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Abstract
Purpose Recently, an update of the Life Cycle Impact Assessment (LCIA) method ReCiPe was released: ReCiPe 2016. The aim
of this study was to analyse the effect of using this update instead of the previous version: ReCiPe 2008. Do the absolute
outcomes change significantly and if so, does this lead to different conclusions and result-based recommendations?
Methods Life cycle assessments (LCAs) were conducted for 152 foods for which cradle-to-plate inventories were available and that
together are estimated to account for 80% of the total greenhouse gas emissions, land use and fossil resource depletion of food
consumption in the Netherlands. The LCIAwas performed on midpoint and endpoint level, with both ReCiPe 2008 and 2016, and
using the three perspectives provided by ReCiPe. Both the uses of the global-average characterisation factors (CFs) and the Dutch-
specific CFs were explored.
Results and discussion Results showed a strong correlation between LCAs performed with ReCiPe 2008 and with 2016 on
midpoint and endpoint level, with Spearman’s rank correlation between 0.85 and 0.99. Ranking of foods related to their overall
environmental impact did not differ significantly between methods when using the default hierarchist perspective. Differences on
endpoint level were largest when using the individualist perspective. The predicted average absolute impact of the foods studied
did change significantly when using the new ReCiPe, regardless of which perspective was used: a larger impact was found for
climate change, freshwater eutrophication and water consumption and a lower impact for acidification and land use. The use of
Dutch CFs in ReCiPe 2016 leads to significant differences in LCA results compared with the use of the global-average CFs.
When looking at the average Dutch diet, ReCiPe 2016 predicted a larger impact from greenhouse gas emissions and freshwater
eutrophication, and a lower impact from acidification and land use than ReCiPe 2008.
Conclusions The update of ReCiPe leads to other LCIA results but to comparable conclusions on hotspots and ranking of food
product consumption in the Netherlands. Looking at the changes per product due to the update, we recommend updating
endpoint-level LCAs conducted with ReCiPe 2008, especially for products that emit large amounts of PM2.5 or consume large
amounts of water within their life cycle. As new and updated methods reflect the scientific state of art better and therefore include
less model uncertainty, we recommend to always use the most recent and up-to-date methodology in new LCAs.

Keywords Dutch food consumption . Cradle-to-grave . Characterisation . Midpoint . Endpoint . Regionalisation . Life cycle
impact assessment

1 Introduction

To perform Life Cycle Assessment (LCA) studies, there is a
variety of Life Cycle Impact Assessment (LCIA) methods
available. The International Standard for LCA (ISO 14040-
14044) does not specify which LCIA method should be used,
which means the choice for LCIA method differs per study
(Finkbeiner et al. 2006; Hauschild et al. 2013). Various LCA
studies compared different LCIA methods (Cavalett et al.
2013; Koiwanit et al. 2014; Bueno et al. 2016). They often
concluded that, though methods can be relatively in
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agreement, the results depend on the method that is chosen
and so are the conclusions. The variation in results is caused
by intrinsic differences in the characterisation models, which
result in different characterisation factors (CFs) for the same
substance or even different contributing substances for the
same impact category. Variations in characterisation models
are due to the inclusion of various processes, in different
regional and temporal scales, but also due to variations in
research areas of the institutions where assessment methods
are developed. Bueno et al. (2016) conclude that the most
appropriate LCIA methodology would always be the latest
version. Updates of methods could, however, change conclu-
sions obtained in LCA case studies.

To further progress LCIA methods beyond the current
state-of-art, the widely used (see e.g. Manfredi and Vignali
2014; Smetana et al. 2015; Goldstein et al. 2016) ReCiPe
2008 method (Goedkoop et al. 2009) was updated to its ver-
sion of 2016 (Huijbregts et al. 2016). The ReCiPe provides a
harmonised implementation of cause-effect pathways for the
calculation of both midpoint and endpoint characterisation
factors. To make a step forward in overcoming shortcomings,
the ReCiPe update focused on (1) providing CFs that are rep-
resentative for the global scale, while maintaining the possi-
bility for a number of impact categories to implement CFs at a
country scale and (2) improving the characterisationmodels to
determine mid-to-endpoint factors.

The goal of this study was to systematically compare ab-
solute and relative LCA results based on ReCiPe 2008 and
ReCiPe 2016 and to discuss the implications for the interpre-
tation of the LCA results by analysing if the relative ranking of
the foods changes significantly when switching from ReCiPe
2008 to ReCiPe 2016. For this, a case study using data for
selected foods that are commonly consumed in the
Netherlands was used. The comparison is made on midpoint
level using both global-average CFs and Dutch-specific CFs
and on endpoint level using global-average CFs. Furthermore,
the analysis is performed at the level of individual food per
kilogramme and at the level of an average Dutch consumption
pattern. Subsequently, the implications of using the updated
methodology for practitioners and stakeholders are discussed.

