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Abstract

Due to increased burden on the environment caused by
human activities, focus on industrial ecology designs are
gaining more attention. In that perspective an environ-
mentally effective integration of bionergy and agriculture
systems has significant potential. This work introduces
a modeling approach that builds on Life Cycle Inventory
and carries out Life Cycle Impact Assessment for a con-
sequential Life Cycle Assessment on integrated bioenergy
and agriculture systems. The model framework is built
in Python which connects various freely available soft-
ware that handle different aspects of the overall model. C-
TOOL and Yasso07 are used in the carbon balance of agri-
culture, Dynamic Network Analysis is used for the energy
simulation and Brightway? is used to build a Life Cycle
Inventory compatible database and processes it for vari-
ous impacts assessment methods. The model is success-
fully demonstrated using a manure utilization case study
where the manure is used to produce biogas and then heat
and power, whereas its digestate is used as an organic fer-
tilizer to a wheat field. The case study is compared with
direct manure to wheat field application.

Keywords: Life cycle assessment, energy efficiency, sus-
tainability

1 Introduction

Environmental conscious design of industrial systems has
gained more interest in recent years and the development
of industrial ecosystems and eco-industrial parks are now
relevant topics for policy-makers. This is in large part due
to increasing public awareness of the environmental bur-
den from human activity on the environment. Denmark’s
future energy plan for 2050 is to be completely indepen-
dent of fossil fuels for all energy consumption in the coun-
try (Danish Ministry of Climate. Energy and Buildings).
This includes all electricity and heat consumption, along
with transportation fuels. For this to be possible and make
sense, the utilization of energy resources needs to be envi-
ronmentally effective and the available options going for-
ward need to be thoroughly investigated. Along with this
focus on more environmentally friendly energy system in
Denmark, the environmental burden of its agricultural in-

dustry also needs to addressed, which today releases about
15% of the total national greenhouse gas emissions (Gov-
ernment (2013a)). A climate change mitigation poten-
tials inter-ministerial working group report identified a
few connection with the energy industry to mitigate those
emissions (Government (2013b)).

Finding the best possible integration between these two
industries in terms of net environmental impact is the mo-
tivation of this work. Systems are analyzed using the
Life Cycle Assessment framework (LCA) (Rebitzer et al.
(2004)) using the Brightway2 software (Mutel (2015)).
Building the Life Cycle Inventory (LCI) (Suh and Hup-
pes (2005)) requires detailed models of the inputs and out-
puts of the agricultural and energy systems, along with
possible interactions between them. Integration between
bioenergy and agriculture can be done in various ways.
In this work the focus has been on producing electricity
and district heat by using residual resources in the agri-
cultural system and thus not affect its capacity to pro-
duce food and related products. Additionally, the organic
residues from the biomass conversion in the energy system
are returned back to the agricultural system to ensure that
most of the essential elements, e.g. macro-nutrient, for
agricultural activities are recycled. The agricultural sys-
tem base model is a field which mainly produces wheat
grain, located in Zealand Denmark. In its reference state,
it is fertilized with mineral fertilizers and has expected
yield according to the national agricultural guidelines (Na-
turErhvervstyrelsen (2013)). The LCI model is built on
top of an extensive model gathered from the Ecoinvent3
database (Weidema et al. (2013)) and follows their basic
modeling principles, in addition to a comprehensive atmo-
spheric carbon balance modeling procedure adopted from
(Cherubini et al. (2011) and Petersen et al. (2013)) and
using results generated by the soil carbon balance simu-
lation software C-TOOL (Petersen et al. (2002) and Pe-
tersen et al. (2005)). The energy system utilizes biomass
resources and can be either based on biochemical or ther-
mochemical conversion (or both) before heat and power
generation in a gas engine or a steam cycle and will al-
ways deliver its residues to the agricultural system as or-
ganic fertilizer. Modeling of the energy system is done
in the Dynamic Network Analysis (DNA) (Elmegaard and
Houbak (2005)). Like the agricultural system the energy
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system LCI model is built on top of a model gathered from
Ecoinvent3 but using results from DNA. The Life Cycle
Impact Assessment (Pennington et al. (2004)) results are
given in four levels, from a normalized and weighted end-
point result combining seventeen different environmental
indicators into one numerical result to disaggregating the
most important indicators to specific inputs and outputs of
the system analyzed using midpoint level LCIA. This is to
allow for evaluation of the total environmental impact and
what inputs and outputs are mostly effecting that outcome.

This articles describes the methodology of the inte-
grated agriculture and bioenergy environmental impact as-
sessment model. How the LCIs are built from mass, en-
ergy and substance balances of the sub-systems, and how
the four levels LCIA analysis gives overall environmen-
tal impact and the major contributors to that impact as a
result. The model is demonstrated by analyzing manure
based biogas production and utilization. Additionally, a
direct manure to field application is analyzed as a refer-
ence case.

