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Abstract
Background, aim, and scope Carbon footprint (CF) has
become a hot topic as public awareness of climate change is
placing demands on manufacturers to declare the climate
impact of their products. Calculating the CF of food products
is complex and associated with unavoidable uncertainty due
to the inherent variability of natural processes. This study
quantifies the uncertainty of a common food product and
discusses the results in relation to different types of CF
systems for food product labelling.
Materials and methods A detailed LCI with global warm-
ing potential as the only impact category was performed
on King Edward table potatoes grown in the Östergötland
region of Sweden. Parameters were described using one
probability distribution for spatial and temporal variation
and one separate distribution describing measuring/data
uncertainty, allowing the effect of parameter resolution on
CF uncertainty to be studied. Monte Carlo simulation was
used to quantify the overall uncertainty. The influence of
individual parameters on the CF was analysed and differ-
ences in CF for food products from different production
systems, with and without climate impact reduction rules,
were simulated.
Results The potato CF fell in the range 0.10–0.16 kg CO2e
per kilogram of potatoes with 95% certainty for an arbitrary
year and field. Emissions of N2O from soil dominated the
CF uncertainty. Locking the temporal variation to a specific

year lowered the uncertainty range by 19%. Parameter
collection on a spatial scale of one field did not reduce the
uncertainty. The most sensitive parameters were the yield,
the soil humus content and the emissions factors for N2O
emissions from soil. Potatoes grown according to climate
rules lowered the CF by 9% with a probability of 53% for
an arbitrary year and field.
Discussion The importance of yield, which proved to be
the most influential parameter, is a common characteristic
of agricultural products in general, since the accumulated
emissions from a cultivated area are divided across the
yield from that area. Maximising the yield reduces the CF
but could have negative impacts on other environmental
aspects. The purpose of the CF labelling scheme, together
with uncertainty analysis, needs to be considered when
determining how the CF should be calculated, as an average
or for a specific year, farm, field, region, etc.
Conclusions The CF of a potato crop calculated for an
arbitrary year and field varied between approximately -17%
and +30% of the average value with 95% certainty, showing
that uncertainty analysis in the design, calculation and eval-
uation of food product CF labelling schemes is important to
ensure fair comparisons.
Recommendations and perspectives Similar studies com-
paring different production systems for the same type of
product and products from different categories, on large and
small scale depending on the purpose of the CF system, are
needed in order to determine how the CF of food products
can be compared and the precision with which data have to
be collected in order to allow fair and effective comparison
of the CF of food products.
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1 Background, aim, and scope

Consumption of food products contributes approximately
25% of the total greenhouse gas (GHG) emissions caused
by the average Swede (SEPA 2008a). With growing public
awareness about climate change, there is an increasing
willingness on the part of individuals to lower their GHG
emissions due to food consumption (Toivonen 2007; L.E.K.
2008; SEPA 2008b). Determining the climate impact caused
by a food product is very difficult for consumers as aspects
such as product type, production system, packaging, origin,
transport, etc. need to be weighed together (Jungbluth et al.
2000).

Carbon footprint (CF) and carbon declaration are terms
that have evolved to describe the amount of GHG emissions
that a particular product or service will cause during its
lifetime, typically expressed in CO2 equivalents (CO2e) and
including emissions of CO2, CH4, and N2O. A CF can be
seen as a subset of a life cycle assessment (LCA) in which
only the global warming potential impact category is studied
(SETAC 2008; Weidema et al. 2008; Finkbeiner 2009). In
order to facilitate active choices by individuals, the CF can
be communicated to consumers in different ways: through a
carbon or climate label on the product package or at the point
of sale, in marketing or via a website. Although calculating
and, in particular, communicating the CF is difficult and the
potential of such systems is being questioned, several climate
labelling systems are being discussed and some are already
in limited use (Berry et al. 2008; Olofdotter and Juul 2008;
Schmidt 2009).

The British supermarket Tesco became a forerunner in
the area of food product CF by introducing a carbon label
with the CF of some of its food products back in 2007
(Olofdotter and Juul 2008). In an attempt to provide a
consistent method for calculating the CF of products and
services, the British Standards Institute developed the PAS
2050 Specification for assessment of the life cycle GHG of
goods and services (BSI 2008). It builds on the existing
LCA methods standardised in ISO 14040 and ISO 14044
(ISO 2006a, b) and adds further principles specific to GHG
assessment. In Sweden, KRAV and Seal Quality Systems
Ltd1 are jointly driving the Climate Labelling for Food
(CLfF) project (CLfF 2009). The CLfF project has ap-
proached the task from a slightly different angle, and
instead of calculating a numerical CF the system builds on
a set of rules that the producer has to obey in order to be

allowed to label the products. LCA methodology, together
with expert opinion, is used when developing the climate
rules. During autumn 2008, ISO also initiated the develop-
ment of an international standard on CF for products (ISO
14067), which will build on the existing ISO standards for
LCA.

