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In this paper “well-to-pump” environmental analysis of pyrolytic diesel from Mis-
canthus gigantheus is performed. The average annual yield of Miscanthus from
1I1I-V year of cultivation on 1 ha of chernozem soil in Serbia (23.5 t) is considered
as an input for the process. Two pyrolytic diesel pathways are considered.: distrib-
uted pyrolytic pathway with external hydrogen production (from natural gas) and
integrated pyrolytic pathway with internal hydrogen production (from pyrolytic
oil). and are compared to a conventionally produced diesel pathway. The results
of the analysis reveal that integrated-internal pyrolytic diesel pathway has lowest
resources consumption and lowest pollutant emissions. Compared to convention-
ally produced diesel, integrated-internal pyrolysis pathway consumes 80% less of
fossil fuels, and 92% more of renewables, has 90% lower global warming po-
tential, 30% lower terrestrial acidification potential but 38% higher particulate
matter formation potential. Compared to the distributed-external pathway, 88%
less fossil fuels, and 36% less renewables are consumed in the integrated-internal
pathway, global warming potential is 97% lower, terrestrial acidification is 20%
lower, and particulate matter formation is 49% lower. Nevertheless, this pathway
has high coal and hydroelectrical power consumption due to electricity production
and high emissions of particulate matter, CO,, SO,, and N,O. Another drawback
of this production pathway is the low yield of diesel obtained (38% lower than in
distributed-external pathway). With this regard, it is still hard to designate produc-
tion of diesel from fast pyrolysis of Miscanthus as a more environmentally friendly
replacement of the conventional production diesel pathway.
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Introduction

In terms of climate change mitigation, production of biofuels and their use as a sub-
stitution for fossil fuels have become even more appealing in the last few decades. These fuels,
are mainly derived from biomass: first generation biofuels were produced from sugar-starch
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crops and oil crops, and second generation biofuels from lignocellulosic biomass such as crop
residues, woody crops or energy grasses [1]. For second-generation biofuels two different pro-
duction technologies can be applied: biochemical conversion, which includes biomass fermen-
tation process and thermochemical conversion, which includes gasification and pyrolysis of a
biomass feedstock [1].

Pyrolysis of a biomass represents a thermal decomposition in the absence of oxygen,
in which three main products are obtained: liquid fuel (crude bio-oil), biochar and non-con-
densable gasses (CH,, CO) [2-4]. For pyrolytic diesel production, it is important to ensure
high yields of the liquid phase. This can be obtained if the following conditions are met: finely
ground biomass feedstock for increased heat transfer rates at the reaction interface, carefully
controlled pyrolysis reaction temperature of around 500 °C and vapour phase temperature of
400-450 °C, short vapour residence times of typically less than 2 seconds (fast pyrolysis) and
rapid cooling of the pyrolysis vapours (quenching) [3]. Obtained pyrolytic crude bio-oil is a
dark brown liquid composed of a very complex mixture of oxygenated hydrocarbons and a sig-
nificant amount of water which originates from both the original moisture and reaction product
[5]. In order to be used as a biofuel, high amount of oxygen in crude bio-oil has to be reduced
in a process called hydrotreating (stabilization), and heavy molecules (30 or more C atoms) of
the oil has to be broken down to smaller chains similar to diesel (C12) or gasoline (C8), in a
process called hydrocracking (upgrading) [2]. Both hydrotreating and hydrocracking processes
are taking place in a hydrogen-rich environment. Hydrotreating is performed within pressure
range of 7-10 MPa and temperature range of 300-400 °C, using a cobalt-molybdenum catalyst
and hydrocracking is performed within pressure range of 10-14 MPa and temperatures range
of' 400-450°C, using a nickel-molybdenum catalyst [2]. Hydrogen used in these processes may
come from an external source (e. g., steam methane reforming of natural gas) or from an inter-
nal source by reforming co-produced fuel gas or a fraction of the pyrolysis oil [6]. Burning of
pyrolytic co-products, biochar, and non-condensable gasses can provide heat and electricity for
the pyrolysis process itself.

