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A wide range of calculators have been developed to assess the greenhouse gas (GHG) emissions of
agricultural products, including biomass for bioenergy production. However, these calculators often fail
in their ability to take into account the differences in pedoclimatic conditions, agricultural management
practices and characteristics of perennial crops and crop rotations. As a result, the predictions of GHG
emissions by these calculators are characterized by a high level of uncertainty, and calculators may fail in
their ability to detect mitigation options along the production chain. The aim of this study was to analyze
the available calculators for calculating GHG emissions from energy crop cultivation based on Carbon
Footprint (CFP) approaches according to the goal and scope of the calculator, the methodology used to
account for GHG emissions from energy crop cultivation, energy crop cultivation management practices
and the ability to model crop rotation. Out of 44 environmental assessment calculators for agricultural
products, we identified 18 calculators which are capable of assessing GHG emissions from energy crop
cultivation. These calculators differ in their goal and scope and which farming operations related to crop
management are taken into account; this makes it difficult to compare and interpret the results from
these CFP assessments. Only seven calculators out of 18 can calculate GHG emissions from energy crop
rotations. At the moment, none of these calculators are able to consider actual effects from energy crops
in rotation in the context of nutrient shifts, reductions in the use of agricultural operating needs, or the
sequence and composition of crop rotations. However, by expanding the system boundaries of the CFP
study, by taking the whole energy crop rotation and local agricultural management practices into ac-
count, the opportunity to identify more GHG mitigation options increases.

& 2016 The Authors. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Human influence on climate change was again confirmed by
the latest report from the Intergovernmental Panel on Climate
Change (IPCC) [1]. Anthropogenic greenhouse gas (GHG) emissions
from fossil fuel combustion and industrial processes contributed
about 78% to the total increase of GHGs in the atmosphere over the
last 40 years [1]. Furthermore, the Agriculture, Forestry and Other
Land Use sector (AFOLU) accounted for about a quarter of an-
thropogenic GHG emissions [1]. In response to this, a growing
number of governments have begun introducing renewable en-
ergy policies in an effort to reduce GHG emissions by replacing
non-renewable fossil fuels with renewable energy sources. The
European Commission has committed itself to increase the pro-
portion of renewable energy to 20% of the overall share of the
energy consumption and to 10% of transportation-related energy
consumption by 2020 [2]. In 2008, 12.9% of the total global pri-
mary energy supply had already originated from renewable energy
sources, of which bioenergy contributed the dominant share (80%)
[3]. This implies that the production and use of biomass to gen-
erate power, heat and fuel has significantly increased in recent
years [4].

Biomass for the supply of energy is traditionally obtained from
fuelwood. However, in the last decade, the use of crop residues
and dedicated energy crops delivering the demanded biomass
increased. Energy crops are agricultural crops solely cultivated for
energy-related use. Several food crops (e.g. maize or sugar beet)
can also be grown as energy crops if they have high yields and,
preferably, a low demand for agrochemical inputs [5].

Energy generation from energy crops has an almost-closed CO2

cycle (in which the combustion of biomass releases the same
amount of CO2 as was captured by the crop during growth).
However, it is not carbon neutral over its whole production chain,
since GHG emission occurs during the production stage, e.g.
through production of fertilizer, pesticides, farming machinery or
fuel combustion from machinery used [5]. Agricultural manage-
ment practices have a considerable effect on the amount of GHG
emissions from energy crop production and, correspondingly, on
the entire biomass energy production chain [6]. Consequently,
agriculture, including energy crop cultivation, holds significant
potential for reducing GHG emissions [7].

However, appropriate assessment tools are required to identify
the GHG emission benefit of bioenergy compared to its fossil al-
ternatives. The most widely used approach is the Life Cycle As-
sessment (LCA) defined by ISO Standards 14040 [8] and 14044
[9,10].

LCA is defined as a method for compiling and evaluating all
inputs, outputs and the potential environmental impact of a pro-
duction system throughout its life cycle. It enables the user to
measure and quantify the environmental impacts of a product.
Furthermore, it helps to identify hot spots where the most sig-
nificant impacts occur, giving the user the opportunity to develop
strategies for improving the product's environmental performance
[8].

In addition to the LCA guidelines, the Carbon Footprint (CFP)
defined by ISO Standard 14067 [11] provides requirements and
guidelines for the quantification and communication of GHG
emissions in a production chain. The CFP is a specific method
within the LCA approach and summarizes all GHG emissions and
removals occurring within the established product system
boundaries, expressed as CO2 equivalents. There are a considerable
number of tools working with the CFP approach for calculating the
GHG emissions from agricultural products [12,13]. An overview of
currently available tools for quantifying GHG emissions at land-
scape scale from AFOLU was provided by Denef et al. [13]. They
divided those tools into three categories: (1) calculators, (2) pro-
tocols and guidelines, and (3) process-based models. Based on
these results a review of these tools was conducted by Colomb
et al. [14,12] to evaluate the methodological differences between
these tools, to promote transparency and to provide guidance for
the user to choose the most appropriate tool. As distinct from
Colomb et al. [14], our review focuses only on calculators, in-
cluding web-based and software-based calculation tools, which
are able to quantify GHG emissions from energy crop cultivation at
farm scale. For this subset we provide an extended analysis of the
complex crop cultivation system, including an evaluation of the
calculators for their ability to take energy crop production specific
characteristics, crop rotation effects and farm specific manage-
ment practices into account.

CFP calculators are used by farmers, agricultural suppliers and
scientists to identify the potential for GHG mitigation in their local
agricultural production chains [15]. In order to be able to detect
these GHG emission mitigation potentials, however, calculators
should account for local agricultural management practices on the
farm and especially for energy crop specifications by taking into
account differences in pedoclimatic conditions, farming practices,
farming technologies [16], the characteristics of perennial crops
[17], and crop rotations (sequence and composition of crops) [18].
Diversification of crop rotation patterns is one option for GHG
emission reduction in cropping systems [19], but CFP studies from
crop cultivation typically only take into account one vegetation
period of one single crop [18]. Accordingly, as agriculture systems
are highly complex, not all underlying material flows can be
quantified when the assessment is limited to such a short time
period. As result, calculation systems leave out crop rotation ef-
fects, including all interactions between the previous crop and the
assessed crop, such as nutrient shifts, reduction in the use of
agricultural operating needs, different intensity and the timing of
farming activities [18]. Furthermore, CFP studies frequently fail to
adequately consider the specifics of energy crop cultivation, such
as differences in the timing of sowing and harvesting dates, the
allocation of byproducts (e.g. the production of digestate and its
reuse as fertilizer), and cultivation management (e.g. increased
fuel use for the whole plant harvest, tillage frequency, and



Fig. 1. Selection process for GHG emission calculators for energy crop cultivation.
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fertilizer quantities) [5,20].
There are various case studies that use the CFP approach to

assess the GHG emissions of biomass energy production. Cher-
ubini and Strømman [20] presented an overview of these case
studies and an assessment of the key methodological issues. They
pointed out that there are wide ranges and uncertainties in bioe-
nergy CFP case studies due to differences in methodological as-
sumptions (e.g. different reference systems, the database used,
functional units, and allocation procedures) and the many vari-
ables involved in this calculation (e.g. selection of system bound-
aries, including land use change and accounting for field emissions
from different fertilizer types and crop residues). Furthermore,
some of these key parameters regarding agricultural processes are
still not well understood and depend heavily on local and climate
conditions [21].

The aim of this paper is to review currently available calculators
for their ability to quantify GHG emissions from energy crop cul-
tivation by taking into account the specific features of energy crop
production and local management practices (as explained above).
Following Buytaert et al. [22], who note that LCA is the most sui-
table assessment tool to assess emissions from bioenergy pro-
duction systems, we focused our review on calculators that are
based on the specifications of the LCA approach for GHG emission
assessment, the CFP. Additionally, for CFP studies focusing on
agricultural processes, the system boundary can be restricted to
“cradle to farm gate” instead of “cradle to grave” to avoid compli-
cations of a full CFP study [23]. Following the recommendation of
Audsley et al. [23], we set the system boundaries of our study at
the farm gate ending with crop harvest, but including byproducts
such as organic fertilizers (e.g. digestate, manure, slurry). Our
analysis of the calculators is based on four criteria: (1) the goal and
scope of the calculator, (2) the methodology used to account for
GHG emissions from energy crop cultivation, (3) energy crop cul-
tivation management and (4) the ability to model crop rotation.
2. Materials and methods

The review process was performed in three steps: first, we
identified calculators which account for GHG emissions of agri-
cultural products. Out of these, in the second step, we identified
the calculators which could account for GHG emissions from en-
ergy crop cultivation. In the third step, we analyzed and compared
the resulting calculators regarding to the four criteria described in
Table 2.

2.1. Material: identifying GHG calculators for energy crop cultivation

Our search for calculators was carried out in English and Ger-
man and covered only published information, which includes
peer-reviewed literature, reports, calculator descriptions and
websites. A systematic database search of peer-reviewed articles
was conducted using the electronic Web of Science. All analyses
were conducted between January and November 2014. The fol-
lowing thematic search terms were used: energy crops AND re-
view, LCA AND agriculture, environmental impact AND bioenergy,
Carbon Footprint AND energy crops, LCA AND modeling AND
bioenergy. The composite terms were placed inside quotation
marks, and an asterisk was used at the end of each term to capture
all possible extensions and variations of a particular word. The
documents were considered relevant if they matched at least one
of the topical search terms in their titles, abstracts or keywords
and were published in the last 25 years. After identifying the re-
levant papers, we used references and citations from these papers
to search for cited reports, websites and models. In two cases we
consulted the software developer directly for further information.
Calculators that were developed exclusively for internal use by
companies, consultancies or scientists for a very specific product
were not included in our review. In the end, we identified 44
environmental assessment calculators for agricultural products. An
overview of these 44 calculators, including their specific proper-
ties (user interface, method, GHG indicator, availability, target user
group and literature source) is provided in Table S1 (supplemen-
tary material).