It remains to be seen how the systems for food CF will
be designed, how the standards will be applied, and
whether it is possible to develop a CF system that will
have a significant impact on consumption patterns. How-
ever, based on the immense momentum for CF data, it is
likely that CF values will be used by companies for
strengthening their corporate brand and for product differ-
entiation (Carbon Trust 2008). As this CF will be connected
to economic values, the focus on accuracy, precision, and
reliability in the numbers presented will be sharpened.

Determining the CF of a food product is complex for
several reasons. One of the challenges is the variability in
natural processes. Variability is an inherent property of a
system and, unlike uncertainty, it cannot be reduced by
more accurate modelling of the system or collection of the
data. While some variations arise from differences in
cultivation practices, others are less easily explained—one
example being the difference in yield from similar fields.
In addition to variations in the natural crop cultivation
processes, there are variations in the subsequent processing
and distribution processes. In addition to the spatial and
temporal variation in natural processes, different types of
uncertainty in models and data contribute to the uncertainty
of the overall LCA result, as has been described by
Björklund (2002) and Heijungs and Huijbregts (2004)
among others. Uncertainty due to choices and mistakes
and epistemological uncertainties and model uncertainties
can be decreased to some extent by the use of standards and
by critical review (Huijbregts 1998; Björklund 2002).
Minimising inaccuracy in data requires careful data col-
lection, which is often costly and time consuming and in
some cases not even practically possible.

Uncertainty and sensitivity analysis can be used to
determine the contribution to the end result uncertainty
from uncertainties in the input data and model parameters
(Heijungs and Huijbregts 2004). The results from such
studies can be of help when determining whether a CF
system provides an acceptable level of precision. Uncer-
tainty analysis also identifies focal points for improving the
models and contributes to greater understanding of the
processes behind the CF. The results of an uncertainty
analysis also help to determine the probability of a predicted
reduction potential.

Uncertainty assessments of LCA data can be performed
in different ways: by using empirical data to calculate the
uncertainty distribution, by using expert judgement to make
qualified estimates, or by describing the data using quality

1 KRAV is an incorporated association with 28 members representing
farmers, producers, trade, and consumers as well as environmental and
animal welfare interests. KRAV develops organic standards and
promotes the KRAV label for organic products. Seal Quality Systems
Ltd is a wholly owned subsidiary of the Federation of Swedish Farmers
(LRF). Seal Quality Systems Ltd owns and develops rules for the
Swedish Seal of Quality (Svenskt Sigill) label (conventional farming).
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indicators (Weidema and Wesnaes 1996). In the ecoinvent
database, all data are described using seven quality indica-
tors, one being the reliability indicator which describes
whether the data are based on verified or unverified mea-
surements and on qualified or unqualified assumptions. The
seven indicators are put together to form one numerical
uncertainty measurement (Frischknecht et al. 2004).

The main aim of the present study was to quantify the
uncertainty in the CF of a common food product resulting
from natural variations and model and parameter uncer-
tainty, in accordance with how data collection could be
performed in a ‘real-life’ CF labelling system. A secondary
aim was to investigate the particular parameters (including
their temporal and spatial resolution) and processes influ-
encing the uncertainty in the end result. Table potatoes were
chosen as the study object since they are one of the most
common staple food products on the Swedish market. They
are a product that is sold with little refinement and that is
easily traced from the farm to the supermarket shelf. This
makes a potato case study suitable for illustrating how
uncertainty analysis of food products can be carried out and
relevant for a general discussion of uncertainties in the CF
of agricultural products.

Understanding the natural variation and uncertainties
associated with food production and how they affect the CF
is important. Most essentially, product comparison, the
ultimate goal of CF analysis aimed at influencing consumer
behavior, can only be carried out with confidence if the
range of uncertainty is known. As an example of CF com-
parison for products from different production systems, this
study includes a quantification of the probability that an
arbitrary bag of table potatoes available for purchase in a
supermarket and produced according to CLfF rules has led
to a reduction in GHG emissions during production com-
pared with a bag produced without specific climate actions
being taken.

2 Materials and methods

2.1 System boundaries, functional unit, and allocations

The study comprised a detailed investigation of the param-
eter variability and uncertainty in the CF of 1 kg of table
potatoes available for purchase in a 2-kg ‘kraft’ paper bag
at a Swedish supermarket. Since it is common Swedish
practice for the information presented to the user on the
potato packaging to include the potato variety and the
producer, these parameters were fixed. The common variety
King Edward was chosen and production was assumed to
occur on a fictitious but specific farm in Östergötland, a
region of Sweden that produces 10% of Swedish annual
production of table potatoes (SCB 2008).