Most used feedstock for pyrolytic oil production are rape and sunflowers, herbs res-
idue, rice husk, cotton stalk, corn stalk, sugarcane bagasse and coconut shell, wheat straw,
switchgrass (Panicum virgatum), Miscanthus (Miscanthus x giganteus Greef et Deu.), willow
(Salix viminalis), beech wood (Fagus sylvatica) and recently, microalgae [7, 8]. Environmental
assessment of pyrolytic bio-oil (diesel and gasoline) production and/or use has been discussed
in several studies [6, 9-15]. Available data on production of pyrolysis bio-oil (yields of pyroly-
sis products, required energy, GHG emissions, etc.) mainly refer to the corn stover [6, 9, 11, 14]
or wood and forest residues [6, 9, 10, 12, 13, 15, 16] which represent the most studied biomass
feedstock for pyrolysis.

In this paper, production of diesel from fast pyrolysis of Miscanthus giganteus in a
fluidized-bed reactor is considered. Miscanthus giganteus is a perennial grass, widely used as
a bioenergy crop due to high biomass yields, good biomass quality for the combustion and low
GHG emissions compared to fossil fuels [17-22]. Cultivation of Miscanthus in Serbia has start-
ed on only several experimental plots with different types of soil, such as chernozem and eutric
cambisol [23] providing high biomass yields. Several studies have shown that the cultivation of
Miscanthus for energy purposes has great potential in Serbia [23-26]. So far, use of Miscanthus
for fast pyrolysis process has been discussed in several papers which are mostly focussing on
the identification of optimal conditions for obtaining high crude bio-oil yields [8, 27-36] where
stabilization and upgrading phases of crude Miscanthus bio-oil are omitted. Also in these stud-
ies, no environmental analysis of Miscanthus bio-oil is performed.
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This study represents a life cycle assessment of pyrolytic diesel production from
Miscanthus which is cultivated on 1 ha of agricultural land in Serbia. According to ISO 14040,
the definition of the goal and scope of the study, the life cycle inventory analysis phase, the
life cycle impact assessment phase and the life cycle interpretation phase are defined and de-
scribed.

Goal and scope of the study

The main goal of this study is to quantify relevant environmental impacts occurring
from the production of pyrolytic diesel from Miscanthus giganteus crops and to examine if the
production of Miscanthus pyrolytic diesel is a more environmentally favourable option than the
conventional production of diesel. Another goal is to quantify how much pyrolytic diesel can
be obtained from 1 ha of Miscanthus plantation in Serbia in order to approve or disapprove cul-
tivation of Miscanthus for energy purposes in Serbia. A well-to-pump life cycle analysis is per-
formed, considering all potential environmental threats, from raw materials extraction (well) to
the production and transportation of diesel fuel from the plant to the pump [37]. Well-to-pump
analysis of Miscanthus diesel starts with land preparation for rhizomes planting, cultivation,
harvesting and balling of Miscanthus crops, considers transport of bales to the pyrolysis plant
where biomass feedstock is prepared for the pyrolysis process, and after the pyrolysis, trans-
port of produced diesel to the pump. The analysis is conducted by using data on Miscanthus
yields cultivated on chernozem experimental field in the northern part of the Serbia [23, 26],
by analysing secondary data (from relevant publications) and by employing, expanding and
modifying the corn stover pyrolytic distributed-external diesel pathway integrated in GHG,
regulated emissions, and energy use in transportation (GREET) model (developed by Argonne
National Laboratory, USA) [6, 38]. Cultivation of Miscanthus on chernozem is chosen due to
the availability of data for cultivation on this type of soil [23, 25, 26] and to the fact that in
Serbia large area of set-aside arable land covered with chernozem (60000 ha in the northern
part) are available, where cultivation of Miscanthus in one part of this land is considered not
to jeopardize the food supply [39, 40]. Corn stover pyrolytic pathway is chosen due to the sim-
ilar morphology of the biomass feedstock. For the comparison with conventionally produced
diesel, the corresponding pathway from GREET model is used [38]. For sensitivity analysis,
the integrated-internal pyrolytic pathway is considered, where lower emissions and resources
consumption is expected.

Functional unit

In order to quantify how much pyrolytic diesel can be produced from the annual yield
of Miscanthus cultivated on 1 ha, the functional unit in distributed-external diesel pathway
is average annual Miscanthus yield from III-V year of cultivation on 1 ha of chernozem soil
in Serbia, i. e., 23.5 t (85% d.m.) [41]. In comparison with conventional diesel pathway, the
functional unit is the energy content of the produced pyrolytic diesel obtained from 23.5 t (85%
d.m.) of Miscanthus, 406.75 GJ (LHV/HHV = 34373.78 MJ/m? of 9.85 t of pyrolytic diesel,
see Section Miscanthus pyrolytic diesel pathway (Distributed, external H, source)). In inte-
grated-internal pyrolytic diesel pathway the functional unit is lower, 252.12 GJ (LHV/HHV =
=34373.78 MJ/m?), since less pyrolytic diesel is obtained from average Miscanthus yield com-
pared to the distributed-external pathway. This functional unit is used for the comparison with
the conventionally produced diesel pathway.
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Inventory analysis
Miscanthus pyrolytic diesel pathway (Distributed, external H, source)

