et al.,
2016). There are trade-offs between fuels, materials and essential oils,

and pharmaceutical applications from hemp; achieving all potential



L Das aoL Bioresoume Technology 244 (2017) 641-649

product screams simultaneously form hemp plants is unlikely. Hence,
an optimized harvesting strategy should be determined that would
improve the overall economics of hemp-based fuels and bioproducts. In
addition, a comprehensive techno-economic analysis considering other
value-added products from industrial hemp, as well as taking account
the agronomy practices such as harvesting and preprocessing will give a
deeper insight to hemp's real potential.

4. Conciusions

The potential of converting industrial hemp for biofuels and bio
products in comparison with other biomass feedstocks was evaluated.
Dilute acid pretreatment was more effective in term of sugar yield from
enzymatic hydrolysis when compared with dilute alkali pretreatment.
Cost analysis indicates that industrial hemp could generate higher per
hectare gross profit than the other crops. In summary, hemp has great
potential to become a promising commodity crop for producing both

biofuels and value-added products that can improve the stigma sur
rounding its applications. Future research will extend the preliminary
techno-economic analysis to incorporate harvesting, preprocessing,
conversion and the other hemp derived coproducts.
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