2 Method

2.1 Case description

The modeling and analysis methods introduced in this pa-
per are demonstrated by a case study on biogas production
and utilization from pig manure, and a reference case with
direct pig manure to field application. The objective of
the analysis is to report the environmental impact change
to one hectare agricultural field and to identify the main
impacts and contributors to the final result. A simple flow
chart of the system can be seen in Figure 1.

The system for each case is divided into three sub-
systems, i.e. agricultural, storage and transportation, and
energy. The energy sub-system consist of the biochemical
conversion of biomass to biogas, and heat and power gen-
eration. Before the pig manure is converted to biogas and
digestate, it is stored and then de-watered in a decanter.
The liquid manure is stored in an outdoor storage before
it is applied to the agricultural sub-system. However, the
solid manure is converted in an anaerobic digester to bio-
gas and digestate. The digestate follows the same process
as the liquid manure, but the biogas is combusted in a gas
engine producing electricity and district heat.

The agricultural sub-system is a cereal grain production
using conventional practices. For the analysis the manure
is modeled as a recycled content (Frischknecht (2010)),
i.e. only the impacts it induces follow the flow and other
parts of the pork production are excluded. Moreover, as
raw manure, liquid manure or digestate are applied to the
field its effective macro-nutrient content replaces mineral
fertilizer and modifies the field emissions.

2.2 Model formulation
2.2.1 Agricultural sub-system model

The objective of this model is to produce a Life Cycle
Inventory (LCI) of the system described by the user. A
database is used to form the base of a LCI, which is then
manipulated and modified based on the actual condition
and substance balances of the system. To describe that
process the agricultural sub-system model is divided into
three modeling sections representing, nutrients-, carbon-
and heavy metals balance which will deliver new unit pro-
cesses and elementary flows for the LCI.

The nutrient balance model is based on the macro-
nutrients required to grow crops, i.e. nitrogen (N), phos-
phorus (P) and potassium (K). The flow of these nutrients
through the system are governed by conservation of mass
and each substance is modeled individually. Only N is
modeled to change in the control volume by immobiliza-
tion and mineralization in the agricultural soil, for both P
and K the outputs are equal to the inputs.

The reference mineral fertilization is based on national
guidelines for fertilization (NaturErhvervstyrelsen (2013))
and the change in nutrient balance is regulated by the min-
eral fertilizer input. Uptake by harvest, grain and straw
(if harvested), are a part of the nutrient output of a field.
The uptake by grain is based on the yield and its chemical
composition. Yields are assumed based on the soil type
using national guidelines (NaturErhvervstyrelsen (2013))
and chemical composition is extracted from a biomass
database adopted from (Vassilev et al. (2010)). Same prin-
ciples apply to straw, along with extraction efficiency, i.e.
how much of the total straw are harvested. For P model,
leaching, surface run-off and erosion are included and esti-
mated based on (Nemecek and Schnetzer (2012)). Figures
2 and 3 display the phosphorus inputs and output of the
agricultural sub-system.

Pgrain
PmineralFertilizer

Pstraw
Porganicinput

Pemission

Figure 2. Phosphorus balance in the agricultural sub-system.

Leaching to
ground water

Run-off to

Pemission surface water

Water erosion to
surface water

Figure 3. Phosphorus emissions in the agricultural sub-system.
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Figure 1. Flow diagram for the case study and the reference.

K model also includes leaching as an emission, but
the calculations are based on a method adopted from
(de Willigen (2000)) recommended by Food and Agricul-
ture Organization (FAO) in Assessment of nutrient bal-
ances: Approaches and methodologies (Roy et al. (2003)).
Figures 4 and 5 display the potassium inputs and output of
the agricultural sub-system.

Kgrain
KmineralFertilizer

Kstraw
Korganiclnput

Kemission

Figure 4. Potassium balance in the agricultural sub-system.

L Leaching to
Kemission ———>

ground water

Figure 5. Potassium emissions in the agricultural sub-system.

Nitrogen outputs include leaching (NOj), along with
nitrous oxide (N,O), nitrogen gas (N;) and ammonia
(NH3) emissions. These nitrogen outputs are calculated
in different ways depending on the input resource. Fig-
ures 6 and 7 display the nitrogen inputs and output of the
agricultural sub-system.

For pig manure sourced inputs (raw slurry, liquid frac-
tion, solid fraction, digestate, liquid digestate and solid
digestate) the nitrogen outputs were calculated using the

Ngrain

NmineralFertilizer
AN = Nminerlized™

Nstraw
Nbuildup

Norganiclnput

Nemission

Figure 6. Nitrogen balance in the agricultural sub-system.

Ammonia to air
Leaching to
ground water
. Dinitrogen
Nemission : )
monoxide to air
Nitrous oxide
to air
Nitrogen gas

to air

Figure 7. Nitrogen emissions in the agricultural sub-system.

same methods as in (Hamelin et al. (2011)). The methods
of assessing direct field emissions for LCIs of agricultural
production sub-system (Nemecek and Schnetzer (2012))
are used for mineral and cereal straw sourced inputs.