Miscanthus life cycle is divided into several operations: Miscanthus cultivation phase,
transportation of Miscanthus biomass from the field to the pyrolysis plant, grinding of biomass,
drying of biomass, pyrolysis and stabilization (hydrotreating) of crude bio-oil, hydrocracking
and formation of stable pyrolysis product — pyrolytic fuel, and transportation of fuel from plant
to pump. Detailed input/output matrix is presented in tab. 1.

According to own unpublished results for cultivation of Miscanthus on 1 ha of cher-
nozem in Northern Serbia, 3 kg/ha per year of herbicide is needed, same as 333 kg/ha per year
of fertilizer, 180 m? per year of water (for irrigation) and around 120 kg/ha per year of diesel for
agricultural operations (harrowing, plowing, planting, fertilization, irrigation, harvesting and
balling). These inputs are included in the Miscanthus cultivation phase.

After harvest, balling and drying in the field, Miscanthus bales are transported to the
pyrolysis plant by a truck. The distance between the field and the plant is assumed to be 50 km
since the transportation by truck is profitable for distances up to 100 km [42]. Fast pyrolysis is
considered to take place in a bio-refinery plant (which is not part of the existing oil refinery)
where processes of stabilization and upgrading are separated (Distributed Refinery Scenario).
The first step in biomass processing in the bio-refinery plant is grinding. Considering common
assumption of 50 kWh of energy needed for grinding one ton of biomass [43], 4.23 GJ is needed
for grinding 23.5 t of Miscanthus bales, tab. 1. Grinded Miscanthus biomass is then dried (from
85% d. m. to 93% d. m.) and the final Miscanthus biomass weight is 21.4 t, tab 1.

Drying of biomass is performed in a steam dryer where the amount of heat used for
drying is calculated according to a study published by Wright et al., [2], tab 1.

After grinding and drying, Miscanthus biomass is sent to a fluidized bed reactor for
fast pyrolysis conversion. Data on yields of pyrolysis products are taken from the only avail-
able paper, published by Kim et al. [36] where detailed analysis of Miscanthus pyrolysis is
performed. Considering the optimum case for Miscanthus crude bio-oil yield of 57.2 %, on the
temperature of around 350 °C and vapour retention time of 2 second, from 23.5 t (85% d. m.)
12.24 t of crude bio-oil is obtained, 4.47 t of biochar and 4.71 t of fuel gas, tab. 1. Due to the
absence of data regarding stabilization and upgrading phases of crude Miscanthus bio-oil [27,
30-32, 36, 44], data for corn stover are considered and modified [6]. Based on the energy and
mass balance of processes in a corn stover pathway, the appropriate inputs and outputs of the
corresponding processes in a Miscanthus pathway are calculated considering different function-
al unit. Hydrogen used for both hydrotreatment and hydrocracking is obtained by reforming of
natural gas. Heat for pyrolysis, stabilization and upgrading processes is obtained from com-
bustion of pyrolysis co-products, biochar, and fuel gas [2, 6]. Finally, 9.85 t of pyrolysis fuel is
obtained and further transported by a truck to the pump, considering 50 km of distance.

Conventional diesel pathway

For the comparison with the conventional diesel fuel production, GREET pathway
Conventional Diesel from Crude Oil is chosen [38]. The GREET pathway considers the entire
production process of diesel, from the pet coke, bitumen, shale oil, synthetic crude oil and crude
oil together with all transportation processes (by rail, barge, pipeline and ocean tanker) and the
use of natural gas, electricity, and diesel. After being produced, diesel is exported to Serbia.
With this regard, the final transportation process has been modified and considers transoceanic
transport by a tanker between the USA and Europe (from Portland, Maine till the Rotterdam,
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Table 1. Input-output relation and for pyrolysis of Miscanthus obtained on
1 ha of land in the northern part of Serbia