Fig. 1 depicts our selection process. Methodologies for gov-
ernmental certifications of bioenergy sustainability often use CFP
methodology [24,25] and the guidelines of the IPCC for AFOLU [26]
to assess GHG emissions from biomass production [24,25].
Therefore, we selected all calculators out of the 44 earlier identi-
fied calculators which were able to calculate GHG emissions from
crop cultivation (focusing on all processes occurring from “cradle
to farm gate”) following this methodology and these guidelines.
The result is that all GHG emissions occurring during the pro-
duction process are aggregated into one single impact category of
“climate change” by using the category indicator the Global
Warming Potential (GWP) or CML 2001 [7,27]. Calculators fol-
lowing other environmental assessment methods as described by
Payraudeau and van der Werf [28] were excluded, as well as cal-
culators designed to model detailed soil-plant-atmosphere pro-
cesses on farms. Adopting these criteria in our selecting process,
we identified 34 calculators matching these criteria.

From the remaining 34, we selected all calculators that were
able to model GHG emissions from arable crop cultivation. Cal-
culators modeling only horticultural crops and calculators working
only with fixed datasets for crop cultivation, without the possibi-
lity to modify the inputs and outputs or cultivation processes,
were excluded. This resulted in 31 suitable calculators.

Finally, from the remaining 31 we selected all calculators that
were capable of calculating GHG emissions from energy crop
cultivation. Since several arable crops for food, feed or fiber pro-
duction can also be grown as energy crops, our analysis included
calculators designed for GHG emission assessment from arable
crop cultivation; while these are not exclusively designed for en-
ergy crops, they nevertheless are capable of assessing GHG emis-
sions from energy crop cultivation as well. Calculators modeling
crops without any specification of crop type or only with broad
crop categories (e.g. general cropping system, rice fields) without a
category for energy crops were excluded. Eighteen calculators
were identified that fulfill the requirements (Table 1).

Thirteen of the calculators are freely available and can be
downloaded directly from their website or by contacting the de-
veloper. We tested these calculators to determine their features,



Table 1
Overview of the 18 selected calculators for GHG emissions from energy crop cultivation.

Name Full title Developed by Reference

Agri-LCI
models

Agricultural Life Cycle Inventory
models

Cranfield University, UK http://www.cranfield.ac.uk/about/people-and-resources/schools-and-de
partments/school-of-applied-sciences/groups-institutes-and-centres/
cwsi-software/CWSI-AgriLCA-download.html? ref¼161050, accessed: 25.
09.2014

BioGrace Biofuel Greenhouse Gas Emissions in
Europe

Agency NL, IFEU, BIO IS http://www.biograce.net/content/ghgcalculationtools/recognisedtool,
accessed: 29.10.2014

CAPRI Common Agricultural Policy Re-
gionalized Impact analysis

University of Bonn http://www.capri-model.org, accessed:11.11.2014

CFF Farm Carbon Calculator Farm Carbon Cutting Toolkit http://www.cffcarboncalculator.org.uk, accessed: 29.10.2014
COMET FARM Whole Farm And Ranch Carbon And

Greenhouse Gas Accounting System.
United States Department of Agri-
culture, Colorado State University

http://www.cometvr.colostate.edu, accessed: 26.09.2014

CFT Cool Farm Tool Cool Farm Alliance http://www.coolfarmtool.org/CftExcel, accessed: 15.01.2015;[54]
C-Plan Carbon Footprint Calculator CPLAN 2014 (Scottish Farmer) http://www2.cplan.org.uk, accessed: 12.11.2014
FarmGAS FarmGAS Calculator And Financial Tool Australian Farm Institute http://calculator.farminstitute.org.au, accessed: 12.11.2014
FSGGEC Farm System Greenhouse Gas Emis-

sions Calculator
Michigan State University http://surf.kbs.msu.edu, accessed: 13.11.2014

GaBi Product Sustainability Solution PE International http://www.gabi-software.com, accessed: 22.01.2014
GEMIS Global Emission Model Integrated

Systems
International Institute for Sustain-
ability Analysis and Strategy

http://www.iinas.org/news-de.html, accessed: 21.02.2014

HGCA 1 Biofuel Greenhouse Gas Calculator Agriculture and Horticulture De-
velopment Board

http://www.hgca.com/tools/biofuel-greenhouse-gas-calculator.aspx, ac-
cessed: 14.08.2014

HGCA 2 Carbon Footprinting Decision Support
Tool

Agriculture and Horticulture De-
velopment Board

http://www.hgca.com/tools/carbon-footprinting-decision-support-tool.
aspx, accessed: 14.08.2014

IFSC Illinois Farm Sustainability Calculator University of Illinois https://ideals.illinois.edu/handle/2142/13458, accessed: 15.08.2014
openLCA Open Source LCA Software GreenDelta http://www.openlca.org, accessed: 14.09.2014
SALCA Swiss Agricultural Life Cycle

Assessment
AGROSCOPE http://www.agroscope.admin.ch/oekobilanzen/01199/index.html?

lang¼de, accessed: 22.01.2014
SimaPro Sustainable Performances Of Products

And Services
Pré http://www.pre-sustainability.com/software, accessed: 21.02.2014

Umberto LCA And Environmental Product De-
claration Software

ifu Hamburg http://www.umberto.de/en, accessed: 21.02.2014
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inputs and outputs, functionality and operability. For all 18 cal-
culators, their methodological and practical aspects were obtained
from published information, including peer-reviewed literature,
reports and calculator descriptions on the websites, plus the re-
sults from our calculator tests.

Before analyzing them in the third step of our review, we
screened them for their ability to assess GHG emissions from en-
ergy crop rotations and their effects. Seven of these 18 calculators
were capable of modeling energy crops in rotation, but none of
these calculators could assess energy-crop rotation effects like
interactions between crops such as nutrient management or green
manuring.

2.2. Method: analytical framework for analyzing GHG calculators for
energy crop cultivation

The CFP methodology defines four phases to assess GHG
emissions along the production chain: (1) the goal and scope de-
finition phase, (2) the inventory analysis phase, (3) the impact
assessment phase and (4) the interpretation phase [11]. The first
phase defines the general framework of the CFP study. The data
collection for each process is carried out in the second phase, and
this data is summarized into one CFP result in the third phase. In
the final CFP phase, the results from the first three phases are
evaluated in light of their completeness and sensitivity; on this
basis, researchers form their conclusions, including any limitations
of the study and finally give recommendations. The adoption of
these phases in GHG emission calculators is essential for the cal-
culated result and therefore for the applicability and utilization of
the results. As the first three CFP phases are particularly relevant
for the design and development of the calculator and for the re-
sults of the CFP study, we focused on the first three phases in our
study.

We chose the following four criteria for the comparison of the
selected calculators: (1) the goal and scope of the calculator,
(2) the methodology used to account for GHG emissions from
energy crop cultivation, (3) energy crop cultivation management
and (4) the ability to model crop rotation. These criteria were as-
signed to the first three CFP phases, and indicators and variables
related to these CFP phases were identified (Table 2). The im-
portance and relevance of each criterion (including CFP phases,
indicators and variables) are described in detail in the following
paragraphs.

2.2.1. Goal and scope
The following indicators should be considered and clearly de-

scribed in the first CFP phase: the goal of the study, the system
boundary, the allocation method and the functional unit [11]. By
defining these indicators, the limits of the processes included in
each calculator as well as the working plan of the entire CFP study
can be defined.

When characterizing the goal of CFP studies, the intended ap-
plication and audience as well as the reason for the study has to be
defined [8]. GHG emission assessment of crop production can be
undertaken for various reasons. Colomb et al. [14] divided these
reasons into four categories: raising awareness, reporting, project
evaluation and product assessment. Calculators whose goal is
raising awareness often have an educational purpose by giving
information about climate change in crop cultivation and are often
used by farmers and farming consultants. Calculators in the sec-
ond category, reporting, assess GHG emissions at the farm level
(used by farmers) or landscape level (used by policy-makers) to
compare results with other farms or countries and to help propose
GHG mitigation options. The third category, project evaluation,
includes calculators assessing the GHG emissions of a project or a
policy, often used by policy-makers, NGOs, technicians or con-
sultants comparing different projects (e.g. different management
systems, agricultural innovations). The fourth category, product
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Table 2
Assignment of the four criteria for analyzing the 18 selected GHG emissions calculators from energy crop cultivation to the CFP phases and their related indicators and
variables.

Criteria CFP phase Indicator Variables

Goal and scope of the calculator Goal and scope
definition

Goal of the calculator -Raising awareness
-Reporting
-Project evaluation
-Product assessment

System boundaries -Process definition: “cradle to grave” or “cradle to
farm gate”
-Calculation scale: global, national or farm level
-Time horizon: one year or multiple years

Allocation method -Expanding and substituting other products
-Specific indicator
-Avoid allocation

Functional unit -Per unit area
-Per unit product
-Per emission category
-Per farm

Methodology used to account for GHG
emissions from energy crop cultivation

Goal and scope
definition

Data requirements, assumptions and quality
requirements

-Calculation pathway: Tier 1, 2 or 3
-Country specific (calculation method)

Inventory analysis Kind of database used -E.g. Ecoinvent, RED, IPCC, Agri-Footprint LCI
database

Impact assessment Impact category “Climate Change” -Global warming potential for 20, 100 or 500 years
Energy crop cultivation management Inventory analysis Indirect GHG emissions (caused by the

manufacture of agricultural farming operat-
ing needs)

-Including: fertilizer, pesticides, building materials,
seeding material, energy, fuel or machinery
-Distinguish among pesticides
-Distinguish among fertilizer

Direct GHG emissions (induced by farming
processes)

-Distinguish among: mineral fertilizer types
-Including: organic fertilizer (digestate)
-Distinguish among: organic fertilizer types
-Including: crop residues
-Including: fuel combustion
-Distinguish among: tillage types
-Including: land use change

Calibrated energy crops -Energy crop species
-Including: perennial crop
-Including: undersowing

Ability to model crop rotations Inventory analysis Crop rotation effect -Including: catch crops or green manure
-Including interaction between previous crop and
assessed crop: nutrient management, timing of
farming activities
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assessment, covers calculators used by private businesses for as-
sessing GHG emissions from agricultural production chains to
compare different production systems and to provide GHG re-
duction plans.

The system boundary defines processes, inputs and outputs of
the production system to be included in the inventory analysis [8].
The CFP study may be performed for the complete production
chain “from cradle to grave” to the end product – e.g. biodiesel
from oilseed rape, or just for the first product in the production
chain, “from cradle to farm gate” – e.g. rapeseed cultivation. If the
objective of the study is to evaluate GHG emissions from the
cultivation process, the post farm gate processes can be neglected
in the assessment. However, for determining the global impact up
to consumption, all processes “from cradle to grave” (including
post-farm gate processes) should be considered in the assessment
[17]. Depending on the goal of the calculator, the scale of the as-
sessment can range from the global level, to the national, regional
or individual farm level, or even down to individual farming
processes.