The carbon (C) balance model is based on the flow
through the whole system and follows the law of mass
conservation. Similarly to the nutrient balance model the
C output of the agricultural sub-system is based on the
uptake (photosynthesis) by harvest and associated emis-
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sion. However, the input is equal to the total carbon cap-
tured by photosynthesis of the whole growth on the field
(harvest and residues) in addition to any organic or inor-
ganic C input through fertilization. The uptake is based on
the chemical composition, yield and extraction efficiency
in the same manner as described above. Figures 8 and
9 display the carbon inputs and output of the agricultural
sub-system. Additionally, to describe the photosynthe-

system. C balance for a wood chips feedstock is thus mod-
eled in a forest sub-system. That model follows the same
principles as the agricultural sub-system but uses data ex-
tracted from YassoO7 (Liski et al. (2005)), a carbon and
decomposition software for forest soils, to simulate the de-
cay of forest residues. It can be seen in Figure 11, that the
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Figure 9. Carbon emissions in the agricultural sub-system.
sis the growth period displayed in Figure 10 is simulated

based on the Schnute model (Schnute (1981)), a versatile
growth model based on statistically stable parameters. C
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Figure 10. Carbon captured by photosynthesis in the agricul-
tural and forestry sub-system.

emissions from the agricultural sub-system is based on the
respiration of decaying residues and organic fertilizer. The
magnitude of these residues is based on the straw extrac-
tion efficiency and any other organic input to the soil. C
decay from the residues and other organic carbon inputs
are simulated by C-TOOL (Petersen et al. (2002, 2005)),
a software for whole-profile carbon storage simulation in
temperate agricultural soils. This also needs to be consid-
ered for other biomass potentially utilized in the overall

Figure 11. Carbon emissions from decomposition in the agri-
cultural and forestry sub-system.

carbon emission from decaying biomass is gradual over
time. The impact factor related to greenhouse gas emis-
sions is in reference of pulse emission of carbon dioxide,
i.e. all carbon is emitted in the first year, but the influence
on climate change is then based on the integrated radia-
tive forcing of carbon dioxide in the atmosphere. Thus
the load of carbon dioxide in the atmosphere needs to ade-
quately accounted for in the case of biomass decay carbon
dioxide emissions. When emitted it starts to be absorbed
by earth’s many sink, e.g. ocean and terrestrial forests,
this is simulated by the impulse response function (Joos
et al. (1996, 2001)) which needs to be combined with
the biomass decay emissions to get their atmospheric load
over a time horizon. Figure 12, displays the atmospheric
load of carbon emission from different sources in refer-
ence to pulse emitted CO,. The global warming potential

1.0 - : !
— Pulse CO2
- - Straw
OBP\ =< Manure T

o=- Fofest residués (above)
,,,,,,,,,,,,,, .....==...Forest residues. (below). |
: Biochar

0.6« ==

-

o
s

e
)

Atmospheric load carbon fraction

o
=)

Figure 12. Atmospheric load due to carbon dioxide emissions.
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for the biomass decay carbon dioxide emission can then
be calculated by referencing their atmospheric load to that
of the pulse carbon dioxide. The global warming poten-
tial of the different biomass decay emissions is displayed
graphically overt time in Figure 13.
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Figure 13. Evolution of the global warming potential over time.

It can be seen in Figure 13 the curve representing ma-
nure ends at a value about 0.81. This indicates that the
global warming potential of 1 kg manure carbon dioxide
decay is about 0.81 kg carbon dioxide equivalent. How-
ever, there are two elements to the total global warming
potential of a biomass and the other is the sub-sequent re-
growth of carbon in the biomass type. This is described in
Figure 10 above, and for carbon in manure which mainly
comes from annual rotation agricultural crops the value is
-1 as its carbon is captured within a year.

The Heavy metals balance model is like the other bal-
ance models based on the flow through the whole system
and follows the law of mass conservation. The heavy met-
als modeled are: Cadmium (Cd), copper (Cu), zinc (Zn),
lead (Pb), nickel (Ni), chromium (Cr) and mercury (Hg).
Inputs to the agricultural field are based on the heavy met-
als content of fertilizers, pesticides, seeds and disposition.
The heavy metals can either accumulate or diminish from
the soil based on the balance and are accounted for as
emission to the soil (can be positive or negative). For the
reference system the emissions are modeled according to
ecoinvent modules which use SALCA-heavy metal (Ne-
mecek and Schnetzer (2012)) as its reference. The emis-
sion is divided between soil emissions, leaching to ground
water and erosion to surface water. Figures 14 and 15 dis-
play the heavy metals inputs and output of the agricultural
sub-system.  The leaching and erosion are modeled in
SALCA-heavy metal based on constants, so when inputs
change in the reference system the accumulation or de-
mission in soil is only affected, thus causing increase or
decrease in soil emissions.