The CF constitutes a ‘cradle to retail’ inventory in-
cluding emissions arising from soil preparation up until the
potatoes are available for purchase on the shelf, including
the production and transport of all inputs and the waste
handling of any potatoes rejected before packaging and
transport to the supermarket. Although often omitted from
LCA studies, emissions from the production, maintenance,
and waste handling of agricultural machinery and buildings
were included here since capital goods have been shown to
contribute considerably (approximately 10%) to the climate
impact of agricultural products (Frischknecht et al. 2007).

Potatoes are grown in a 4- to 6-year crop rotation, so the
field used for potato cultivation and hence the clay and
humus content and the distance between field and farm
were assumed to vary between years. Cultivation on sandy
soil with moderate humus content dominates and mineral
fertilisers were assumed to be used. Seed potatoes were
assumed to be bought and reproduced on the farm once
before being used in potato production and the harvested
potatoes stored on the farm in a cold storage facility and
delivered by tractor and trailer to the packaging plant. After
washing, sorting, and packaging, the majority of the potatoes
were assumed to be distributed for sale to Stockholm, the
largest city in Sweden (Röös 2009).

All GHG emissions were allocated to the marketable
potatoes uniformly, disregarding the fact that potatoes are
sold at different prices for different qualities. All potatoes
not marketable as table potatoes were assumed to be spread
on the field according to common practice. During repro-
duction of seed potatoes, fractions with suitable sizes were
assumed to be used as seed and the rest sold as table potatoes
minus the unmarketable fraction, which was removed. An
equal burden was allocated to the seed potatoes and the
fraction sold as table potatoes.

2.2 Data collection

The parameter data in this study were collected in
accordance with how data would realistically be collected
from the existing Swedish potato production chain for use
in a CF system, without the introduction of extended
accounting regulations or measuring equipment. This gives
an estimate of the precision of the table potato CF if
introduced into the current Swedish production system and
calculated using existing and practically applicable models.
The reference year was 2007 but the data are approximately
applicable for several preceding and subsequent years. For
a detailed description of how the distributions for all
parameters were estimated, see Röös (2009).

The parameters were split into two types: (1) activity
data and (2) emission factors. Activity data (AD) were
directly measurable parameters describing, for example, the
amounts of inputs spent, such as the amount of fuels,
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fertilisers, and chemicals, and descriptive parameters such
as the soil humus content and the transport distance. The
emission factors (EF) included: (1) EF for emissions caused
by the production and transport of inputs (EF-inputs) and
(2) EF for soil emissions (EF-soil) and EF for transport of
potatoes (EF-transport). AD, except for capital goods, were
collected as primary data, while secondary data were used to
calculate the EF. This corresponds to how data would
realistically be collected in a practical CF calculation. AD
such as yield, fertiliser use, tillage operations performed,
energy spent, etc. are already being recorded on farms, as this
is required in legislation and from certification programmes
(LRF 2009; Seal Quality Systems Ltd. 2009a, b; SMAK
2009) to which the majority of the producers in Östergötland
belong. As long as the inputs themselves are not climate-
labelled, it is realistic to assume that EF values need to be
collected from the available literature.

The variations and uncertainties were assessed separately
using probability distributions for all parameters individually.

The distributions for variation outline the variability between
years and fields for AD and between different ways of
production for EF-inputs. The uncertainty distributions for
AD describe the precision that can realistically be assumed
when collecting the data from the potato production chain.
Due to the large uncertainties in the models for calculating
the soil emissions, it was not possible to divide the uncer-
tainties in EF-soil into variations and uncertainties and hence
both variations and uncertainties are grouped under uncer-
tainties for these. Variations in EF-transport take into con-
sideration the size of trailer used and the degree of loading.

The AD for table potato production are summarised in
Table 1. In order to estimate the uncertainty as accurate as
possible for the specific situation of potato cultivation in
Östergötland, the AD were collected directly from cultiva-
tion advisors, producers, and the packaging plant, while
some data were collected from the detailed Swedish table
potato LCA conducted by Mattsson et al. (2001), except for
capital goods data, which were taken from ecoinvent

Table 1 Activity data on potato production, 95% confidence interval for normally and log-normally distributed parameters (Röös 2009)

Mean Variation Uncertainty

Distribution Confidence interval/discrete values Distribution Confidence interval