The time scale is another important factor in the system
boundary consideration. CFP can be carried out for the whole life
cycle of one crop, which could be less than one year for annual
crops or more than one year for perennial crops. It is essential to
define the time scale for each CFP and describe the findings in the
CFP report in order to make it comparable to other CFP studies.
Annual crops are typically assessed for one vegetation period from
seedbed preparation to harvesting. The influence of the previous
crop on the assessed crop is often outside the system boundary of
typical CFP studies. For perennial crops, the system boundaries can
be set either to one single production year or to the entire life
cycle, from crop establishment to the final harvesting period.
Further reflections on this complex issue of modeling crop rota-
tions and the effects it has on single crops, will be discussed in
Section 2.2.3.

Allocation issues occur when a single process delivers more
than one product or service (multifunctional process). Energy crop
cultivation and processing of biomass can lead to multiple outputs,
e.g. oil and oilseed meal from oilseed crushing, or biogas and di-
gestate from anaerobic biomass digestion. There are three differ-
ent methods available to allocate the processes emissions to dif-
ferent products [29]. The first allocation method expands the
system boundary (until the use of the byproduct is included) and
then applies the substitution method. The second method divides
the emissions of the entire system among the different byproducts
by using a specific indicator (either a physical indicator, e.g. weight
or energy content, or a socioeconomic indicator, e.g. market value).
The third allocation method ignores the allocation process and
allocates all emissions to the main product or avoids allocations by
using a suitable fictional unit. The chosen allocation method is
extremely important for bioenergy systems, due to its large impact
on the final CFP result [21].

The functional unit should be consistent with the goal and
scope of the CFP study and provide a reference unit for all life cycle
flows and indicators, allowing the comparison between systems
[9]. The results from CFP studies from energy crop production can
be expressed as kg of CO2 equivalent per unit area; per unit
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product; per emission category or per farm.

2.2.2. Methodology used to account for GHG emissions from energy
crop cultivation

Defining the data requirements, assumptions and quality re-
quirements of the data is part of the first CFP phase and is influ-
enced by the goal of the calculator and the goal of the CFP study
correspondingly. The IPCC provides three calculation pathways,
called Tiers, in the AFOLU guidelines to account for land-based
GHG emissions [26]. The Tiers differ in their degree of complexity:
Tier 1 is the least accurate methodology, though the simplest to
use, as it provides equations and global default values; Tier 2 may
use the same methodological approaches as Tier 1, but requires
specific regional data and emission factors, while Tier 3 level
methodologies are based on actual measurements or model si-
mulations. Using a higher Tier generally improves the accuracy of
the inventory analysis and reduces uncertainty, but requires a
higher amount and quality of input data. Making sure that the
chosen GHG emissions calculation pathway (Tier) corresponds to
the geographical coverage of the calculator is very important [14].
Global or national calculators use the Tier 1 approach, in which
only a small amount of input data is required and global or country
average emission factors are used. Calculators using the Tier
2 approach often focus on a regional application, and pedoclimatic
and management data is needed. Using the Tier 3 approach for
assessing the GHG emissions enables the calculator to obtain
farm-specific results in different timeframes (day, month and/or
year). However, this requires specific measurements or complex
pedoclimatic and management input data, which is often too time-
consuming to obtain. Furthermore, calculators using the Tier
3 approach are locally restricted or focus on a specific product or
emission processes; this could be unfeasible for most CFP studies.
The results of the GHG calculator and the integrated calculation
pathway can only be as precise and reliable as the input data used
to compute these results.

Various LCA databases are available, providing datasets from
agriculture, energy supply, transportation, biofuels and biomater-
ials, bulk and special chemicals, construction and packaging ma-
terials, basic and precious metals, and metal processing, as well as
waste treatment. These datasets integrated in the calculators en-
able users to calculate their production chain by simply combining
the single production steps which are provided in a kit of modules
from the chosen database. All datasets are representative of pre-
viously completed LCA study results. The result of a CFP study
largely depends on which database is used.

In the third CFP phase, the impact categories and category in-
dicators are selected consistent with the goal of the study. The
collected emission data from the inventory analysis are assigned to
the selected impact category [9]. In our review, we focused on
calculators following the IPCC guidelines [26] and using the impact
category “climate change” with the category indicator GWP [7,27].
The GWP can be calculated over a specific time interval: 20, 100 or
500 years, and aggregates all emitted GHG into one unit (kg of CO2

equivalent per functional unit), which makes it easier to compare
GHG emissions from different products.

2.2.3. Energy crop cultivation management
The production of biomass from energy crops requires multiple

steps: tillage, sowing, fertilization, use of pesticides, and harvest.
GHGs are emitted from each farming operation. However, agri-
cultural croplands that are intensively managed offer many op-
portunities for reducing GHG emissions through changes in
agronomic practices [7]. The IPCC [26] recommends taking into
account all indirect and direct emissions caused by farming op-
erations when calculating the CFP of crop cultivation. Indirect
emissions occurring during the production of all inputs
(agricultural operating needs such as seeds, fertilizer, pesticides,
agricultural machinery, fuel, building materials and energy) and
have often been considered by using combined emission factors
expressed in CO2 equivalent from available databases. Indirect
emissions from the production of agricultural operating needs can
have a significant impact on the CFP results [23]; fertilizer pro-
duction in particular is responsible for high GHG emissions [30].
Therefore, distinguishing between fertilizer types used in agri-
cultural production can have a great impact on the CFP results
[30]. The production of pesticides is less GHG emission intensive,
but the distinction between different types can affect the CFP re-
sult as well.

Direct GHG emissions occur on the field through the applica-
tion of crop residues and fertilizer (organic and mineral). Ac-
cording to the IPCC guidelines for AFOLU [26], CO2, N2O and CH4

should be considered for direct emissions and NH3 and NOx for
indirect emissions when estimating anthropogenic GHG released
during crop cultivation. CO2 emissions result from liming and urea
application. Nitrous oxide (N2O) emissions from managed soils
arise from anthropogenic nitrogen input, such as mineral and or-
ganic fertilizer and crop residues, including N2O through two in-
direct emissions pathways. The first indirect N2O pathway is ni-
trogen volatilization, which occurs for example when NH3 and NOx

are deposited onto soil and water. Leaching and runoff of nitrogen
from fertilizer application is the second pathway for indirect N2O
emissions. Both indirect emissions pathways lead to further pro-
cesses in which N2O emissions occur. The type of fertilizer applied
on the field affects the direct and indirect GHG emissions caused
by the fertilizer [31]. This can be seen in a simple form, by dis-
tinguishing between mineral and organic fertilizer in general, but
also in a more advanced distinction as seen between mineral and
organic fertilizer types. The use of digestate as an organic fertilizer
to substitute for mineral fertilizer is one option for reducing GHG
emissions [32] by eliminating the GHG emissions from mineral
fertilizer production. However, digestate application increases
diesel consumption and correspondingly GHG emissions [33].
Consequently, the possibility of distinguishing between fertilizer
types could be beneficial for the CFP of energy crop cultivation.

From crop residues remaining on the field, GHG emissions oc-
cur through the process of nitrification and denitrification, and
should be included in the CFP calculations. The amount of nitrogen
added to the field annually through crop residues (above-ground
and below-ground) including nitrogen-fixing crops, is related to
crop type, yield, residual nitrogen content, ratio of below-ground
and above-ground biomass and the crop management system
(what is left on the field, e.g. straw, stubble) [26].

CO2, CH4 and N2O and other air pollutants (e.g. CO, NOx) are
emitted during fuel combustion [34]. The amount of fuel used for
each cropping system as a function of machinery operation for
tilling, drilling, seeding and harvest is related to machinery per-
formance (technical standard) and the type of machinery used, soil
type, and harvest yield, as well as crop management (e.g. the til-
lage system, the amount and type of fertilizer and pesticides ap-
plied) [35].

CO2 emissions can occur through changes in soil organic carbon
(SOC) stock changes caused by changes in the land use and man-
agement regime, called a Land Use Change (LUC). According to ISO
14067 [11], GHG emissions through LUC should be integrated, but
documented separately in CFP studies.

The choice of crop can have a high impact on GHG emissions
from the whole production system as well as on N2O and NO
emissions from fertilized fields [31]. Therefore, a parameter ad-
dressing the type of energy crop should be included in GHG
emission calculators. A wide range of species can be used as en-
ergy crops, but the intensity of crop management depends on the
species selected. Energy crop production management is in many
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ways similar to conventional food crop management. Crops with
rapid growth, a high yield of usable biomass, an ability to grow
under adverse weather and poor soil conditions, and with a high
resistance against pests and diseases are favored as energy crops
[36]. Sometimes, energy crops can have different crop manage-
ment requirements than food crops [36], especially if the selected
species has not traditionally been grown in the area (e.g. Sorghum
in Central Europe) or if perennial crops are used instead of annuals
(e.g. Miscanthus sinensis, Silphium perfoliatum). If food crops are
grown as energy crops, alternative genotypes less suited for food
production but with lower input requirements may be used [37].
However, biomass yield still depends on climate and soil condi-
tions, fertilizer supply, and the timing of sowing and harvesting
[38].

Perennial crops can have several benefits compared to annual
crops. The inputs of a perennial cropping system are lower because
the crop only has to be established once and the long-living roots
can interact with the ecosystem, which can be beneficial to the
nutrient balance of the soil [36]. When describing the crop man-
agement of perennial crops, the whole life cycle should be taken
into account, since the agricultural performance of the crop cor-
relates with the age of the plants. During crop establishment and
at the end of the crop cycle, productivity is lower than in the years
between these two phases. Consequently, the CFP of perennial
crops may be underestimated when assessing only a single pro-
ductive cultivation year and ignoring the other cultivation stages.
Hence, the inclusion of detailed inventories of agricultural man-
agement at each stage of perennial crop cultivation would improve
CFP calculation and the reliability of the assessment results [17].
Integrating undersowing crops (sowing a secondary crop under-
neath the main crop) into crop management may also have a
positive influence on the CFP result [39].