HeavyMetals
mineralFertilizer

AHeavyMetals =

eavyMetals build Up
Heavy metals

organiclnput
HeavyMetals

emission
Figure 14. Heavy metals balance in the agricultural sub-system.

Heavy metals to
surface water
through erosion

HeavyMetals

emission

Heacy metals
accumulation in soil

Heavy metals to
ground water
through leaching

Figure 15. Heavy metals emissions in the agricultural sub-
system.

2.2.2 Energy sub-system model

The energy sub-system is modeled with the Dynamic
Network Analysis (DNA) energy system simulation tool
(Elmegaard and Houbak (2005)). By using DNA it is pos-
sible to use the library of energy components already mod-
eled there. Specific models of the energy sub-system for
use in this project are modeled in DNA. In all of those
pre-made models, the inputs requirements are the ultimate
chemical composition, energy content and specific heat of
the resource utilized. Optionally, the operation parame-
ters which are to be varied can be defined. The ultimate
chemical composition of the resource used is found in the
same way as in Section 2.2.1. Additionally, the Higher
Heating Value (HHV) and specific heat (cp) are estimated
on a dry basis with the following equations from (Friedl
et al. (2005)) and (Dupont et al. (2014)) for each resource,
respectively.

HHV,,, =341.7-C+1322.1-H+119.8- (O +N)

ey

—123.2-5/10000 — 15.3-A

Where C, H, O, N, S, A are the carbon, hydrogen, oxygen,

nitrogen, sulfur and ash content of the resource given by
its ultimate chemical composition.

CP = (5.340-T(K)—299)/1000 2)

DNA already handles all mass and energy balances over
the whole energy sub-system it simulates and delivers the
properties of each state of the energy sub-system and all
necessary information about its products, e.g. electricity,
district heat, digestate, biochar and ash, and fuel.

DNA provides information about the emissions from
the power plant. For a thermochemical conversion system
the power plant consists of a gasifier and either a steam
cycle or a gas engine, and for a biochemical conversion
system the power plant consist of an anaerobic digester
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and either a steam cycle or a gas engine. By doing all
this, DNA handles the nutrient and carbon balance through
the power plants. It is worth noting that the nutrient bal-
ance differs in one significant way for power plants using
biochemical- or thermochemical conversions. This can be
observed in Figures 16a and 16b. It can be seen the fig-

NPKorganiclnput

N PKbiochar

(a) Biochemical conversion.

Nemission

NPKorganiclnput

PKbiochar

(b) Thermochemical conversion.

Figure 16. Nutrient balance for inputs to the power plants.

ures that the nitrogen input is lost as emissions when the
resource is thermochemically converted, whereas it is re-
tained in the digestate, making it available to the agricul-
tural sub-system again, when biochemically converted.

As mentioned in above the carbon balance for the power
plants is performed in DNA. The inputs and outputs from
DNA are the carbon input of the organic material to be
converted and then either digestate or biochar for bio-
chemical or thermochemical conversion respectively, and
emissions which can be both carbon dioxide and methane
or just carbon dioxide corresponding to Figure 9 in Sec-
tion 2.2.1.

Cemission

Corganiclnput

Cbiochar or
Cdigestate

Figure 17. Carbon balance for inputs to the power plants.

2.2.3 Storage and transportation sub-system model

The P and K nutrient balance of the storage and transporta-
tion sub-system are modeled with an organic input and an
organic output, which are equal for both P and K. How-
ever for the decanter the distribution between liquid and

solid fraction differs according to (Hamelin et al. (2011)),
which also gives the distribution for N. Most often the bal-
ance for N is equivalent to P and K, but special attention
is drawn to storage of manure type resources. In those
cases N emissions need to be accounted for, which are
the same as introduced in Sections 2.2.1 and 2.2.2 except
nitrate leaching is added. Figures 18 and 19 display the
nitrogen inputs and output of the storage and transporta-
tion sub-system. It can be seen in the figures that there

NorganicOutput

Norganicinput

Nemission

Figure 18. Nitrogen balance in the storage sub-system.

Ammonia to air

Dinitrogen
monoxide to air

Nemission

Nitrous oxide
to air

Nitrogen gas
to air

Figure 19. Nitrogen emissions in the storage sub-system.

are a-lot of similarities to Figures 6 and 7 and the amounts
are calculated according to (Hamelin et al. (2011)) like for
pig manure sourced emissions from agricultural field, but
these emission are specific to indoor and outdoor storage.

The carbon balance is equivalent to the nitrogen bal-
ance, but with emissions corresponding to Figure 9 and
the magnitude of the emissions are calculated according
to (Hamelin et al. (2011)).

2.3 Performance analysis model

LCIA results are given in four levels, where the total end-
point results are disaggregated to each impact category
and sub-system. Before the results are disaggregated to
the main impact categories for each input and output of
the LCI at midpoint level. Figure 20 displays the elements
of the four level LCIA method.