Particulars Units| Amount Comments/remarks
Input
.. Production and transport of herbicide
Herbicide kg 3 is integrated intg the model
Miscanthus rhizomes Pro_duction and transport of rthizomes
is out of the scope of the study
NPK 15:15:15 (50 kg N/ha + 50 kg
. P,0, 1/ha + 50 kg K,O 1/ha
Fertilizer kg 333 Prodlic?tizon/ and tfgnsﬁortzgf f/erti)lizer
is integrated in the model
Water m? 180 For irrigation of Miscanthus crops [ha™ yr']
Diesel kg 120 Used in agricultural machinery [ha! yr']
Output
Miscanthus bales t 23.5 Mass of harvested Miscanthus after drying in the field [41]
(85% d. m.)
Input
Miscanthus bales
(85% d. m.) t] 235
Grinding Gl | 423 Electricity for the mill (supplied from the greed)
. Heat obtained from combustion of pyrolysis
Drying GJ | 863 bio-char (heating appliance eﬂicienfyyis 81.90)
Output
Miscanthus (93% d. m.) t 21.4 Mass of Miscanthus after drying
Input
Miscanthus (93% d. m.) t 214 Miscanthus biomass feed for pyrolysis
Fluidised bed pyrolysis Heat obtained from combustion of pyrolysis co-products
— crude bio-oil t 12.24 yield 57.2% (temp 350 °C, vapour retention time 2 s) [36]
— bio-char t 4.47 yield 20.9%, HVV/LHV = 22000.47 MJ/t[36]
— fuel gas t 4.41 yield 22%, HVV/LHV = 19920 MJ/m? [36]
Hydrostabilization
Input
— gaseous hydrogen GJ | 103.35 Produced from Natural Gas
— natural gas GJ | 321.65
— electricity GJ | 70.88
Output/Input
Liquid fuel t 9.85 Density:0.78t m; LHV/HHV = 33200.35 MJ/m’
Hydrocracking
— gaseous hydrogen GJ | 0.27 Produced from natural gas
— natural gas GJ | 1421
— electricity GJ | 0.24
Output
— pyrolysis diesel t 9.85 Density:0.83 t/m?*; LHV/HHV = 34373.78 MJ/m?
Transport by truck tkm |9.85x50| Distance between pyrolysis plant and fuel pump is 50 km

The Netherlands) with a distance of 3175 nmi. From Rotterdam till the Belgrade, transportation
of diesel by railway is considered (distance 1800 km).

369
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Miscanthus pyrolytic diesel pathway (Integrated, internal H, source)

In order to lower the impact of the diesel production, sensitivity analysis is done and
another production scenario is created. This scenario considers the integrated production of
pyrolytic diesel, in which the reactions of stabilization and cracking are occurring together,
on the same location, and the internal hydrogen production. Namely, hydrogen for the pyrol-
ysis can also be obtained from the bio-oil itself. Pyrolitic bio-oil consists of a lighter fraction,
aqueous phase, and a heavier fraction consisting mostly of lignin [4]. The heavier fraction is
separated by gravity and the remaining, lighter fraction is being mixed with the steam and sent
to a high-temperature pre-reformer where it converts into syngas or synthetic gas. Synthetic
gas, together with methane, is further sent to the reformer where the hydrogen is formed [4].

The drawback of this pathway is the lower yield of pyrolytic oil obtained compared
to external hydrogen production pathway. Considering estimations given by Wright et al. [2]
where 38% of the bio-oil has to be reformed into hydrogen in order to upgrade the remaining
bio-oil, in the internal hydrogen production scenario, 6 t of pyrolytic oil is obtained.

Impact assessment

Environmental analysis in well-to-pump life cycle considers quantification of pollut-
ant emissions, such as: CO,, volatile organic compounds (VOC), CO, NOx, particulate matter
10 and 2.5 micrometres in diameter (PM 10, PM2.5), SO,, CH,, and N,O. Based on these emis-
sions three impact categories are calculated: GWP, TA, and PMF potential. Characterization
factors for GWP for 100 years time scale (CO, eq) : CO,=1, CH,= 25 kg CO,, N,0 =298 kg
CO, are taken from IPCC (AR4) [45], characterization factors for terrestrial acidification po-
tential for 100 years time scale (SO, eq) for NOx = 0.56 kg SO, and characterization factors for
PMF (PM,,eq): NOx =0.21 kg PM10; SO, = 0.19 kg PM10 are taken from ReCiPe impact as-
sessment method [46]. The environmental analysis also quantifies depletion of resources along
the production pathways such as: crude oil, natural gas, coal, forest residue, pet coke, hydro
electrical power, nuclear energy, geothermal energy, wind energy, bitumen and shale oil. For
better transparency, resources consumed are grouped into fossil fuels and renewables.