2.2.4. Ability to model crop rotation
Energy crops can be included in traditional food crop rotations

or can be grown in self-contained rotations. In general, crop ro-
tation improves soil fertility (by enhancing soil structure, reducing
soil erosion and maintaining sufficient content of soil organic
matter), nutrient use efficiency (reduced and demand-oriented
fertilizer use), and biodiversity (improved crop diversity). Crop
rotation also tends to reduce the input of crop protection agents
and increase crop yields [37]. The system boundaries in agri-
cultural CFP are typically set at one vegetation period of one single
crop [18]. However, as agriculture systems are highly complex,
often not all underlying material flows can be quantified when the
assessment is limited to such a short time period. Including all
interactions (crop rotation effects) between the previous crop and
the assessed crop in the CFP was recommended as a possible so-
lution by Brankatschk and Finkbeiner [18]. When looking at only
one vegetation period, it can be difficult to consider the exact
nutrient supply, since each crop uses different amounts of nu-
trients and leaves different residue nutrients in the field. Another
effect of crop rotations can be the improvement of phytosanitary
conditions by reducing the pressure of disease and infestation by
parasites. Therefore, the previous crop can affect nutrient and
pesticide management for subsequent crops. By switching crops in
a crop rotation, the intensity and timing of farming activities can
be influenced, since the soil structure and texture are influenced.
Crop residues remaining on the field or the introduction of green
manure crops or catch crops in the crop rotation can have a major
impact on the subsequent crop and on the crop rotation as a whole
by affecting the soil properties and fertility, and correspondingly
the achievable yield [18,19]. Today's CFP studies typically assess
each crop independently if crop rotations are assessed, but by
doing so they lose the ability to reflect the effects of crop rotation
itself [18]. For this reason, the whole crop rotation should be
assessed in CFP of energy crop cultivation in order to assess all
effects related to crop rotation. This includes the consideration of
all shifts of inputs in the crop rotation from one crop to the sub-
sequent crop; otherwise the previous crops within the crop rota-
tion carry the GHG emission burden from the following crops.
3. Results

3.1. Goal and scope of the GHG assessment calculators

Not all 18 identified calculators have assessment of GHG
emissions from energy crop cultivation as their only goal, with a
target audience of farmers or private companies. However, all of
them included a possibility for GHG assessment from energy crop
cultivation in their goal and scope definition. Nevertheless, the
objective of each calculator and user group varies (Table 3). C-Plan
and Farm GAS (both web-based) were mainly designed to raise
awareness among farmers, consultants, students and land man-
agers. They are both focused on giving an initial overview of farm-
related GHG emissions and the impact of farm management de-
cisions on GHG emissions.

BioGrace, CFF, COMET-FARM, FSGGEC, HGCA 1 and IFSC have
the purpose of reporting accurate GHG emissions for subsequent
comparisons between farms or countries. BioGrace and HGCA
1 are both based on Microsoft Excel, and were developed for the
purpose of calculating the entire CFP (“from cradle to grave”) of
biofuel production from biomass. Both calculators were designed
for politicians or consultants to support decision-making and to
design national GHG reduction programs, and for farmers to see
how changes in management practices could affect the overall
GHG emissions of the resulting biofuel production. CFF, COMET-
FARM and FSGGEC are web-based calculators developed to sup-
port farmers to estimate the CFP of their farm or single products
with a focus on carbon sequestration and crop management. IFSC
addresses the same topic, but is Excel-based. All four calculators
have the goal of identifying mitigation options of GHG emissions
on the farm and to report the CFP results voluntarily to national
GHG emission reports or for CFP labeling and for comparing CFPs
from similar products.

Only one of the 18 calculators under review, CAPRI, was de-
veloped for the purpose of project evaluation. CAPRI is a multi-
purpose modeling system software for EU agriculture developed
for policy-makers and scientists to analyze research questions in
relation to specific agricultural policies [40].

Nine out of 18 calculators were developed for product assess-
ment. Four of them (GaBi, openLCA, SimaPro and Umberto) are
software solutions and were originally developed to assess the life
cycle from industrial products. These tools were designed to be
used by scientists, companies or policy-makers to assess the po-
tential environmental burdens of a product in its production, use
and disposal, and to detect mitigation options in the production
chain. Agri-LCI models, CFT and HGCA 2 (all Excel-based) and
SALCA (software solution) were developed for farmers, companies
and policy-makers to assess the LCA from agricultural products
and different management systems and to derive recommenda-
tions from these results for GHG reduction. GEMIS is a life cycle
calculating software program developed for companies and policy-
makers to model energy, material and transportation flows.

All 18 calculators under study include the assessment of GHG
emission from crop cultivation “from cradle to farm gate” in their
system boundaries, but only eight of them (BioGrace, GaBi, GEMIS,
HGCA 1, openLCA, SALCA, SimaPro and Umberto) are able to ex-
tend the system boundary to the end of the life cycle of the as-
sessed production chain (Table 3). Despite the similar system
boundary of “cradle to farm gate”, each calculator includes



Table 3
Comparison of goal and scope from the 18 selected GHG emissions calculators from energy crop cultivation based on the LCA approach, including the indicators: goal, system boundaries, allocation method and functional unit.

Name Goal Cradle to Scale Time horizon Allocation method Functional unit [per unit]

Agri-LCI models Product assessment (agricultural products) Farm gate Farm Single year Indicator: economic value Product
BioGrace Reporting; CFP of biofuels Farm gate and

grave
Farm Single year Indicator: energy content Product and emission

category
CAPRI Project evaluation; decision support tool for policies

applied within the agricultural sector
Farm gate National and regional Single year Indicator: economic value and physical value Product

CFF Reporting; CFP of a farm Farm gate Farm Single year No allocation Emission category on farm
COMET FARM Reporting; CFP of a farm Farm gate Farm Single year or multiple

years
No allocation Product and area

CFT Product assessment; CFP of a farm Farm gate Farm Single year Indicator: economic value Product, area and emission
category

C-Plan Raising awareness; CFP of a farm Farm gate Farm Single year Avoid allocation (outside system) Farm and emission category
Farm GAS Raising awareness; CFP and economics of a farm Farm gate Farm Single year Indicators: provided by Australian National

GHG report or user defined
Area and emission category

Avoid allocation
FSGGEC Reporting; CFP of a farm Farm gate Farm Single year or multiple

years
No allocation Area and emission category

GaBi Product assessment (agricultural and other industrial
products)

Farm gate and
grave

Global, and national Single year or multiple
years

User specific Product, area and emission
category

GEMIS Product assessment (energy production and transport
systems)

Farm gate and
grave

National Single year User specific Product and emission
category

HGCA 1 Reporting; CFP of biofuel production Farm gate and
grave

Farm Single year Expanding and substituting other products Product and emission
category

HGCA 2 Product assessment; CFP of a farm Farm gate Farm Single year Expanding and substituting other products Product and emission
category

IFSC Reporting; farm sustainability Farm gate Farm Single year No allocation Area and emission category
openLCA Product assessment (agricultural and industrial

products)
Farm gate and
grave

Global, national, and
farm

Single year or multiple
years

User specific, according to database
implemented

Product, area and emission
category

SALCA Product assessment (agricultural products) Farm gate and
grave

Global, national, and
farm

Single year or multiple
years

Indicator: economic, area, arable area Product and emission
category

SimaPro Product assessment (agricultural and industrial
products)

Farm gate and
grave

Global, national, and
farm

Single year or multiple
years

Indicator: physical value and economic value Product, area and emission
category

Umberto Product assessment (agricultural and industrial
products)

Farm gate and
grave

Global, national, and
farm

Single year or multiple
years

User specific Product, area and emission
category
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Table 4
Comparison of methodology used from the 18 selected calculators to account for GHG emissions from energy crop cultivation, including the indicators: calculation pathway
(Tier), country specialization, database used and time horizon for the GWP assessment.

Name Tier Country Database, data source GWP [years]

Agri-LCI models 1,2 England, Wales Ecoinvent, UK Inventory Report, DEFRA and MAFF publications, farm production data-
bases, IPCC

100

BioGrace 1 EU REDa; JECb consortium, IPCC 100
CAPRI 1,2 EU, Norway, Western Balkans and

Turkey
Data from: EUROSTAT, FAOSTAT, OECD, FADN 100

CFF 1 UK UK DEFRA, IPCC 100
COMET FARM 1,2,3 USA DAYCENT, IPCC 100
CFT 1,2 Global Ecoinvent, ASABE, IPCC 100
C-Plan 1 UK IPCC, UK National Inventory 100
Farm GAS 1,2 Australia Australian Methodology for the Estimation of Greenhouse Gas Emissions and Sinks 100
FSGGEC 1,2,3 USA IPCC, SOCRATES soil carbon change model 100
GaBi 1,2,3 Global GaBi Database, Ecoinvent, US LCI 20, 100, 500
GEMIS 1 Germany REDa, IPCC 100
HGCA 1 1,2 UK IPCC, DEFRA, UK specific emission factors 100
HGCA 2 1,2 UK IPCC, DEFRA, UK specific emission factors 100
IFSC 1,2 Illinois, USA IPCC, Literature, COMET-VR soil carbon model 100
openLCA 1,2,3 Global Ecoinvent, ELCD, GaBi Databases, LCA Food, NEEDS, ProBAS 20, 100, 500
SALCA 1,2,3 EU, Switzerland SALCA LCI Database 20, 100, 500
SimaPro 1,2,3 Global Ecoinvent, ELCD, LCA Food DK, US LCI, Agri-Footprint LCI database, US Input Output li-

brary, Swiss Input Output Database
20, 100, 500

Umberto 1,2,3 Global Ecoinvent 20, 100, 500

a Renewable Energy Directive.
b European Commission Joint Research Center.
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different direct and indirect GHG emissions sources related to crop
cultivation (Tables 5, 6).

OpenLCA, SimaPro, SALCA and Umberto offer assessment of
GHG emissions at the global, national and farm scale, GaBi on the
global and the national scale, GEMIS at the national level, and
CAPRI at the national and regional scale. The other 11 calculators
were only developed to assess the GHG emissions at the farm
scale.

In 11 of 18 calculators, the time horizon for GHG emission as-
sessment was limited to one crop vegetation period (one year)
only. However, seven calculators can extend the assessment to
multiple crop cultivation periods.