First the total endpoint results are given. Those results
give the total environmental impact asserted by the sys-
tem analysed. These endpoint results are given in relation
to its subcategories, i.e. ecosystem quality, human health
and resources, which are then given for each sub-system.
Those results are then further disaggregated into their im-
pact subcategories; for ecosystem quality, i.e. agricul-
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Level 1
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Human health

Total endpoint score
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endpoint (H,A) points

Level 3

4

Agricultural system
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human health and resources total
endpoint scores given in total
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Storage and
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ReCipe endpoint (H,A) points for
storage and transportation.

Ecosystem quality

Agricultural land occupation
Climate change, ecosystems
Freshwater ecotoxicity
Freshwater eutrophication
Marine ecotoxicity
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Terrestrial ecotoxicity

Urban land occupation

Human health

Climate change, human health

\

Agricultural system
LCl input

Most influential ReCipe endpoint
subcategory further analyzed for
the agricultural system's LCI
input. LCIA score given midpoint
level LCIA using ILCD
recommended LCIA when
applicable.

Storage and
transportation
LCl input

Most influential ReCipe endpoint
subcategory further analyzed for
the storage and transportation
LCl input. LCIA score given
midpoint level LCIA using ILCD

Resources

Total endpoint score
disaggregated to Recources.
Score given in total ReCipe
endpoint (H,A) points

Energy system

-

endpoint scores given in total

the energy system.

.

Disaggregated ecosystem quality,
human health and resources total

ReCipe endpoint (H,A) points for

recommended LCIA when 3
applicable. 4

Human toxicity
lonising radiation "
Ozone depletion 4

Particulate matter formation 4

Photochemical oxidant formation H
Energy system 4

LCl input "

Most influential ReCipe endpoint ]
‘ Resources subcategory further analyzed for

the energy system's LCI inpu.

‘ LCIA score given midpoint level H

LCIA using ILCD recommended Y

Fossil depletion LCIA when applicable. ::

Metal depletion

Figure 20. Elements of the four level LCIA method.

tural land occupation, climate change, freshwater ecotox-
icity, freshwater eutrophication, marine ecotoxicity, natu-
ral land transformation, terrestrial acidification, terrestrial
ecotoxicity and urban land occupation; for human health,
i.e. climate change, human toxicity, ionizing radiation,
ozone depletion, particulate matter formation and photo-
chemical oxidant formation; and for resources, i.e. fossil
depletion and metal depletion. Level four then takes the
most important impact categories and gives midpoint re-
sults for each input and output of the LCI. By doing this
the elements of greatest influences to the environmental
impact can be identified. For endpoint results the ReCipe
method Goedkoop et al. (6 January 2009) is used and the
International Reference Life Cycle Data System (ILCD)
recommended methods (Hauschild et al. (2010)) are used
for the midpoint results.

3 Model implementation
Python 2.7 was used to design of the integrated agricul-

tural and bioenergy model. The open source advanced
life cycle assessment software Brightway2 Mutel (2015)

is imported as a module, which enables easy communica-
tion with the Ecoinvent3 database Weidema et al. (2013)
once uploaded. Communication to other software within
the model script is done by interacting with the operating
system and with file manipulation using the os and shutil
python modules, respectively. Pandas is used for data
structures and as a data analysis tool to import and manip-
ulate data within the python script, and the numpy module
is used for all numerical calculation. A basic flowchart
of the main processes it goes through when used is dis-
played in Figure 21. Figure 21 uses five different objects
to describe various functions in the model. Those func-
tions are; internal process, external process, decision, in-
put/output and local database. The meaning behind inter-
nal processes is that these objects are created in and op-
erate fully in the python script the model is written in by
the author. However, external processes operate outside
the model script and an object has been made for com-
munication within the model script. Local databases are
also outside of the script model but no processes are op-
erating within them as they simply pass on data to either
internal or external processes that operate on them. The
decision function basically contains information on what
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Figure 21. Basic flowchart of the integrated system model.

to do when different cases and/or situations are modeled.
Input/output functions communicate information with the
user of the model, i.e the input information required to use
the model and the output it gives based on those informa-
tion. The arrows describe the main information flow in
the model. It is beneficial to use the case study and its
reference to further explain the procedures of the model.
Starting with the reference case, the system analyzed is de-
fined, i.e. direct manure application on a field whose main
product is wheat grain. The agricultural product of wheat
grain is identified and a reference case with a complete
LCI is found from the ecoinvent database using Bright-
way?2.

For a wheat grain product the model automatically finds
a predefined reference which has similar properties as
such a system in Denmark where the case study is located.
At this point, a full LCI is ready for LCIA. However, this
system is not fully descriptive to the system being ana-
lyzed. Therefore, a modification of the LCI generated
is required for new unit processes and emissions of the
system. This is done by first gathering information about
the fertilization requirements and expected yield, then the
nutrient-, heavy metal- and carbon balances are made for
the new properties of the system. At this point, the agricul-
tural product is produced as the reference but representing
specific conditions in Denmark.