Results and discussion

The results of well-to-pump analysis quantifying emissions and resources depletion
from Miscanthus pyrolytic diesel production in Distributed Refinery Scenario with an external
source of hydrogen are presented in the tab. 2 and on figs. 1 and 2.

The most environmentally burdensome operation in Miscanthus pyrolysis diesel path-
way is the hydrostabilization process, due to the high amount of natural gas used for hydrogen
production, around 322 GJ, tab.1. The highest impact comes from the natural gas life cycle it-
self, since modified GREET pathway for corn stover considers the entire life cycle of the diesel
used for non-road applications (in commercial boiler, stationary reciprocating engine, turbine,
etc.) and the entire life cycle of the electricity (distributed — U.S. mix) consumed in natural
gas pathway. For both cases, the highest contribution comes from the use of non-RES. Since
the natural gas used in the analysed pathway is produced in the USA, electricity mix for this
country is considered, where 34.30% of electricity is being produced from coal, 31.92% from
natural gas, 20.38% from nuclear power, 6.35% from hydro energy, 4.79% from wind energy,
0.62% from oil-fired systems, 0.57% from solar energy, 0.5% from biogenic waste, 0.43%
from geothermal energy and 0.16% from biomass. Electricity used for the mill in Miscanthus
grinding operation is considered to be is produced in Serbia (standard Serbian electricity mix
is considered) where 70% of electricity is produced from coal and 30% from hydro energy.
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Table 2. Pollutant emissions and resource depletion occurring along
distributed-external H, Miscanthus pyrolytic diesel pathway

Emissions: P1 P2 P3 P4 P5 P6 P7 Total: | Units
CO, 790 70.23 981.04 450.45 | 1292424 | 136.75 | 60.97 | 15413.68 | kg
vOoC 0.60 0.02 0.08 0.11 3.98 0.13 0.45 5.37 kg
CO 1.41 0.06 0.09 0.3 11.24 0.4 0.05 12.14 kg
NO, 345 0.17 0.54 0.77 2591 0.53 0.15 28.07 kg
PM10 0.31 0 0.17 0.11 4.65 0.02 0 5.26 kg
PM2.5 0.27 0 0.07 0.06 2.93 0.01 0.01 3.38 kg
SO, 3.87 0.02 2.46 0.92 31.01 0.27 0.02 34.7 kg
CH, 1.94 0.15 1.45 2.23 96.1 3.6 0.13 103.66 kg
N,O 1.05 ]0.000261| 0.019739 |0.010261 0.67 0.02 0 0.72 kg
SO, 2.25E-03 | 3.3E-10 | 5.64E-10 | 8.36E-10 | 2.02E-08 | 6E-10 | 3E-10 | 2.25E-03 | kg
Resources:

Water total 183 0.07 8.67 3.14 102.5 0.66 0.06 298 m3
Crude oil 4542 602.49 207.39 758.47 | 2998.40 48.57 |517.68 9675 MJ

Natural gas 4529 109.62 44.99 6457.77 | 321651 | 14208.23 | 109.41 | 347110 | MJ
Coal

497 12.18 | 10082.93 | 3472.45 | 114412 560.86 | 16.18 | 129053.6 | MJ

average

fe‘;ri'ff:e 4 0.09 0.16 0.24 5.74 0.18 | 0.08 | 1049 | MJ
Pet coke 9 1.16 0.40 1.46 5.75 009 | 099 | 1885 | MJ
EK: d;gji:‘ 33 0.81 | 151035 | 518.15 | 17094.43 | 82.07 | 1.55 | 19240.36 | MJ
I:n‘frg;r 107 2.68 4.59 6.79 | 164.41 526 | 231 | 293.04 | MJ
Geo

thermal 2 0.06 0.10 0.14 3.44 0.11 | 0.05 5.9 MJ
power

Solar 3 0.07 0.13 0.19 4.56 0.15 | 006 | 816 | MJ
Wind power | 25 0.63 1.08 1.60 38.65 124 | 054 | 6874 | MJ
Bitumen 736 97.63 | 33.60 | 12290 | 48574 | 7.87 | 83.88 | 1567.62 | MJ
Shale oil 1095 | 14533 | 50.02 | 182.95 | 723.06 | 11.71 |124.87| 2333 | MJ