Different allocation methods are used by the 18 calculators to
allocate the GHG emissions to co-products. HGCA 1 and 2 expand
the system boundaries and substitute the byproducts with other
products already included in the CFP study. Six calculators share
the system's emissions among byproducts by using specific in-
dicators. Three of them use only one indicator for allocation: Agri-
LCI models and CFT use economic indicators; energy content is
used by BioGrace. Sometimes in a multifunctional production
process it is impossible to find one appropriate indicator which
works for all byproducts. As a result, two indicators (physical and
economic, as used by CAPRI and SimaPro) or three indicators
(economic information, area and arable area as SALCA offers) can
be used for allocation. CFF, COMET FARM, C-PLAN, FSGGEC and
IFSC avoid using an allocation method and either allocate all
emissions to the main product or choose a suitable functional unit
by which the byproduct is outside the system boundary. The other
calculators provide all allocation methods and the user can choose
a suitable method according to the goals defined for the particular
CFP study.

Table 3 provides an overview of the functional units used by
the calculators to report the CFP results. COMET FARM, CFT, GaBi,
openLCA, SimaPro and Umberto provide results per unit product
and per unit area. All calculators except the Agri-LCI models, CAPRI
and COMET FARM provide the GHG emissions separately for each
emission category in addition to the total result. IFSC and COMET
FARM provide the results in imperial units, whereas all the other
calculators are metric.
3.2. Methodology used to account for GHG emissions from energy
crop cultivation

The amount of data required by each calculator depends on the
processes, activities and sources included in the calculator and on
the GHG emission calculation pathway (Tier) used. The calculators
are classified into different Tiers in Table 5 in order to distinguish
their degree of complexity of integrated methodology to account
for land-based GHG emissions. In seven out of 18 calculators, all
three Tiers were combined into one approach, e.g. COMET FARM
and FSGGEC. In GaBi, openLCA, SALCA, SimaPro and Umberto, own
more detailed data can be integrated as well. Seventeen out of 18
calculators not only use the IPCC guidelines [26], but mix different
assessment methodologies. However, the assessment methodolo-
gies chosen are always on the same complexity level as the Tier
methodology applied in the calculator. BioGrace, CFF and C-Plan
use the Tier 1 approach with global or national default values.
Seven of the 18 calculators use Tier 1 and Tier 2 approaches for
GHG emission calculation and can be modified with country-
specific emission values. Calculators including the Tier 2 approach
focus on regional application, and pedoclimatic and management
data are required. COMET FARM and FSGGEC provide a country
map, with climate and soil data, where the user can locate their
farm and run the dynamic process-based crop–soil–atmosphere
models. The Tier 3 approach requires measurements or high-re-
solution input data for model simulation, and is locally restricted.
Seven calculators use Tier 3 approach methods, but only to cal-
culate some processes included in the CFP that are crucial for the
result of the CFP; they calculate other processes using approaches
of lower complexity.

When choosing a GHG emission calculator, it is important to
know for which region or country it was developed, and conse-
quently which GHG emission default values were implemented.
Only CFT, GaBi, openLCA, SimaPro and Umberto can be used
worldwide. All the other reviewed calculators were calibrated for
specific countries.

Six out of the 18 calculators under review use the Ecoinvent
Database [41] and other agricultural and product databases (Ta-
ble 4). The Ecoinvent Database provides around 10,000 datasets
from agriculture, energy supply, transportation, biofuels,
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biomaterials and other industrial processes [41]. The datasets in-
tegrated in the models enable users to calculate their production
chain by simply combining the individual production steps, which
are provided in a kit of modules from the Ecoinvent Database. If a
specific crop or production step is not available, it is possible to
modify an existing dataset or create a dataset from scratch (e.g.
new energy crops). For most modules, global, European or national
mean values are available.

SALCA uses its own GHG assessment concept for agriculture.
This covers LCA methods adapted to the agri-food chain, such as
GHG emission calculators, and the SALCA life cycle inventory da-
tabase, based on the Ecoinvent Database [42]. OpenLCA is an open-
source software program into which freely and commercially
available databases can be integrated. The methodological ap-
proach of this calculator is equivalent to GaBi, SimaPro and Um-
berto, and the same databases can be integrated. In a similar way
to other software, it works like a kit, in which the individual
production steps are provided as freely combinable modules. The
general methodology of the other calculators is based on global,
European or national guidelines (e.g. IPCC and RED) which provide
GHG emission default factors for different cultivation-related GHG
sources. Furthermore, datasets from literature are used to assess
specific indirect and direct agricultural GHG emissions. COMET
FARM integrated the dynamic agro-ecosystem model DayCent (the
official U.S. National Greenhouse Gas Inventory model) to estimate
emissions on the field and through LUC. IFSC uses the COMET-VR
soil carbon model from COMET FARM.

Regarding GWP, the calculators GaBi, openLCA, SALCA, SimaPro
and Umberto can determine GWP for 20, 100 and 500 years, and
the user can choose the preferred indicator. All other calculators
only provide GWP for 100 years (Table 4).

3.3. Energy crop cultivation management

As mentioned above, the selected system boundaries can sig-
nificantly affect the processes, activities and sources included in
each calculator as well as the amount and quality of the input data
Table 5
Comparison of energy crop cultivation management related indirect GHG emis-
sions from the 18 selected calculators regarding indirect emissions from the
manufacture of agricultural operating needs, and the possibility of distinguishing
among different types of pesticides and fertilizer (þ¼yes; �¼ no).

Name Included operating needs
(emissions from
manufacturing)

Distinguish among types of

Pesticides Fertilizer

Agri-LCI
models

Fertilizer, building materials,
fuel

� �

BioGrace Fertilizer, pesticides, seeding
materials, energy

� þ

CAPRI All agricultural related inputs þ þ
CFF All agricultural related inputs þ þ
COMET FARM No indirect emissions from in-

put production
� �

CFT Fertilizer, pesticides, energy,
fuel

� þ

C-Plan Energy � �
Farm GAS No indirect emissions from in-

put production
� �

FSGGEC Fertilizer � �
GaBi All agricultural related inputs þ þ
GEMIS All agricultural related inputs � þ
HGCA 1 Fertilizer, pesticides � þ
HGCA 2 Fertilizer, pesticides � þ
IFSC Energy � �
openLCA All agricultural related inputs þ þ
SALCA All agricultural related inputs þ þ
SimaPro All agricultural related inputs þ þ
Umberto All agricultural related inputs þ þ
required. Table 5 gives an overview of the included indirect
emissions arising from farming processes for each calculator. In
two calculators (COMET FARM, FarmGas), indirect emissions from
the production of operating resources (e.g. machinery, pesticides
and fertilizer) are omitted. In contrast, in eight out of 18 calcula-
tors, GHG emissions for the production of all agriculturally related
inputs are embedded in the assessment (CAPRI, CFF, GaBI, GEMIS,
openLCA, SALCA, SimaPro and Umberto). This group consists of
calculators in which a large amount of datasets is provided, al-
lowing the user to decide which indirect emissions should be in-
cluded in the CFP. In GEMIS and CFF, indirect emissions from the
production of agricultural inputs are included in the calculators; in
CFF, the user can influence the values by modifying the amount of
inputs. The remaining calculators provide indirect emissions from
production for only a limited number of farming inputs – some-
times only one. Twelve out of 18 calculators include indirect
emissions from manufactured pesticides. However, only seven can
distinguish among types of pesticides by dividing pesticides into
categories: herbicides, insecticides, fungicides and lubricants.
Furthermore, with GaBi, openLCA, SALCA, SimaPro and Umberto,
the user can calculate the CFP of the individual pesticides by ag-
gregating the GHG emissions of the pesticide ingredients provided
by the database included in these calculators. The other five cal-
culators include pesticide production by aggregating emissions
from pesticide use in one category; they do not distinguish be-
tween types of pesticides. Fourteen out of 18 calculators include
indirect emissions from manufactured mineral fertilizer, but only
12 out of these 14 can distinguish among types of mineral fertili-
zers. They all provide a different number of fertilizer types. Bio-
Grace, for example, only distinguishes among mineral fertilizer
ingredients (N, CaO, K2O and P2O5) while CFT provides 35 different
types of mineral fertilizer, and the user can add new types or edit
existing ones.

Table 6 gives an overview of the included direct GHG emissions
arising from farming processes for each calculator. C-Plan and
FSGGEC do not distinguish among mineral fertilizer types; they
only take the amount of N fertilizer (sum of N in kg) applied on the
field into account. The other 16 calculators can distinguish among
mineral fertilizers to a different degree of accuracy. With the ex-
ception of FSGGEC, all calculators included organic fertilizer in
their assessment; 13 calculators can even distinguish among dif-
ferent types of organic fertilizers. Regarding digestate, only nine
calculators take this particular organic fertilizer into account.
However, they cannot distinguish among application methods
(manure chisel plow, drag shoe, drag hose or incorporated in one
hour after application) to account for the GHG emission arising
from different digestate applications. Other than Agri-LCI models,
COMET FARM and C-Plan, all calculators of the 18 include direct
GHG emissions from crop residues applied on the field.

Through the use of machinery during energy crop cultivation,
GHG emissions arise from fuel combustion. All calculators take this
into account except COMET FARM and Farm GAS. Fourteen calcu-
lators can even distinguish among different types of tillage. Agri-
LCI models and COMET FARM use categories (e.g. reduced tillage,
plow-based, direct drilling) to account for different crop manage-
ment systems and the amount of diesel used, respectively. In the
other 12 calculators, it is possible to calculate the amount of diesel
used by selecting each crop management step within the calcu-
lator (e.g. CFT provides a list of management steps) or by adding
the actual amount of diesel used (e.g. BioGrace).

Thirteen out of the 18 calculators account for GHG emissions
from LUC, but not all calculators document these results separately
and some just account for emissions through land use change and
not through management change. However, CAPRI, COMET FARM,
FSGGEC GaBi, IFSC, open LCA, SALCA, SimaPro and Umberto all
feature integrated process-dynamic models to determine



Table 6
Comparison of energy crop cultivation management related direct GHG emissions from the 18 selected calculators regarding the included emissions arising from the
application of organic fertilizer, crop residues, fuel combustion from machinery use, and emission occurring after land use change. Furthermore, if the calculator distin-
guishes among different types of mineral and organic fertilizer use and tillage (þ¼yes; �¼ no).