Next the model reacts to an additional organic input,
e.g. manure, if there are no further organic inputs the LCI
is ready for LCIA. If there is an additional organic input

the LCI is modified similarly as before, but now balances
are made including the organic input with its properties.
Likewise, if the straws are removed their properties are re-
moved as-well which affects the balances and the LCI is
modified. If the straws are not removed the LCI is ready
for LCIA (as the straws are not removed in the reference).
The calculation of the LCI is finished here for the refer-
ence case.

For the case study the process is the same until the
model reacts to additional organic input as there is a lig-
uid manure and an input from the energy sub-system, i.e.
digestate. Then the LCI needs to be modified again taking
those inputs to consideration. The energy sub-system can
be connected to the agricultural sub-system by utilizing
its straws but it can also use an external source as done in
the case study with the raw pig manure. Either way there
is a need to check if additional processes, e.g. storage
and/or separation, are required. If the sub-system requires
additional processes before resources can be utilized in a
power plant the inputs and emissions need to be calculated
and LCI is modified.

At this point the appropriate energy sub-system needs
to be found which is available and built in DNA prior
to running the model. From DNA, all balances are cal-
culated and its data can directly be post-processed into a
LCI. Now the LCI in the agricultural sub-system is modi-
fied if the residues from the energy sub-system are sent to
it and a combined LCI ready for LCIA is fully defined. As
described in Section 2.3, there are a few steps the model
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makes when compiling the LCIA results before they are
displayed to the user.

4 Case study results

LCI tables are given in Appendix A.l for both the case
study and the reference case. Those tables display the in-
puts and outputs for each sub-system, where the values are
given as a changes from conventional wheat production in
Denmark. The LCIA results are given in reference to the
LCIA levels described in Section 2.3 and in Figure 20.
Figure 22 gives the Level 1 endpoint results of the direct
field application reference and the biogas production and
utilization case.
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Figure 22. Life Cycle Assessment endpoint results (Level 1).

It can be seen in Figure 22 that the total score of the
case study has a lower overall environmental impact then
its reference and has a net mitigating environmental effect,
whereas the reference has an intensifying effect.

Figure 23 gives the results of the Level 2 analysis, by
disaggregating the results from Figure 22 into the main
sections of the overall system, i.e. agricultural sub-system,
storage and transportation, and energy system, for the
three aggregated endpoint categories.

It can be seen in the 23 that the case study outperforms
its reference in all three aggregated endpoint LCIA cate-
gories. Further, the distribution between the sections in-
dicates large changes in the agricultural sub-system for
the ecosystem quality and human health categories, but
the largest changes are in the energy sub-system for the
resources category. This can be further investigated in a
Level 3 analysis. Figures 24 - 26 disaggregate the results
from Figure 23 in to subcategories of ecosystem quality,
human health and resources, respectively. In Figure 24

it can see that the greatest contributor to the ecosystem
quality impact is climate change and there is very little
impact in the other subcategories. In the agricultural sub-
system both the case study and its reference show a mit-
igating effect on climate change, but the case study of-
fers considerably greater mitigation. However, in storage
and transportation the impact is intensified. There the case
study is less intensive than its reference, but for the energy
sub-system the case study also has an intensifying effect
whereas the reference does not have an impact as it has
no processes in the energy sub-system. To further investi-
gate those results it is relevant to take a closer look at the
climate change impact in a Level 4 analysis.

Figure 27 in the Appendix, displays the results using the
midpoint category IPCC’s global warming potential over
a 100 time horizon. for each section. But disaggregated
to the inputs and outputs of the system in relation to the
LCI. In Figure 27a the difference in the impact of the agri-
cultural sub-system can be found to be due to the carbon
dioxide emission and the mineral nitrogen fertilizer input.
The amount of carbon dioxide emitted from the agricul-
tural sub-system can be found in tables 3 and 4, but the
reason can be found in Section 2.2.1. There it is stated
that the carbon dioxide emission from the agricultural sub-
system is carbon respiration from decaying organic matter
in the soil. Digested manure has less carbon then raw ma-
nure because a large portion of it is transformed into bio-
gas in the anaerobic digester. The amount of substituted
mineral nitrogen fertilization is given in tables 1 and 2.
The reason for greater substitution in the case study can
be found in the nitrogen balance of the agricultural sub-
system described in Section 2.2.1, there it is stated that
less nitrogen in the digested manure is immobilized in the
soil compared to nitrogen in raw manure and thus more
nitrogen available to the growing plants. It can be ob-
served in Figure 27b that the difference in impact is due to
the difference in methane emission. In Section 2.2.3 it is
stated that the carbon balance of the storage units is based
on Hamelin et al. (2011), where the digested manure has
mostly slowly degradable volatile solids and the emissions
are based on the amount of volatile solids stored.