P1 — Miscanthus cultivation phase, P2 — Transport from the field to the plant, P3 — Grinding, P4 — Drying, P5 — Pyrolysis +
hydrotreatment (stabilization) of bio-oil, P6 — Hydrocacking (upgrading) of bio-oil, P7 — Transport from the plant to the pump

Second most burdensome operation in Miscanthus pyrolysis diesel pathway is the production,
i. e., cultivation phase of Miscanthus crops where the highest impact comes from production
and transportation of herbicide and fertilizer, in which high amount of crude oil, pet coke,
bitumen and shale oil are consumed, together with high consumption of renewables. Since
Miscanthus crop has to be irrigated, highest consumption of water is registered in this phase
of a pathway (60% of total water used in the pathway). Pyrolysis and stabilization phase has
the highest emissions of pollutants except for the N,O and SO,, which are highest in the Mis-
canthus production phase. This is due to high consumption of diesel with high sulfur content
for non-road applications such as agricultural machinery, commercial boiler, stationary recipro-
cating engine, turbine, etc. As a consequence of fossil fuels consumption in the pathway, high
emissions of CO, occur, around 15.4 t, tab. 2. This can be diminished if carbon sequestration
potential from Miscanthus cultivation is considered, tab 3. Data for the carbon sequestration
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Figure 1. Pollutant emissions during the
production of pyrolytic diesel from

Miscanthus gigantheus [Kkg]|
(for color image see journal web si

jte)

Figure 2. Resources depletion during the
production of pyrolytic diesel from
Miscanthus gigantheus [MJ]

(for color image see journal web site)

potential is taken from the unpublished research of the same authors, where 5 t of CO, is con-
sidered to be sequestered from the 23.5 t of Miscanthus.

The results of the comparative well-to-pump analysis of distributed-external H, diesel
production pathway and conventional diesel pathway are presented in tab. 3 and figs. 3 and 4.

All considering pollutant have higher emissions in distributed pyrolytic diesel path-
way. In the conventional pathway: 63% less CO,, 60% less VOC, 63% less CO, 55% less NO,,
78% less PM10, 72% less PM2.5, 73% less SO, and 87% less N,O are emitted compared to the
distributed pyrolytic pathway, fig. 3. Considering the emissions of SO, they are almost 100%
higher in distributed pathway due to high consumption of diesel with high sulfur content (for
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Figure 3. Comparison of pollutant emissions
for distributed — external H, pathway and

conventional diesel pathway [kg]
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Figure 4. Comparison of resource depletion for
external distributed — external H, pathway and
conventional diesel pathway [MJ]
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Table 3. Pollutant emissions and resource depletion occurring from the production of diesel in the
distributed-external H, pathway, integrated-internal H, pathway and conventional pathway,
calculated per functional unit

fu. = 406.75 GJ fu.=252.12GJ
Emissions: | .o ) buted | diescl SBR. | dieschimiogpated | diescLspR | UM

Co, 10413.68* 6022.8 396.82b 3733.02 kg
VOC 5.37 3.53 1.44 2.19 kg
cO 12.14 6.67 1.61 4.13 kg
NO, 28.07 22.32 9.74 13.83 kg
PM10 5.26 1.49 3.19 0.92 kg
PM2.5 3.38 1.29 2.23 0.8 kg
SO, 34.7 12.72 11.34 7.88 kg
CH, 103.66 68.71 6.93 42.59 kg
N,O 0.72 0.11 0.16 0.07 kg
SO, 2.25E-03 1.69e-07 2.25E-03 1.05e-07 kg
GWP o, o0 13580 7773.33 467.75 4818.63 kg
TAso, cq) 15.72 12.50 5.45 7.74 kg
PMF py110.0q° 14.53 7.47 7.47 4.62 kg
Resources:

Water total 298 33.69 223.00 20.88 m3
Crude oil 9675 309485.82 6317.30 191824.00 MJ
Natural gas 347110 56157.97 4885.37 34807.56 MJ
Coal average 129053.6 6247.70 46889.83 3872.42 MJ
Forest residue 10.49 48.09 4.87 29.80 MJ
Pet coke 18.85 593.85 12.41 368.08 MJ
ll;lglv(igelectrlc 19240.36 414.74 6980.92 257.06 MJ
Nuclear energy 293.04 1376.51 131.79 853.18 Ml
S:ngemal 5.9 28.78 2.52 17.84 MJ
Solar 8.16 38.19 3.69 23.67 MJ
Wind power 68.74 323.62 30.83 200.59 MJ
Bitumen 1567.62 50148.93 1023.66 31083.07 MJ
Shale oil 2333 74650.64 1523.20 46269.60 MJ
Fossil fuels: 489.76 497.28 60.65 308.22 GJ
Renewables: 19.63 0.85 7.15 0.53 GJ

a —net CO, emissions = total CO, emissions (15413.68kg) minus carbon sequestration potential (5000kg); b — same
calculation as for a; total CO, emissions in integrated pathway are 5396.82 kg; ¢ — Characterization factors for GWP for
100 years time scale (CO, eq): CO,= 1; CH, = 25 kg CO,; N,O =298 kg CO,; IPCC(AR4); carbon sequestration is also
considered; d — Characterization factors for TA potential for 100 years time scale (SO, eq) for NO, = 0.56 kg SO, [46];
e — Characterization factors for PMF (PM,,eq): NO, = 0.21 kg PM10; SO, = 0.19 kg PM10 [46]

non-road applications such as a commercial boiler, stationary reciprocating engine, turbine,
etc.), tab. 2. In both pathways, emissions of CO, are the highest: 10.4 t and 6 t, for pyrolytic
diesel production and conventional diesel production, respectively. In all three investigated
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impact categories, conventional diesel production pathway expresses lower impact: in GWP
43% lower, in TA 20% lower, and in PMF 49% lower. On the contrary, this production pathway
has the highest resource consumption, fig. 4. Almost 97% lower consumption of crude oil, pet
coke, bitumen and shale oil and also 78% lower consumption of forest residues, nuclear, geo-
thermal, solar and wind energy are detected in pyrolytic pathway compared to the conventional
pathway. The only exceptions are consumption of natural gas, coal and hydroelectric power
which are less consumed in the conventional production of diesel, 84%, 95% and 98%, respec-
tively. As previously stated, a huge amount of natural gas is needed for hydrogen production for
upgrading and stabilization process and high amount of coal and hydroelectric power are used
for electricity production in Serbia, 75.35 GJ, tab.1. Shale oil, bitumen, pet coke and crude oil
are used as a feedstock for conventional diesel production which explains their high consump-
tion in the conventional diesel pathway. On the other hand, in this pathway, renewable energy
resources (wind power, solar, geothermal, and nuclear) are more consumed due to electricity
production mix of the USA. But when considering the total amount of fossil fuels consumed
[MJ], only 4% less fossil fuels are consumed in distributed-external pyrolytic diesel production
pathway and 96% less RES [MIJ] is consumed for conventional production of diesel. Although
conventional diesel pathway has higher consumption of biomass, wind, solar and geothermal
energy, the pyrolytic pathway has a high amount of hydroelectric power consumed, 19206.55
MJ, compared to 414.74 M1, tab. 3. Irrigation of Miscanthus crops has a high influence on water
consumption in the pyrolytic pathway.

Comparison of the Miscanthus integrated-internal pyrolytic diesel production with
conventionally produced diesel is presented in the tab. 2, and figs. 5 and 6. Utilization of coal,
hydroelectrical power and water are still highest for the integrated-internal pathway, . e., 92%,
96% and 92%, lower in the conventionally diesel production pathway, respectively. All other
resources are less consumed in this pathway: around 85% less nuclear, biomass, wind, solar
and geothermal energy and 97% less crude oil, pet coke, bitumen, shale oil and natural gas.
Considering emission of pollutants, VOC, CO, NO,, CH, and SO, are still less emitted in in-
tegrated-internal diesel pathway, 62%, 61%, 30%, 84% and 97%, respectively, and unlike in
the previous case, CO, emissions are 90% lower compared to the conventional diesel pathway,

100%

5 Shale oil [l
90% Bitumen H
80% Wind power [
70% Solar [N
60% Geothermal power [l
50% Nuclear energy [N
Hydroelectric power [N
40%
) ’ Petcoke [l
30% Forest residue [N
20% Coal average [INNNIEIGNGNNN—
10% Natural gas [
0% Crudeoil W
|
O &© %O $ ,\/6 %Q Cz» ‘%w %O Water total
0% 20%  40%  60%  80%  100%
B Pyrolytic diesel — Integrated Conventional diesel B Pyrolytic diesel — Integrated Conventional diesel
Figure 5. Comparison of pollutant emissions Figure 6. Comparison of resource depletion
for integrated-internal H, pathway and for integrated-internal H, pathway and

conventional diesel pathway [kg| conventional diesel pathway [MJ]
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resulting in 90% lower GWP. Emissions of PM10, PM2.5, SO,, and N,O are lower in conven-
tional pathway: 19%, 68%, 59%, 30%, and 56%, respectively, resulting in 38% lower PMF, but
the emissions of SO, are almost 100% higher in integrated-internal pathway, resulting in 30%
lower TA for this pathway. In total, 80% less fossil is consumed in the integrated-internal path-
way, while 92% less renewables are consumed in conventional diesel pathway.