Name Distinguish among types of Including

Mineral fertilizer Organic fertilizer Tillage Organic fertilizer (digestate) Crop residues LUC Fuel combustion

Agri-LCI models � � þ þ (�) � þ þ
BioGrace þ � � þ (�) þ þ þ
CAPRI þ þ þ þ (þ) þ þ þ
CFF þ þ � þ (�) þ þ þ
COMET FARM þ þ þ þ (�) � � �
CFT þ þ þ þ (�) þ þ þ
C-Plan � � � þ (�) � þ þ
Farm GAS � � � þ (�) þ � �
FSGGEC � � þ � (�) þ þ þ
GaBi þ þ þ þ (þ) þ þ þ
GEMIS þ þ þ þ (þ) þ � þ
HGCA 1 þ þ þ þ (þ) þ � þ
HGCA 2 þ þ þ þ (þ) þ � þ
IFSC þ þ þ þ (-) þ þ þ
openLCA þ þ þ þ (þ) þ þ þ
SALCA þ þ þ þ (þ) þ þ þ
SimaPro þ þ þ þ (þ) þ þ þ
Umberto þ þ þ þ (þ) þ þ þ
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emissions from soil carbon change through management changes.
Only BioGrace, HGCA 1 and GEMIS were originally designed to

calculate GHG emissions from energy crop cultivation, but the
calibration is limited to traditional energy crops for bioenergy
production. However, the other 15 calculators provide datasets
and calibrations for energy crops in addition to food crops, and
also provide the possibility to modify or add crops. An overview of
the calibrated energy crops in the calculators under study is given
in Table 7. If the category “other” is selected on the calculator, other
energy crops can be calculated without a specific calibration for
this crop.

Datasets from energy crop cultivation are included in CAPRI,
GaBi, openLCA, SALCA, SimaPro and Umberto, but they are limited
to the traditional energy crops as shown in Table 7. Previously
unconsidered energy crop species, such as Silphium perfoliatum,
could be added by users by modifying existing datasets or creating
their own.

Perennial crops are omitted in most calculators or integrated as
an annual average whenever it is impossible to distinguish among
the different stages of cultivation. CFT, GaBi, openLCA, SALCA, Si-
maPro and Umberto can calculate the GHG emissions from per-
ennial crop cultivation. However, the user has to check if the full
life cycle (from the establishment to the end of the crop pro-
ductivity) of the perennial crop is considered. Undersowing crops
were not addressed in any of the 18 calculators under review.

3.4. Ability to model crop rotation

Seven (COMET FARM, FSGGEC, GaBi, openLCA, SALCA, SimaPro
and Umberto) of the 18 identified GHG emissions calculators for
energy crop cultivation based on the CFP approach can calculate
energy crop rotations. For crop rotation modeling with GaBi,
openLCA, SALCA, SimaPro and Umberto, the existing modules
(datasets) from crop cultivation can be combined, e.g. three years
of maize cultivation can be calculated by using the same maize
cultivation module three times. Within the single modules, the
management system can be changed by the user. With COMET
FARM, it is possible to calculate GHG emissions on a farm for a
longer period. The user can enter management data on an annual
basis, which can cause problems if the cultivation period spans
over two calendar years (e.g. winter crops). FSGGEC offers a simple
type of crop rotation calculation to the user: for each year, a single
crop can be cultivated and calculated at Tier 1 or 2 level. The result
is a very simple CFP where only a few GHG emission sources are
taken into account. COMET FARM is the only calculator which has
catch crops integrated.

It is difficult in all seven calculators to assess crop rotation ef-
fects, such as shift of nutrients or reduced farming activities and
inputs. Most of these calculators generate their crop modules as
single annual crops, which makes it difficult to display and to
determine the effects of the crops on each other.
4. Discussion

4.1. Goals of GHG assessment calculators

The most important stakeholders for biomass cultivation in
bioenergy production are farmers, energy industries, politicians
and NGOs. All of them require information about GHG emissions
and calculators to assess this information for their own purposes.
None of the calculators discussed here can meet the needs of all
target groups, but many calculators are available with varying le-
vels of complexity and target different goals and user groups.
Raising awareness is the goal of C-Plan and Farm GAS. These cal-
culators require little time and knowledge of GHG emissions and
climate change. They can be used without training and need only
small amounts of input data to estimate GHG emissions. The re-
sults are displayed as simple graphics and guide the user toward
identifying mitigation opportunities. However, they are not
usually designed to assess changes in management and to take
into account alternative and more sustainable management
practices.

Results from calculators designed for reporting can be used as
the reporting basis for the certification of sustainable biofuel
production and for the verification of compliance with sustain-
ability criteria for biofuels of the Renewable Energy Directive and
the Fuel Directive [2]. BioGrace, for example, was developed to
harmonize the different European calculators and calculation
methods for GHG emissions from biofuel production, which is
necessary to comply with the Renewable Energy Directive and
Fuel Quality Directive [43]. The calculation scheme (calculation
rules, default values) of BioGrace is often used in combination with
other national calculators (national default values and legal



Table 7
Overview of calibrated energy crops in 18 calculators of GHG emissions from energy crop cultivation.

Name Alfalfa
(Medicago
sativa)

Barley
(Hordeum
vulgare)

Grass
(Poaceae)

Legumes
(Fabaceae)

Maize
(Zea
mays)

Millet Miscanthus
(Miscanthus
sinensis)

Oil Seed
Rape
(Brassica
napus)

Palm (Are-
caceae)

Perennial
Grass

Rey
(Secale
cereale)

Sorghum Soya
bean
(Glycine
max)

Sugar cane
(Saccharum
officinarum)

Sugar
beet
(Beta
vulgaris)

Sunflower
(Helianthus
annuus)

Switchgrass
(Panicum
virgatum)

Triticale (X
triticosecale)

Wheat
(Triticum
aestivum
L)

Other

Agri-LCI
models

þ þ þ þ þ þ

BioGrace þ þ þ þ þ þ þ þ
CAPRI þþ þ þ þ þ þ
CFF þ þ þ þ þ þ þ þ þ
COMET
FARM

þ þ þ þ þ þ þ þ þ þ þ

CFT þ þ þ þ þ þ þ þ þ
C-Plan þ þ þ þ þ þ þ
Farm
GAS

þ þ þ þ þ þ þ þ

FSGGEC þ þ þ þ þ
GaBi þ þ þ þ þ þ þ þ þ
GEMIS þ þ þ þ þ þ
HGCA 1 þ þ
HGCA 2 þ þ þ þ
IFSC þ þ þ þ þ þ þ þ þ þ þ
openLCA þ þ þ þ þ þ þ
SALCA þ þ þ þ þ þ þ þ þ
SimaPro þ þ þ þ þ þ þ þ þ
Umberto þ þ þ þ þ þ þ þ þ
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frameworks) for reporting the national specific GHG emissions
from biofuel production, e.g. ENZO2 in Germany. The calculators in
this group are either available as an Excel document, in which case
calculation functions, emission values and intermediate results can
easily be reproduced, or have a web-based user interface where
modification can only be rendered manually via input data.

Calculators designed for product assessment are well suited for
revealing the relationship between different production levels. The
software-based calculators are in general more time consuming
and require a basic knowledge of agronomy and basic computer
skills. Standard values for energy crops are available and different
scenarios can be calculated by the user with only a small amount
of input data. However, these standard modules only contain
global or national mean values, and have to be modified by the
user for regional calculations. In order to model new energy crops,
datasets from farm operations, machinery, and mineral and or-
ganic fertilizers (including digestate) are available in the in-
tegrated databases. However, the user must pay particular atten-
tion to the inclusion of field emissions and also to which Tier is
used to calculate these emissions.

The goals of a CFP study should always correspond to the goals
of the chosen calculator and to the defined target user groups,
otherwise the results of the study could be misinterpreted. At the
very least, the calculator chosen should be in the same purpose
category as defined by Colomb et al. [14]. The user should bear in
mind that it is difficult to draw a meaningful comparison of results
across similar production chain studies using different calculators
with different goals, as these goals affect the system boundaries
and the calculation approaches used.

All 18 investigated calculators can calculate the GHG emissions
from “cradle to farm gate”, and these results can be integrated in
further CFP of bioenergy production chains. The defined system
boundary affects the processes, activities and sources included in
each calculator. System boundaries in CFP studies from agricultural
production systems vary greatly within and among the same
production chains [17]. Significant differences in GHG emission
results can occur from the same dataset of one bioenergy pro-
duction chain, depending on the calculator used [55]. The results
show that it is crucial which farming processes are integrated in
the calculator, which calculation pathway and allocation method is
used, and if the whole cropping cycle (e.g. perennial crops) or crop
rotation is included [44].

Various crop cultivation CFP studies have been based on sec-
ondary data from statistics or literature. Input data based on global
or national statistics can be used to assess the GHG emissions from
typical cropping systems at the global or national level, but not to
assess the influence of regional pedoclimatic conditions and spe-
cific management practices on GHG emissions [17]. Therefore, the
user should identify the type of available input data and the as-
sessment goal and scale for the CFP study before choosing the
calculator and the calculation scale, respectively.

The allocation of GHG emissions among the individual by-
products of energy crop cultivation, as well as the subsequent use
of the byproduct's burdens in other production cycles, are major
methodological challenges. The inaccuracy of the CFP results can
increase with each allocation step performed in one LCA, and the
results are fundamentally affected by the choice of allocation
method [45]. Six of the calculators in the analysis share the
emissions of the system among the different co-products by using
a specific indicator as recommended by ISO Standard 14067 [11].
Physical indicators (e.g. weight or energy content) appear to be
most scientifically accurate, as they use physical principles instead
of societal values, but economic indicators reflect the driver of the
process through product demand. However, market prices can
differ among countries and can lead to different CFP results [20].
Expansion of the system boundary can help to foresee the effects
on GHG emissions through changes induced by substituting pro-
ducts. The integrated allocation method should always be trans-
parent for the user of the calculator and in compliance with the
intended purpose of the CFP study.

According to the scope of the study, the user should select the
functional unit carefully, because different functional units can
lead to contradictory interpretations of the results. Calculators can
provide the results in two ways: for the assessed process, or as
result of a comparison of two scenarios (baseline vs. end of pro-
ject). Calculators providing the GHG emissions separately for each
emission category have a greater potential for identifying mitiga-
tion options. Users should pay attention if the GHG emissions are
reported in CO2 equivalents or as individual GHGs, e.g. N2O, CH4,
and CO2, or as N2O-N, CH4-C and CO2-C. The simplest reporting
unit for energy crop GHG emissions assessment is by area. How-
ever, this unit is not suitable for reporting GHG emissions in the
context of renewable energy sustainability, and cannot be included
in the calculation pathways for biofuels or bioenergy. In CFP from
bioenergy, connecting the GHG emissions to the product is more
appropriate. However, this includes several units which are asso-
ciated with production (kg product, MJ product) and several out-
puts (main product e.g. kg grain and byproduct e.g. kg straw). For
bioenergy-oriented crop cultivation, results should always be re-
lated in some way to the next production phase in the production
chain.