Field-bound

Clay content 1.7% Lognormal 0.1–10% Normal ± 40%

Humus content 1.8% Lognormal 0.8–3.6% Normal ± 40%

Distance farm–field 0.75 km Lognormal 0.1–3 km Normal ± 7%

Cultivation

Yield 45 ton/ha Normal ± 7 ton/ha Normal ± 2%

Quality 85% Normal ± 3.5%-units Normal ± 1%

Fuel tillage operations 142 l diesel/ha Mixa 70–266 l/ha Mixa 70–266 l/ha

Amount of N fertiliser 145 kg/ha Normal ± 20 kg/ha Normal ± 10%

Amount of P fertiliser 50 kg/ha Normal ± 10 kg/ha Normal ± 10%

Amount of K fertiliser 250 kg/ha Normal ± 50 kg/ha Normal ± 10%

Amount of seed 2.5 ton/ha Normal ± 0.5 ton/ha Normal ± 2%

Chemical treatments 102 g/ha Discrete 0–202 g/ha Normal ± 5%

Amount of irrigation 50 mm Discrete 0, 25, 50, 75, 100 mm Normal ± 5%

Amount of agri. machinery 83 kg/ha year Mixb 48–130 kg/ha Normal ± 10%

Amount of agri. buildings 0.32 m2/ha year Negligible Normal ± 10%

Refinement

Used energy pack. process 0.22 MJ/kg pot. Lognormal 0.07–0.54 MJ/kg Normal ± 5%

Amount of ‘kraft’ paper 11.8 g/kg pot. Negligible Normal ± 0.5%

Transport

Distance farm to refinement 20 km Normal ± 10 km Normal ± 7%

Distribution distance 210 km Discrete 80%—250 km Normal ± 7%
20%—50 km

a The distribution for fuel consumption variation is a mixture of a discrete distribution of the number of repetitions for different operations and normal
distributions describing variation due to the soil clay content, different driving styles, and the combination of tractor and equipment
b The distribution for the variation in the amount of machinery is a mixture of a discrete distribution of the number of repetitions for different operations and
normal distributions describing variation due to the soil clay content, weight, and lifetime differences
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(Nemecek and Kägi 2007). The AD describe fictitious but
realistic production of King Edward potatoes in the
Östergötland region.

The EF for inputs are summarised in Table 2. Sales
statistics, in combination with information from fertiliser
manufacturers regarding the N2O reduction equipment being
used in production plants in 2007, were used to determine
the distribution of the GHG emissions caused by the pro-
duction of fertilisers used on the Swedish market. Manufac-
turing plants equipped with N2O reduction equipment were
assumed to emit 4 kg CO2e/kg N according to BAT 2007
(EC 2007), while plants without such were assumed to emit
6.8 kg CO2e/kg N, corresponding to the European average
(Jenssen and Kongshaug 2003). The probability distribution
for seed potato production was calculated by performing a
Monte Carlo simulation (Rubinstein and Kroese 2007) with
the AD values adjusted for seed production (20% reduction
in yield, 80% of the amounts of N fertiliser, one anti-viral
treatment, no transport or packaging). Samples or an average
from that simulation was used as input for the rest of the
calculations. The Nordic countries, except Iceland, are
connected on a common electricity market (Nordel 2005)
so the Nordic electricity mix was used to calculate the
emissions from electricity consumption. The variation was
assumed to be normally distributed and the mean value and
the standard deviation calculated from the yearly averages
for the years 2005–2008 (Swedenergy 2009). The contribu-
tion from production and transport of fuel and chemicals is
minor and hence the variation was assumed to be negligible
and only uncertainty was included. EF for packaging
material (‘kraft’ paper) and capital goods was taken from
the ecoinvent database v2.0 (ecoinvent Centre 2007).

Distributions for transport-related emissions were estimated
using data from NTM Calc (2009) and are summarised in
Table 3. As is often the case, the literature data used to deter-
mine the EF-inputs did not include any uncertainty assess-
ment. Therefore, the methodology based on quality indicators,
also used in the ecoinvent database, was used to assess the
uncertainty (Weidema and Wesnaes 1996; Frischknecht et al.
2004).

Direct and indirect N2O emissions from soils were
calculated using the IPCC methodology (IPCC 2006). For
the EF for N2O emissions, the factors employed by the
Swedish Environmental Protection Agency (SEPA) in the
national inventory were used (SEPA 2009) except for the EF
for leaching, for which the EF from IPCC (2006) was used.
The EFs used by SEPA are based on the EF provided by
IPCC, with some modifications (Kasimir-Klemedtsson
2001). For the EF unaltered by SEPA, the uncertainty range
(lognormal distribution) provided by IPCC was used, while
for the adjusted values a new uncertainty range was
estimated by assuming a corresponding lognormal uncer-
tainty and using the uncertainty range provided in Kasimir-
Klemedtsson (2001) The CO2 emissions or sequestration due
to changes in the soil carbon pool was calculated using the
ICBM model (Andrén et al. 2004). The governing parame-
ters in the ICBM model, the humification factor (h) and a
factor summarising the effect of temperature, water content,
and tillage intensity (re), were assumed to vary normally
(Olof Andrén, professor of Soil Biology/Agriculture, Dept.
of Soil & Environment, SLU, Uppsala, Sweden—personal
communication).