Comparison of the Miscanthus integrated-internal H, production pathway, with dis-
tributed-external H, production pathway, is presented in tab. 3 and on figs. 7 and 8. As stated be-
fore, the drawback of the internal H, production is the lower yields of diesel, but the advantage
is in lower resources consumption and in lower pollutant emissions, tab. 2. Since no natural gas
is needed for stabilization and upgrading phases, almost 100% less of natural gas is used in in-
tegrated-internal diesel pathway, which also leads to 64% less consumption of coal, hydroelec-
trical power and water, 61% less consumption of crude oil, pet coke, bitumen and shale oil and
86% less consumption of forest residues, nuclear, geothermal, solar and wind energy compared
to distributed-external diesel pathway. Considering emission reduction, in integrated-internal
pathway 96% less CO,, 73% less VOC, 87% less CO, 65% less NO,, 40% less PM10, 33%
less PM2.5, 67% less SO, 93% less CH,, 78% less N,O, where SO, is equally emitted in both
pathways. The GWP, TA, and PMF are lower in the integrated-internal pathway, 97%, 65% and
49%, respectively. Consumption of fossil fuels is 87% less in integrated-internal diesel pathway
and consumption of renewable energy sources is 64% less.

0,
1(9)3(;) - l . I I [ | I Shale oil |
0 Bitumen I
80% Wind power ]
70% Solar I
60% Geothermal power ]
50% Nuclear energy ]
40% Hydroelectric power |
30% Pet coke I
20% Forest residue |
° Coal average ]
10% Natural gas |
0% Crude oil I
o OQ & %O* D ,;: O 62»" %’9 O Water total |
K\ S
0% 20% 40% 60% 80% 100%
Distributed-external H, ™ Integrated-internal H, Distributed-external H, ~ MIntegrated-internal H,
Figure 7. Comparison of pollutant emissions for Figure 8. Comparison of resource depletion for
distributed-external H, and integrated-internal distributed-external H, and integrated-internal
H, diesel pathway [kg] H, diesel pathway [MJ]

Conclusions

In this paper, production pathway of pyrolytic diesel is constructed and the environmen-
tal analysis is performed by using GREET model. As an input, 23.5t ha™' of Miscanthus giganteus
annual yield is considered. Two different pyrolytic diesel production pathways are considered:
distributed-external H,, where processes of stabilization and upgrading of fuel are separated and
hydrogen is obtained from natural gas, and integrated-internal H,, where stabilization and up-
grading of fuels are occurring together and hydrogen is obtained from the fraction of pyrolytic oil.
Each one of these pathways is compared to a conventionally produced diesel pathway.

Results from three well-to-pump analysis show that the conventional diesel produc-
tion pathway has the highest resource consumption and distributed-H, external pathway has the
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highest pollutant emissions. The main environmental impact in distributed-H, external pathway
is caused by high consumption of natural gas (347 GJ) for the production of hydrogen which
is used for upgrading and stabilization of diesel. In conventionally produced diesel pathway,
the highest impact comes from utilization of crude oil, pet coke, shale oil, and bitumen, which
are raw materials for diesel production. On the other hand, the advantage of this production
pathway is high consumption of renewable energy resources (used for electricity production).
Results of the analysis indicate integrated-H, internal pyrolytic pathway has the lowest specific
environmental impact per consumed power unit. Even though emitting 90% less of CO, and
84% less of CH,, this production pathway has higher emissions of particulate matter (around
60%), SO, (30%), and N,O (56%) compared to the conventional production pathway due to
high total power consumption. Likewise, the pyrolytic diesel yield is 38% lower than in dis-
tributed-H, external pathway. With this regard, it is hard to state that the production of diesel
from Miscanthus gigantheus by fast pyrolysis will soon be able to replace conventional diesel
production.
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