The greatest impact factors in the energy sub-system
found by observing Figure 27c are the carbon dioxide
emission and the substitution of natural gas fueled heat
and power generation. The carbon emission is from the
carbon that was taken from the manure in the anaerobic
digester is the reason for the decrease in carbon emission
between the case study and the reference in the agricul-
tural sub-system. What is interesting is that although the
net carbon emission from the agricultural and energy sub-
systems is greater in the case study the substitution of fos-
sil fueled heat and power generation counterweights that
and contributes in making the biogas production and uti-
lization case superior to its reference in terms of climate
change impact.

Figure 25 displays the human health environmental im-
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Figure 24. Disaggregated Life Cycle Assessment human health endpoint results.

pact and it can be seen that particulate matter formation
and climate change are the largest contributors. Having
discussed the climate change impact in depth above, the
Level 4 analysis is on the particulate matter formation part
of the total environmental impact. From the Figures in 28
it can be seen the main contributor to particulate matter
formation is ammonia emission in the agricultural sub-
system, and storage and transportation sub-system. The
emission of ammonia is calculated in the nitrogen balance
in described in Section 2.2.1 and 2.2.3 both are based on

Hamelin et al. (2011) which refers to national guidelines
of nitrogen accounting.

In Figure 26, which displays the environmental impact
on resources, it can be observed that the greatest category
of the two available is fossil depletion. Furthermore, that
category is also where the greatest difference is observed
between the case study and the reference. From the Fig-
ures in 29 the decrease in nitrogen mineral fertilization
and the substitution of fossil resources for heat and power
generation are most influential.
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Figure 26. Disaggregated Life Cycle Assessment endpoint results.

5 Discussion

When observing the results of the case study, it seems
that for a system like these, analyzing the environmental
impact categories climate change and fossil depletion, as
particulate matter formation was basically the same for the
case study and its reference, might by sufficient to reach an
informed decisions. There is a general acceptance of the
climate change impact method from IPCC and every im-
pact assessment method in general use, uses that approach.

However, this is not the case for resource depletion envi-
ronmental impact. For that impact category it is generally
recognized that improvements are needed (Hauschild et al.
(2010)). Although generally not recognized to reflect re-
source scarcity, which is a requirement by the ILCD for
an impact method, exergy and cumulative exergy could be
used to reflect the efficiency of resource utilization in a life
cycle sense and thus aid in the decision making. It could
be added to the overall analysis but outside of the LCA
results where an impact method reflecting scarcity would
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be used.

Displaying the results using four levels as introduced in
Section 2.3 gives a great deal of insight into the system
analyzed. It can also help in finding weaknesses in the
modeling, e.g. if one of the greatest contributors is based
on uncertain data or the greatest impact is calculated with
LCIA method which will need further development. It is
also worth noting that the level of detail could be decrease
by jumping from level one to level 4 result and showing
only the top contributers for main impacts for simplicity.

As mentioned in the introduction, all parts of the pro-
cesses in the model are freely available. This includes all
the external software used. However, the LCI database
used in this case study was Ecoinvent3. To be able to use
Ecoinvent3 a user will need a license, which is not free of
charge. To get around this there are new and constantly
expanding freely available LCI databases, e.g. ELCD,
USDA, Agribalyse and bioenergiedat.

6 Conclusion

The article introduces a model that successfully uses only
freely available software to model Life Cycle Assessment
of an integrated bioenergy and agriculture sub-system.
This was demonstrated with a case study of biogas pro-
duction from manure and field application of the residual
digestate, in reference to direct manure to field applica-
tion.

The case study unveiled the studied case to be better in
terms of overall environmental impact than its reference,
where the greatest difference from the reference were ob-
served in the climate change and fossil depletion impact
categories.

The model still uses ecoinvent, a commercial LCI
database. But with new freely available LCI database,
the possibility for a completely free software based on the
model introduced is getting greater.
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A Appendix
A.1 LCIdata

Table 1. Life Cycle Inventory for processes, direct field application.

Unit Agricultural ~ Storage and trans.
market for potassium chloride, as K20 kilogram -75.735 0.000
liquid manure spreading, by vacuum tanker cubic meter 21.283 0.000
market for phosphate fertiliser, as P205 kilogram -43.510 0.000
market for nitrogen fertiliser, as N kilogram -116.115 0.000
market for fertilising, by broadcaster hectare -3.263 0.000
transport, tractor and trailer, agricultural ton kilometer 0.000 445.265
market for electricity, low voltage kilowatt hour 0.000 15.916
market for liquid manure storage and processing...  cubic meter 0.000 0.001

Table 2. Life Cycle Inventory for emissions, direct field application.