On the spatial scale chosen, cultivation on a specific
farm, it is realistic to assume that most parameters are

Table 2 Emission factors for the production and transport of inputs, EF-inputs (Röös 2009)

Mean Variation Uncertainty

Distribution Distribution parameters Distribution Geometric std

NPK fertilisers 6.8 kg CO2e/ kg N Nonea – Lognormal 1.15

N fertilisers 5.5 kg CO2e/kg N Discreteb 53% –6.8 kg Lognormal 1.15
38% –4.0 kg

9% –4.2 kg

Chemicals 5.4 kg CO2e/kg active substance Negligible Lognormal 1.15

Diesel 0.004 kg CO2e/ MJ diesel Negligible Lognormal 1.02

Seed 0.090 kg CO2e/kg seed Included in the uncertainty Simulated n/a

Paper bag 1.7 kg CO2e /kg paper bag Negligible Lognormal 1.08

Electricity 0.024 kg CO2e/MJ Normal (standard deviation, 0.008 kg CO2e/MJ) Lognormal 1.07

Agri. machinery 3.8–5.8 kg CO2e/kg machinery Included in the uncertainty Lognormal 1.06

Agri. buildings 186 kg CO2e /m2 building area Included in the uncertainty Lognormal 1.06

a NPK for potatoes on the Swedish market (Yara ProMagna) is manufactured at one plant only
b The fertilizer types are NS 27-4 and N34 from plants without N2O reduction equipment and CN, NS27-4 and N27 from plants with N2O reduction
equipment
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independent, for example, soil clay and humus content
and yield. On the national level, however, or if the potato
variety had not been specified, independency in the AD
would not have been a realistic assumption since yields
vary considerably between potato varieties and different
geographical locations in Sweden (SCB 2008). Examples
of parameters that are correlated are the fuel consumption
during tillage operations and the soil clay content, as
heavier soils require more fuel, and the amount of
machinery used depending on the type of field operations
performed. These correlations are included in the study.
For a detailed description of the parameters that were
assumed to be correlated and independent, see Röös
(2009).

2.3 Analytical methods

The potato CF was calculated as a deterministic mean using
the mean values of all parameters and as a range of values
between the 2.5 and 97.5 percentiles using Monte Carlo
simulation for a base scenario that represented an arbitrary
year between 2005 and 2009 and production in an arbitrary
field on a farm in the Östergötland region (scenario a1).
The MC simulation was repeated for an additional seven
scenarios (Table 5) with 50,000 iterations each.

Scenarios a2, b1, and b2 were added in order to study
how temporal and spatial resolution in data collection
affected the uncertainty in the CF. In scenarios c1, d1, c2,
and d2, the climate rules from the Swedish CLfF project
were applied. The rules require fertilisers to have a
maximum emission factor of 4 kg CO2e/kg N and electricity
to be obtained from sustainable sources (CLfF 2009).
Scenarios a1–d1 represent the CF for an arbitrary year
between 2005 and 2009. Scenarios a2–d2 represent the
results for a specific year during the same period, with the
variations for all AD except the transport AD set to zero,
since the yield, amount of fertilisers, etc. are known for that
year with a precision described by the uncertainty distribu-

tion (Table 1). For scenarios b1, b2, d1, and d2, collection
of data was assumed to be bound to a specific field in
order to study how variations between fields affected the
end result.

In order to assess the contribution to the uncertainty
from the different processes involved in the potato pro-
duction chain, the relative uncertainty from an individual
process was calculated by dividing the range between
the 2.5 and 97.5 percentiles for that process by the total
mean CF value. The uncertainty contribution from indi-
vidual parameters was examined using a traditional sen-
sitivity analysis of a ± 20% change in the parameter
values. This was compared with an uncertainty importance
analysis on an individual parameter basis using a change
of ± 2 standard deviations for normal and log-normally
distributed parameters and highest and lowest value for
discretely distributed parameters, including both variation
and uncertainty.

Table potatoes grown according to the CLfF rules were
compared against the base scenario in order to calculate the
probability that the CF for CLfF-grown potatoes from an
arbitrary year and an arbitrary field was lower than that
from the base scenario. By calculating the differences
between individual samples from the CLfF MC simulation
(scenario c1) and the base scenario MC simulation
(scenario a1), a probability distribution of the difference
between arbitrary bags of potatoes from the two production
systems was obtained. This distribution was used to
determine the probability that the CF of a bag of potatoes
cultivated according to the CLfF system caused lower
emissions (in grams) at different levels than those from the
base scenario.