4.2. Methodology used to account for GHG emissions from energy
crop cultivation and management

GHG emissions from crop cultivation depend on local condi-
tions [23]. Therefore, the results from the CFP can be improved by
using one of the 14 calculators which take into account national or
regional climate and soil conditions.

Datasets from different databases representing the same pro-
cess can result in different emission factors (emission assess-
ments) affecting the comparison of CFP studies with datasets from
different databases. Consequently, for similar inputs (e.g. fertilizer
production), emission factors from the same database should be
used to quantify different types of inputs (e.g. fertilizer types).

In addition to the GWP based on the IPCC guidelines [26], GaBi,
SALCA, SimaPro and Umberto are able to calculate the GHG
emissions for other impact assessment methodologies as well (e.g.
ReCiPe, Impact 2002þ , Eco-Indicator 99, CML, TRACI and IPCC).
Furthermore, these calculators offer the possibility of extending
the LCA with other impact categories provided, such as acidifica-
tion, eutrophication, aquatic and terrestrial ecotoxicity, human
toxicity, land use and/or ozone depletion. Regardless of the cal-
culator chosen, the user should bear in mind that it is difficult to
draw a meaningful comparison of results across similar production
chain studies using different time horizons in terms of the GWP
for 20, 100 or 500 years or using different impact assessment
methodologies to translate life cycle flows to the same impact
category impact.

Cultivation of energy crops differs from that of conventional
food crops in some aspects which may significantly influence the
GHG emissions and their estimation. LCA methodologies have
been recently adopted for agricultural products to account better
for location characteristics and differences in farming practices,
focusing on annual crops [17]. The amount of GHG emissions from
energy crop cultivation can be controlled by the choice of crop
type, fertilizer, pesticides and machine management and by the
design of crop rotations [46].

Indirect emissions from on-farm operations (e.g. machinery
use) have a significant impact on the CFP results [23]. However,
emissions from production of the agricultural operating needs (e.g.
seeds, pesticides, fertilizer, machinery, fuel) are sometimes
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ignored or only partly addressed by the calculators. Since each
calculator accounts for different GHG emission sources, potential
users of these calculators need to check which key sources (e.g.
production of fertilizer, pesticides, machinery or seeding materi-
als) are covered by the calculator in order to derive mitigation
options for their investigated production chain from the results.
Furthermore, differences in crop cultivation management can be
better detected if the calculator distinguishes among type of fer-
tilizer and pesticides used for crop cultivation, since it has a sig-
nificant impact on the whole CFP – especially the amount and
form of nitrogen (e.g. NH4-N, NO3-N, urea-N) of the fertilizer used
[30]. Optimizing crop management and nutrient use efficiency by
adjusting the use of nitrogen fertilizer according to the crop's
needs can directly reduce GHG emissions on the field and also
indirectly through reduced fertilizer manufacture [46].

Direct GHG emissions, especially N2O emissions from managed
soils, have a significant impact on the CFP result [47]. However, the
calculation of land-based GHG emissions from energy crop culti-
vation is the stage where the calculators differ most, since differ-
ent calculation pathways are applied. The methodology used to
calculate N2O emissions from N-fertilization is the main con-
tributor to the derivation among calculator results [44]. In most
CFPs, the Tier 1 approach [26] is used to calculate N2O emissions
from managed crops. This approach uses a default emission factor
of 1% of nitrogen added to the soil assuming that 1% from mineral
and organic fertilizer and crop residues is lost as N2O to the at-
mosphere. Using this method, no distinction is made between
fertilizer types, crop types or soil characteristics. Calculators fol-
lowing the Tier 2 approach [26] often use the approach from
Bouwman et al. [31]. This approach takes into account different
regional conditions as well as different crops and fertilizer types
(mineral and organic). COMET FARM is the only calculator that
adopts the Tier 3 approach and uses the dynamic agro-ecosystem
model DayCent to calculate field emissions. Fifteen out of the 18
investigated calculators take into account GHG emissions from
crop residues, calculating these GHG emissions according to the
Tier 1 approach (as described above). The accuracy of this calcu-
lation method can be improved by including crop residues man-
agement in the calculation such as the amount of straw left on the
field (e.g. HGCA 1 and HGCA2), the quantity of crop residues or the
amount of stubble burnt (e.g. Farm GAS) and by using the real
nitrogen content of the above-ground biomass (grain and straw) to
calculate the nitrogen content of the above-ground and below-
ground biomass (this can be integrated by the user in GaBi, open
LCA, SALCA, SimaPro and Umberto). Consequently, before choosing
one of these calculators, the user should check which nitrogen
sources are considered in the calculator and which Tier approach
is used, and decide if these are sufficient for their specific goal.

The amount of NH3 emissions induced by organic fertilizers (i.e.
slurry and manure, digestate, poultry manure) depends on the
fertilizer type, the fertilizer application rate and method, the daily
temperature and a binary variable indicating whether the fertilizer
was incorporated within one hour [48]. Seventeen of the in-
vestigated calculators can distinguish among types of organic
fertilizer. Calculators using the Tier 2 approach of Bouwman et al.
[31] for calculating GHG emissions from organic fertilizer appli-
cation take into account different application methods (e.g. CFT).
However, none of these calculators take into account the daily
temperature or incorporation time. The properties of digestate are
different from conventional organic fertilizer (slurry ore manure)
and are affected by the anaerobic, microbial fermentation process
and by the substances used in the process [49]. During the pro-
duction, storage and application of digestate, CH4, NH3 and CO2

emissions can occur [50]. Through organic fertilizer production
and storage management as well as the application method, the
amount of GHG emissions can be influenced and should be
included in the consideration of CFP calculations.
LUC should be included in the CFP assessment, but should be

reported separately in the results (ISO 14067). However, some
calculators exclude LUC for practical reasons since the methodol-
ogy used to detect LUC is very complex. Models like RothC [51]
(Tier 3 level) can calculate the SOC change on a monthly and re-
gional basis, but also require a lot of input data. Using the Tier
1 approach [26] is less complex, because global emission factors
(CO2 emissions occurring over a period of 20 years) and reference
native soil carbon content, depending on soil type and climate
region, are provided. It is very important to consider the period of
time over which emissions occur, since calculators that do not
account for time are unable to calculate LUC-induced emissions
[14]. Generally, with a longer time horizon, the yearly rate of SOC
change decreases, since SOC change is always faster during the
first years after disturbance. This aspect has already been high-
lighted in Petersen et al. [52], where the authors suggested using a
100-year time horizon when simulating SOC change for CFP stu-
dies, based on a 100-year GWP calculation. However, a 100-year
time horizon conflicts with the confidence time of many other
factors characterizing the agricultural sector (e.g. land use, crop-
ping systems, management regimes) as their defining framework
conditions (e.g. consumer demand, economic trends, societal
transformation, public policy) are highly volatile and it is difficult
to elaborate predictions in the longer term. For agricultural land
use decision-making, 20 years should be considered as a more
reasonable time horizon, which is why it has been used to include
SOC change into CFP according to the Tier 1 approach. However,
when changing the cultivation system each year, the effect of
management change on the SOC content is not stable and may be
disregarded when calculating the CFP from annual crops [26].

In CFP calculation, different tillage systems are accounted for
through the different amount of resources used [35]. New tech-
nologies and crop cultivation methods have been shown to reduce
the direct fossil fuel (diesel) consumption. Diesel consumption is
either modeled by the calculator or the user can include the real
amount of diesel used. Using mean values for diesel consumption
estimates can overestimate the amount of diesel consumption by
47% [35]. Taking real diesel consumption data from the farm is
always the most precise way for GHG emission calculations.
However, if this data is not available, using diesel consumption
models which distinguish among farming operations (tillage,
seeding, fertilizing and harvesting) and considering the soil char-
acteristic (e.g. CFT) may be a good alternative to simply dividing
the results among tillage systems in general (categories as, e.g.
reduced tillage, no tillage) or making no distinction whatsoever.

Not all calculators in this study were designed for specific en-
ergy crop calculations. Most calculators are calibrated for a small
number of crops and it is not possible to integrate new ones.
Furthermore, characteristics related to energy crop cultivation, e.g.
digestate application on the field and whole plant harvest, are
often ignored or insufficiently considered.

New cropping management systems, such as undersowing,
were not considered in any of the calculators under review. Not
only does undersowing offer benefits for reducing GHG emissions
by minimizing the farming operations required, thus saving fuel,
weeds may be replaced by the undersowing crop and the second
crop will be further ahead than if it were sown after the primary
crop was harvested [39].

The GHG assessment of perennial cropping systems is complex,
since it is sometimes impossible to gather data for the whole
cropping cycle [53]. Perennial cropping systems are insufficiently
considered in the available GHG assessment methods and calcu-
lators. As previously mentioned, the crop type is a driving factor
for N2O emissions, but in most approaches perennial crops are not
represented and can only be classified as “other crops” or “grass”
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[54] or representative data for proper calibration of the models is
lacking [17]. Hence, more research on perennial cropping systems
and their field emissions is needed. The whole cropping cycle and
detailed inventories of agricultural management at each stage of
perennial crop cultivation should be included in order to improve
the CFP calculation and the reliability of the assessment results
[17]. Including the specific characteristics of energy crop type,
cultivation management and new cropping management, e.g. un-
dersowing, in GHG emission accounting calculators can reduce the
uncertainty in GHG emission assessment and can help users to
detect GHG mitigation options in the cultivation process. But to
carry out this concept, a high amount of input data with high
quality requirements and specific high Tier level GHG emission
calculation pathways are necessary.