Unit Agricultural ~ Storage and trans.
Phosphate kilogram 0.134 0.000
Carbon dioxide, fossil kilogram -3151.968 0.000
Zinc kilogram 1.216 0.000
Copper kilogram 0.183 0.000
Ammonia kilogram 12.568 0.000
Dinitrogen monoxide kilogram 0.322 0.000
Mercury kilogram 0.001 0.000
Nitrogen oxides kilogram -0.274 0.000
Nitrate kilogram -1.264 0.000
Chromium kilogram -0.007 0.000
Carbon dioxide, from soil or biomass stock  kilogram 2376.740 0.000
Lead kilogram 0.001 0.000
Cadmium kilogram -0.001 0.000
Nickel kilogram 0.010 0.000
Methane, from soil or biomass stock kilogram 0.000 69.100
Ammonia kilogram 0.000 31.519
Dinitrogen monoxide kilogram 0.000 3.676
Nitrogen oxides kilogram 0.000 1.932
Nitrogen kilogram 0.000 5.410
Carbon dioxide, from soil or biomass stock  kilogram 0.000 57.454
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Table 3. Life Cycle Inventory for processes, biogas production and utilization.

Unit Agricultural ~ Storage and trans.  Energy
market for fertilising, by broadcaster hectare -3.475 0.000 0.000
liquid manure spreading, by vacuum tanker cubic meter 21.685 0.000 0.000
market for potassium chloride, as K20 kilogram -75.735 0.000 0.000
market for phosphate fertiliser, as P205 kilogram -43.510 0.000 0.000
market for nitrogen fertiliser, as N kilogram -129.017 0.000 0.000
market for polyacrylamide kilogram 0.000 0.000 20.002
transport, tractor and trailer, agricultural ton kilometer 0.000 0.000 427.653
market for electricity, low voltage kilowatt hour 0.000 0.000 64.168
market for liquid manure storage and processing...  cubic meter 0.000 0.000 0.001
anaerobic digestion plant construction, agricul... unit 0.000 0.000 0.000
heat and power co-generation, natural gas, IMW ...  megajoule 0.000 -7548.223 0.000
heat and power co-generation, natural gas, IMW ...  kilowatt hour 0.000 -1822.929 0.000
heat and power co-generation unit construction,... unit 0.000 0.000 0.000
heat and power co-generation unit construction,... unit 0.000 0.000 0.000
heat and power co-generation unit construction,... unit 0.000 0.000 0.000
market for lubricating oil kilogram 0.000 0.533 0.000
market for waste mineral oil kilogram 0.000 -0.533 0.000
Table 4. Life Cycle Inventory for emissions, dbiogas production and utilization.
Unit Agricultural ~ Storage and trans.  Energy
Lead kilogram -0.000 0.000 0.000
Cadmium kilogram -0.001 0.000 0.000
Chromium kilogram -0.011 0.000 0.000
Carbon dioxide, fossil kilogram -3151.968 0.000 0.000
Phosphate kilogram 0.134 0.000 0.000
Nickel kilogram 0.004 0.000 0.000
Carbon dioxide, from soil or biomass stock kilogram 1533.367 0.000 0.000
Nitrogen oxides kilogram -0.281 0.000 0.000
Ammonia kilogram 10.933 0.000 0.000
Copper kilogram 0.106 0.000 0.000
Nitrate kilogram 19.052 0.000 0.000
Dinitrogen monoxide kilogram 0.730 0.000 0.000
Zinc kilogram 0.703 0.000 0.000
Mercury kilogram 0.001 0.000 0.000
Methane, from soil or biomass stock kilogram 0.000 0.000 36.086
Carbon dioxide, from soil or biomass stock kilogram 0.000 0.000 34.204
Nitrogen oxides kilogram 0.000 0.000 1.706
Nitrogen kilogram 0.000 0.000 4.778
Ammonia kilogram 0.000 0.000  32.096
Dinitrogen monoxide kilogram 0.000 0.000 3.357
Methane, from soil or biomass stock kilogram 0.000 5.719 0.000
NMVOC, non-methane volatile organic compounds, ...  kilogram 0.000 0.036 0.000
Platinum kilogram 0.000 0.000 0.000
Sulfur dioxide kilogram 0.000 1.067 0.000
Carbon monoxide, from soil or biomass stock kilogram 0.000 0.854 0.000
Dinitrogen monoxide kilogram 0.000 0.044 0.000
Nitrogen oxides kilogram 0.000 0.267 0.000
Carbon dioxide, from soil or biomass stock kilogram 0.000 1492.460 0.000
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A.2 LCIA level 4 results
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(b) Storage and transportation.
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(c) Energy system.

Figure 27. Level 4 climate change, disaggregated LCIA midpoint results in kg Carbon dioxide-equivalence per hectare.
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(c) Energy system.

Figure 28. Level 4 particulate matter formation, disaggregated LCIA midpoint results in kg PM10-equivalence per hectare.
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Figure 29. Level 4 depletion of abiotic resources, disaggregated LCIA midpoint results in kg Antimony-equivalence per hectare.
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