Data and model parameter uncertainty was included in
this study. Uncertainty on a higher conceptual level such as
uncertainty due to choices, epistemological uncertainty,
uncertainty due to mistakes, or uncertainty introduced by
estimating the uncertainty (Björklund 2002) was not
included.

Table 3 Emission factors for transport, EF-transport (NTM Calc 2009)

Mean (g/ton km) Variation Uncertainty

Distribution Distribution parameters (g/ton km) Distribution Geometric std

Road transport tractor 53 Mixa 100/3% –80 Lognormal 1.05
100/3% –53

100/3% –40

± 30%

Road transport truck 68 Normal ± 10 Lognormal 1.05

Sea transport 22 Normal ± 18 Lognormal 1.05

a The distribution for road transport by tractor is a mixture of a discrete distribution of the number of return trips needed (depends on the size of the trailer
used) and a normal distribution describing variation due to the different driving styles
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3 Results

3.1 Mean value and contributing processes

Using the mean values for all parameters to calculate the
CF from producing 1 kg of potatoes in a 2-kg paper bag
resulted in a value of 0.12 kg CO2e. The processes that
contributed most to the result are shown individually in
Fig. 1. The error bars show the uncertainty as a 2.5–97.5
percentile range in each individual process due to variations
and uncertainty in the input parameters. Soil emissions
showed a relative uncertainty contribution of 27% and 15%
of the total CF for N2O and CO2 emissions, respectively.
The production of fertilisers, the packaging process, and the
distribution of the potatoes to the supermarket contributed
to the uncertainty by similar magnitudes (13%, 11%, and
14%), while the remaining processes showed a relative
uncertainty that was 6% or less. Applying the CLfF rules
lowered the deterministic mean by 9%, to 0.11 kg CO2e per
kilogram of potatoes.

3.2 Sensitivity and uncertainty importance analysis

The parameters that affected the CF by 5% or more at one
of the boundaries are shown in Table 4. The sensitivity
analysis showed that the most sensitive parameters were
potato yield and quality and the amount of N fertiliser used.
The uncertainty importance analysis revealed that the soil
humus content, the fuel spent during tillage operations, the
amount of electricity spent during the packaging process,
the distribution distance, and two of the EF for soil
emissions were also important for the end result. The
results clearly show how a traditional sensitivity analysis
can fail to recognise the sensitivity in the parameters
with large variability, especially if these are not normally
or uniformly distributed. Examples of such in this study

included the log-normally distributed EF for N2O emissions
and the energy spent during packaging.

3.3 Uncertainty analysis

The outcome of the MC simulation of the base scenario
(a1) in which variations and uncertainties for all parameters
were included was that 95% of the results fell within a
range of 0.10–0.16 kg CO2e per kilogram of table potatoes
(Fig. 2).

The Monte Carlo simulation results for all scenarios are
summarised in Table 5. The 95% uncertainty range for the
CF decreased by 19% for a specific year when variations
between years in AD such as yield, fertiliser amounts, and
energy spent (scenario a1 compared with a2) were not
included. The uncertainty range was only very slightly
affected by calculating the CF for a specific field for which
only uncertainty in AD was included and not variations in

CO2 soil Fuel tillage Fert prod Packaging Other 
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27 % 

15 % 

5 % 

13 % 

4 % 

14 % 

4 % 
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N 2O soil 

N2O 

CO2 

CH4 

Uncertainty range 

Distribution 

6 % 

Paper bag Cap goodsSeed 

Fig. 1 Contribution of the main
contributing processes to the
total potato CF. Error bars show
uncertainty as the range between
the 2.5 and 97.5 percentiles.
Numbers are the relative
contribution to uncertainty from
an individual process as the
range divided by the total
mean CF

Table 4 Sensitivity analysis and uncertainty importance analysis of
individual parameters. Change in CF

Sensitivity
analysis (%)

Uncertainty importance
analysis (%)

+ 20% - 20% + 2 std/max -2 std/min

Humus content + 1 - 1 + 12 - 4

Yield - 11 + 18 -10 + 15

Quality - 10 + 16 - 3 + 3

Fuel tillage operations + 2 - 2 + 7 - 3

Amount N fertiliser + 6 - 6 +7 - 6

Used energy pack. + 1 - 1 + 7 - 3

Distribution distance + 2 - 2 + 2 - 9

EF N2O background + 1 - 1 + 10 - 4

EF N2O crop residuals + 1 - 1 + 11 - 4
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clay and humus content and the distance between the field
and the farm. The CLfF rules reduced boundaries and mar-
ginally reduced the uncertainty range.