4.3. Ability to model crop rotation

Seven of the 18 investigated calculators are able to calculate
energy crop rotations, but none of these cover the consequences of
optimizing the management, sequence and composition of crop
rotations. Most of these calculators generate their crop modules as
single annual crops, which makes it difficult to display and to
determine the effects of the crops on each other. For this reason, it
seems challenging for the user to have to evaluate new energy
crops and their effect at a specific position in the crop rotation and
to model crop rotation effects, such as savings in operating re-
sources (e.g. fertilizer, machinery use) and effects on yield. Ne-
glecting nutrient shifts from one crop to the subsequent crop leads
to free-rider situations for crops that consume nutrients left by
preceding crops [18]. Consequently, the amount of GHG emissions
of the subsequent crop decreases, since the crop does not get
charged for its true nutrient and fertilizer consumption. This
points out the need to include the effects of crop rotation in CFP.
Diverse crop rotations (including the use of catch crops or green
manure) can help to reduce the CFP [19]. Expanding the systems’
boundaries to consider the whole crop rotation could improve the
CFP calculations, because in this way all crops (and thus the effects
between them) are included in the CFP. However, most energy
crop cultivation CFP studies are performed for one single crop and
therefore for a specific product. Hence, the effort for including the
whole crop rotation is often too high for users. For this reason,
new LCA approaches to account for crop rotation effects in single
crop cultivation assessment should be developed, such as the
agricultural allocation approach developed by Brankatschk and
Finkbeiner [18], and integrated in the existing calculator.
5. Conclusion

In this paper, we identified 18 calculators for GHG emissions for
energy crop cultivation that followed the CFP guidelines [11] and
adopted the IPCC approaches [26] for calculating emissions from
managed soils. However, using the same calculation guidelines
does not guarantee the same accuracy of results across all
calculators.

Each calculator addresses different goals and user groups, and
consequently has individual advantages and disadvantages. This is
why users have to work out for themselves the balance between
efficiency (time and input data) and accuracy (desired output)
when deciding which calculator to use.

The integrated methodology and default emission factors given
by the calculator as well as the amount of farming processes in-
cluded in an assessment correspond to the level of input data re-
quired. The main limitations in the assessment of energy crop
cultivation management are the failure to account for LUC and to
distinguish among fertilizer types including digestate, the lack of
distinction among tillage types, and the lack of parametrization of
many energy crops in the calculators. Furthermore, the impact on
the CFP result by using regional GHG emission assessment meth-
odologies is often overlooked. The ability of the calculators to
detect GHG mitigation options through improvements in cultiva-
tion management is therefore limited. The methodologies used
and the farming operations included in any study have a sig-
nificant impact on the CFP results, thus emphasizing why CFP
results should be carefully interpreted. Differences in integrated
methodology and accuracy in energy crop cultivation management
accounting make any comparison of results from current calcula-
tors virtually impossible.

Only seven calculators are capable of calculating GHG emis-
sions from perennial crops and from energy crops in rotation. This
may be due to both a lack of methodological guidance to account
for crop rotations (or an entire life cycle of a perennial crop, re-
spectively) and a lack of focus on the agronomical specifics of crop
rotations systems. Expanding the system boundaries of a CFP by
taking into account the whole energy crop rotation increases the
likelihood of identifying GHG mitigation options. However, cur-
rently, no reviewed calculator can process the effects from energy
crops in rotation as nutrient shifts, reduction in use of agricultural
operating needs, sequence and composition of crop rotations as
well as integration of catch crops of green manuring. To overcome
this shortcoming, existing calculators should be extended by in-
tegrating energy crop rotations, or new calculators and methods
need to be created.
Acknowledgments

The authors wish to express their gratitude to the members of
the project “Development and comparison of optimized cropping
systems for the agricultural production of energy crops” (FKZ
22013008), funded by the German Federal Ministry of Food,
Agriculture and Consumer Protection through the Agency for Re-
newable Resources (FNR).
Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.rser.2016.09.059.
References

[1] IPCC. Summary for Policymakers. In: Edenhofer O, Pichs-Madruga R, Sokona Y,
Farahani E, Kadner S, Seyboth K, et al., editors. Climate Change 2014: Mitiga-
tion of Climate Change Contribution of Working Group III to the Fifth As-
sessment Report of the Intergovernmental Panel on Climate Change. Cam-
bridge, United Kingdom and New York, NY, USA: Cambridge University Press;
2014. p. 1–32.

[2] European Commission. Directive 2009/28/EC of the European Parlament and
of the Council of 23 April 2009 on the promotion of the use of energy from
renewable sources and amending and subsequently repealing Directives 2001/
77/EC and 2003/30/EC. In: Union OJotE, editor. Brussels: The European Par-
liament and the Council of the European Union; 2009.

[3] Moomow W, Yamba F, Kamimoto M, Maurice L, Nyboer J, Urama K, et al.
Introduction. In: Edenhofer O, Pichs-Madruga R, Sokona Y, Seyboth K, Mat-
schoss P, Kadner S, et al., editors. IPCC special report on renewable energy
sources and climate change mitigation. United Kingdom and New York, NY,
USA: Cambridge University Press; 2011.

[4] Allen B., Kretschmer B., Baldock D., Menadue H., Nanni S., Tucker G. Space for
energy crops – assessing the potential contribution to Europe's energy future.
London: Report produced for BirdLife Europe, European Environmental Bu-
reau and Transport & Environment. IEEP; 2014. p. 1-69.

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

http://dx.doi.org/10.1016/j.rser.2016.09.059
http://refhub.elsevier.com/S1364-0321(16)30553-6/sbref1
http://refhub.elsevier.com/S1364-0321(16)30553-6/sbref1
http://refhub.elsevier.com/S1364-0321(16)30553-6/sbref1
http://refhub.elsevier.com/S1364-0321(16)30553-6/sbref1
http://refhub.elsevier.com/S1364-0321(16)30553-6/sbref1
http://refhub.elsevier.com/S1364-0321(16)30553-6/sbref2
http://refhub.elsevier.com/S1364-0321(16)30553-6/sbref2
http://refhub.elsevier.com/S1364-0321(16)30553-6/sbref2
http://refhub.elsevier.com/S1364-0321(16)30553-6/sbref2
http://refhub.elsevier.com/S1364-0321(16)30553-6/sbref2


C. Peter et al. / Renewable and Sustainable Energy Reviews 67 (2017) 461–476476
[6] Blengini GA, Brizio E, Cibrario M, Genon G. LCA of bioenergy chains in Pied-
mont (Italy): a case study to support public decision makers towards sus-
tainability. Resour Conserv Recycl 2011;57:36–47.

[7] Smith P., Martino D., Cai Z., Gwary D., Janzen H., Kumar P., et al. Agriculture. In:
Metz B, Davidson OR, Bosch PR, Dave R, Meyer LA, editors. Climate Change
2007: Mitigation Contribution of Working Group III to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge, United
Kingdom and New York, NY, USA: Cambridge University Press; 2007. p. 498–
540.

[8] ISO 14040. Environmental management - Life cycle assessment - Principles
and framework. ISO 14040. Geneva: International Standard Organisation;
2006.

[9] ISO 14044. Environmental management - Life cycle assessment - Require-
ments and guidelines. ISO EN 14044. Geneva: International Standard Organi-
sation; 2006.

[10] Buratti C, Fantozzi F. Life cycle assessment of biomass production: Develop-
ment of a methodology to improve the environmental indicators and testing
with fiber sorghum energy crop. Biomass Bioenerg 2010;34:1513–22.

[11] ISO 14067. Carbon footprint of products — Requirements and guidelines for
quantification and communication. ISO EN 14067. Geneva: International
Standard Organisation; 2013.

[12] Colomb V, Touchemoulin O, Bockel L, Chotte J-L, Martin S, Tinlot M, et al.
Selection of appropriate calculators for landscape-scale greenhouse gas as-
sessment for agriculture and forestry. Environ Res Lett 2013;8:015029.

[13] Denef K., Paustian K., Archibeque S., Biggar S., Pape D. Report of Greenhouse
Gas Accounting Tools for Agriculture and Forestry Sectors. Interim report to
USDA under Contract No. GS23F8182H; 2012. p. 1-135.

[14] Colomb V, Bernoux M, Bockel L, Chotte J-L, Martin S, Martin-Phipps C, et al.
Review of GHG calculations in agricultural and forestry sectors - a guideline
for appropriate choice and use of landscape based tools. 2 ed. Angers Cedex,
Fance: ADEME (French Environment & Energy Managmnetn Agency), IRD
(Istitut de recherche pour le développment) and FAO (Food and agriculture
Organization); 2012. p. 43.

[15] Hillier J, Hawes C, Squire G, Hilton A, Wale S, Smith P. The carbon footprints of
food crop production. Int J Agric Sustain 2009;7:107–18.

[16] Bessou C, Lehuger S, Gabrielle B, Mary B. Using a crop model to account for the
effects of local factors on the LCA of sugar beet ethanol in Picardy region,
France. Int J LCA 2013;18:24–36.

[17] Bessou C, Basset-Mens C, Tran T, Benoist A. LCA applied to perennial cropping
systems: a review focused on the farm stage. Int J Life Cycle Assess
2013;18:340–61.

[18] Brankatschk G, Finkbeiner M. Modeling crop rotation in agricultural LCAs —

Challenges and potential solutions. Agric Syst 2015;138:66–76.
[19] Nemecek T, Hayer F, Bonnin E, Carrouée B, Schneider A, Vivier C. Designing

eco-efficient crop rotations using life cycle assessment of crop combinations.
Eur J Agron 2015;65:40–51.

[20] Rehl T, Lansche J, Müller J. Life cycle assessment of energy generation from
biogas—Attributional vs. consequential approach. Renew Sustain Energy Rev
2012;16:3766–75.

[21] Cherubini F, Strømman AH. Life cycle assessment of bioenergy systems: State
of the art and future challenges. Bioresour Technol 2011;102:437–51.

[22] Buytaert V, Muys B, Devriendt N, Pelkmans L, Kretzschmar JG, Samson R.
Towards integrated sustainability assessment for energetic use of biomass: a
state of the art evaluation of assessment tools. Renew Sustain Energy Rev
2011;15:3918–33.

[23] Audsley E, Albert S, Clift R, Cowell S, Crettaz P, Gaillard G, et al. Harmonisation
of environmental life cycle assessment for agriculture. Final Rport Concerted
Action AIR3-CT94-2028.Brussels, Belgium: European Commission DG VI; 1997.

[24] Scarlat N, Dallemand J-F. Recent developments of biofuels/bioenergy sus-
tainability certification: a global overview. Energ Policy 2011;39:1630–46.

[25] Whittaker C, McManus MC, Hammond GP. Greenhouse gas reporting for
biofuels: a comparison between the RED, RTFO and PAS2050 methodologies.
Energ Policy 2011;39:5950–60.

[26] IPCC. IPCC Guidelines for National Greenhouse Gas Inventories. In: Agri-
culture, forestry and other land use, 4. Hayama, Japan: Prepared by the Na-
tional Greenhouse Gas Inventories Programme; 2006.
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