3.4 Comparison between scenarios

The distribution of the differences between individual
samples from the base scenario a1 and scenario c1 simu-
lations showed that, with a probability of 72%, the CF of
potatoes produced according to the CLfF rules (c1) was
lower for an arbitrary year and field. The probability that the
CF was 9% lower (the deterministic average reduction) was
53% (Table 6).

4 Discussion

Yield proved to be the most influential parameter. This is a
common characteristic of agricultural products in general
since the accumulated emissions from a cultivated area are
divided across the yield from that area. Hence, maximising

yields reduces the CF. Carbon labelling systems with a
numerical representation of the CF include this relationship
but need to consider the resolution at which yield data (and
other data) are collected and how to account for the
variations between different years. How this is done
depends on the purpose of the CF labelling system. If
the aim is to stimulate individual producers to reduce
emissions, data have to be collected for each producer
individually. The most accurate CF result would be
obtained from collecting the data on a per-year, per-field,
and per-variety basis (scenario b2) and calculating a CF for
a specific year. However, such a procedure would hardly be
understandable or fair since the crop yield, and as a
consequence the CF, from the same farm and under equal
cropping systems could vary substantially due to varying
weather conditions, pesticide attacks, etc. A correctly
designed CF system should not punish a producer for
uncontrollable factors but should promote high yield due to
good farming practice, which would lead to higher average
yields. Therefore, the use of yield data as a temporal average
is more reasonable and would take into consideration the
influence of yield on the CF but would not punish a certain
product and/or producer in a certain year of misfortunate and
uncontrollable conditions. Omitting to take this into consid-
eration when designing a CF system could lead to other
products that cause higher overall emissions being favored
during a specific year, leading to an undesired effect of the
CF labelling system. A system in which the CF for a specific
product from the same producer, using the same production
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Fig. 2 Histogram of theMonte Carlo simulation of the base scenario (a1)

Table 5 Potato CF for different scenarios (kg CO2e per kg potatoes).
Boundaries are the 2.5 and 97.5 percentiles and range is the difference
between the boundaries. For the arbitrary year, all variations and
uncertainties are included while for the specific year variations in AD,

except transport AD, are excluded. In scenarios a and c, variations
and uncertainties in field-bound parameters are included, while in
scenarios b and d variations in field-bound parameters are excluded. In
scenarios c and d. the CLfF rules (CLfF 2009) are applied

Scenario Arbitrary year Scenario Specific year

Boundaries Range Boundaries Range

Arbitrary field a1 0.10–0.16 0.060 a2 0.11–0.15 0.047

Specific field b1 0.10–0.16 0.060 b2 0.11–0.15 0.045

Arbitrary field CLfF rules c1 0.091–0.15 0.059 c2 0.094–0.14 0.045

Specific field CLfF rules d1 0.091–0.15 0.059 d2 0.094–0.14 0.044

Reduction (g) Probability (%)

> 0 72

> 10 53

> 20 33

> 30 17

> 40 7

> 50 3

> 60 1

Table 6 Probability of the CF
of 1 kg of table potatoes
produced according to CLfF
rules being lower than the CF
of 1 kg of potatoes from the
base scenario
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technology, varies considerably between years would also be
very confusing for the consumer.

Providing consumer guidance that maximises the reduc-
tion in overall GHG emissions from food consumption is
another potential goal for a CF system. In such a case, the
system needs to allow comparisons between different types
of products and a CF for potatoes on a regional or national
level could be justified. Building on the work initiated in
this study, the uncertainty in such a CF for potatoes and
other comparable products could be calculated and used in
order to determine whether it is possible to have one CF
value for all Swedish potatoes with the necessary precision
to allow comparison with similar products. However,
further methodological complexities are then introduced.
Studies are needed on whether a fair comparison is possible
without including the use phase in the CF, i.e., the energy
requirement for home storage and preparation. The issue of
what products can be considered comparable is another area
in need of research. Comparable products need to be
interchangeable from a functional point of view and must
have similar nutrient content, which may require a functional
unit based on energy or protein content or similar instead of
mass (Schau and Fet 2008).

Focusing on maximising yield could have serious impacts
on other environmental aspects. Crop protection chemicals
have little influence on the CF, while excluding pesticides
would reduce yield substantially for several crops, giving a
great negative influence on the CF. This is especially true for
potatoes, a crop that is heavily sprayed with fungicides in
particular. Quantifying how different CF systems would
affect eco-toxicity, biodiversity, soil quality, and other factors
is an area for further investigation.

The amount of N fertiliser is an important parameter
since it determines the processes with the largest and the
second largest contribution to the CF; the emissions of N2O
from soil and the production of mineral fertilisers. Howev-
er, the importance of N fertiliser amount might be over-
estimated since N2O emissions depend on several other
parameters (Kasimir-Klemedtsson 2001) that are not
accounted for in the method used to calculate the N2O
emissions. The outcome from the N2O method only varies
with the amount of N applied, giving this parameter too
great importance on a per-year basis. However, in the long
run, the amount of N applied is an important parameter
since it contributes to accumulation of N in the soil that will
affect N2O emissions in years to come.

The soil processes involved in the cultivation of agricul-
tural products are often non-linear and difficult to predict
and estimate due to their dependency on environmental and
climatological factors with large variability in time and
space. The large-scale methods for calculating soil emissions
used in this study give rise to large uncertainties. More
accurate estimates of the soil emissions would be possible

using more advanced models, but in a CF system the models
need to be practically applicable for CF calculation. For
example, by using detailed data such as daily mean air
temperature, precipitation, and several soil properties, the
ICBM model can be used to more precisely calculate the
emissions or sequestration of CO2 from soils (Andrén et al.
2004). Measurements of soil properties required by the
model, which are associated with considerable variability on
a temporal and spatial level, are not realistic during normal
crop production today. Future research will have to evaluate
whether it is possible to develop methods for assessing soil
emissions that take into account controllable factors such as
soil type, tillage methods and intensity, crop species, etc.
and climate conditions in order to compare products from
different product categories as well as products cultivated in
different geographical locations and under different cultiva-
tion systems.

Calculating the CF using data from a specific field did not
decrease the uncertainty in the CF in this study. However,
since the soil humus content is a parameter that can have a
considerable impact on GHG emissions (Table 4), this could
justify calculation of the CF on a per-field basis. Potato
cultivation on soils with low humus content could be favored
in practice. This would be especially relevant for regions rich
in high-humus soils.

The comparison between the CF for production with and
without CLfF rules for an arbitrary year and field showed
that only approximately half of the climate-labelled bags
of potatoes led to an emissions reduction of 9% (the
deterministic mean reduction) compared with the unlabelled
bags. This clearly illustrates the large uncertainty associated
with food product CF calculations due to natural variations
and uncertainties in models. Obvious reduction measures
that do not alter the cultivation system and risk influencing
the yield, etc., such as the use of low-emissions fertilisers
and electricity as suggested by the CLfF project, should of
course be promoted in any case. However, when introduc-
ing numerical CF labelling schemes or more complex
rule-based systems for comparisons between products,
uncertainty analysis cannot be neglected.

The results were compared with the process of potato
production in the ecoinvent database (ecoinvent Centre
2007). The mean value in ecoinvent was 0.13 kg CO2e per
kilogram of table potatoes. Although the ecoinvent process
did not include the packaging process, the paper bag, or the
distribution, the result was still higher than the result from
this study. The higher value is explained by the lower yield
(37.7 ton/ha) used in the ecoinvent process, once again
showing the great importance of the yield for the resulting
CF. Running a Monte Carlo simulation on the ecoinvent
process gave an uncertainty range of 0.045 kg, which
should be compared with the uncertainty range in the
present study for a specific year (a2), 0.047, since variation
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in yield was not included in the simulation. Thus, good
agreement was found between the two uncertainty ranges
even though the underlying methodology for assessing the
uncertainty information differed.

5 Conclusions

The CF of table potatoes in this study varied between
approximately -17% and +30% of the average value with
95% certainty, showing that uncertainty analysis in the
design, calculation, and evaluation of food product CF
labelling schemes is important to ensure fair and effective
comparison. The method outlined in this study, in which the
uncertainties were divided into spatial and temporal varia-
tions and data/measuring uncertainty, is able to show how
CF uncertainty is affected by the parameter resolution in time
and space. The results from our study on potatoes showed
that the reduction in uncertainty due to fixing the temporal
variation (yield, fertiliser amount, energy consumption, etc.)
was only 19%.

The probability of reaching different levels of differen-
tiation in the CF from different food production systems
can be calculated using Monte Carlo simulation of the two
systems and pair-wise comparison. Including this type of
uncertainty analysis adds valuable information about the
uncertainties in CF, as illustrated in this study by the
example with and without the application of CLfF rules.

6 Recommendations and perspectives

The natural question is: what is an acceptable level of
uncertainty? This question is more political or philosophical
than scientific in nature. Depending on the purpose of the
labelling system, the uncertainty must be low enough to
allow comparisons between potatoes from different pro-
ducers or between potatoes and other comparable products.
This study showed that, for an arbitrary year and field,
potatoes that were cultivated according to CLfF rules had a
lower CF with a probability of 72% and that the average
reduction of 9% occurred with a probability of 53%. These
numbers could, or could not, be regarded as an acceptable
level of probability. Results from similar studies comparing
the same product and comparable products would allow a
rule of thumb to be devised for the acceptable uncertainty
for different purposes.
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