2 Methods

2.1 Goal and scope

For the comparison of LCA results using ReCiPe 2008 and
ReCiPe 2016, attributional LCAs were performed for 152
foods consumed in the Netherlands. These foods are estimated
to account for approximately 80% of food-related greenhouse
gas emissions, land use and fossil resource depletion (De Valk
et al. 2016). One kilogramme of food prepared at plate was
used as a functional unit.

2.2 LCI

The Life Cycle Inventory (LCI) consisted of 152 different
foods available in the Netherlands (De Valk et al. 2016).
Data were obtained from ecoinvent v3.1 (Weidema et al.
2013), Agri-footprint v2.0 (Blonk Agri-footprint BV. Blonk
Agri-footprint 2015), ELCD v3.1, EU & DK Input Output
Database, Broekema et al. (2015a), Broekema et al. (2015b),
Kuling et al. (2015), Kuling and Scholten (2015) and
Broekema et al. (2016). The LCI data were composed to as-
sess climate change, terrestrial acidification, freshwater eutro-
phication, marine eutrophication, water consumption and land
use. In accordance with PAS2050-1, emissions were allocated
based on economic value, except for dairy products where
bio-physical allocation was used (BSI 2012; JRC 2015).
Average emission values over the year were taken, neglecting
seasonal variability. Crop rotation and change in surface albe-
do were outside the scope of the study. It was assumed that
there were no quality differences between products or any
differences between brands of the same product. The analysis
included all extractions and emissions from cradle to plate, life
cycle stages of human waste were not included. Data on pes-
ticide use were absent from the LCI.

For the result analyses, foods were classified into nine dif-
ferent categories based on the GloboDiet classification cate-
gories (Table S1, Electronic Supplementary Material (ESM))
(Slimani et al. 2000). GloboDiet is a software that is used for
24-h dietary recall surveys. For convenience, some GloboDiet
groups were aggregated into one group. The food group ‘veg-
etables’ also included potatoes and legumes, ‘dairy’ included
ice cream and butter as well, ‘cereals’ also included cakes and
snacks, and alcoholic beverages, non-alcoholic beverages and
soy drink were aggregated into the food group ‘beverages’.

LCIA results were combined with data from the Dutch
national food consumption survey 2007–2010 (Van Rossum
et al. 2011) to calculate the average Dutch daily dietary envi-
ronmental impact per person based on a selection of foods.
The consumption survey is based on two 24-h recall inter-
views by telephone of 7–69-year-old men and women.
Foods that were reported in the consumption survey but were
missing in the LCIA results were omitted from further calcu-
lations, which leads to an underestimation of total dietary en-
vironmental impact.

2.3 LCIA

Calculations were done with SimaPro 8.3.0 software (Pre-sus-
tainability 2018), and the characterisation methods used were
ReCiPe 2008 V1.12 (Goedkoop et al. 2009) and ReCiPe 2016
V1.1 (Huijbregts et al. 2016). LCIA results were determined
on midpoint and endpoint level with CFs for global averages
for all three sets of CFs provided by ReCiPe, i.e. following
different value choices. The analysis on endpoint level
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focused on the areas of protection for human health and eco-
systems, for which all available damage pathways were in-
cluded. The LCI was considered incomplete for resource de-
pletion but results are included in the supplementary informa-
tion. The analysis on midpoint level mainly focussed on the
six impact categories for which the LCI was originally com-
posed: climate change, water use, land use, freshwater eutro-
phication, marine eutrophication and terrestrial acidification.

ReCiPe 2016 offers the possibility to perform LCIA with
country-specific CFs for water use, acidification, freshwater
eutrophication, fine particulate matter formation and ozone
formation. Therefore, LCAs were also performed with
Dutch CFs of ReCiPe 2016. This was done on midpoint and
endpoint level for terrestrial acidification, freshwater eutrophi-
cation and particulate matter formation. For this, we adapted
the ReCiPe 2016 method available in SimaPro to match the
Dutch-specific CFs. Although the LCI does not include fore-
ground data on direct particulate matter emissions, it does
include secondary inorganics and could thus be included in
the analysis with country-specific CFs. The regional impacts
of water consumption were only examined on endpoint level
for both global-average ReCiPe 2016 CFs and Dutch
regional-specific CFs because the LCI consisted of water con-
sumed and the CFs for water consumed on midpoint level are
equal (both have a CF of 1). The same inventory was used for
global as well as regional analysis. It should be noted that the
food within the LCI originated from different regions, and all
foods have various production steps that do not take place in
the Netherlands while using Dutch CFs assumes all impacts
take place in the Netherlands. Regional impact assessment
with Dutch CFs was chosen since the LCI was composed of
foods that were available on the Dutch market and the final
life cycle stages take place in the Netherlands. The analysis
was done to show the difference between using global-
average CFs, provided as defaults in ReCiPe, and using
country-specific CFs. Therefore, it does not necessarily pro-
vide a more accurate representation of the impact food con-
sumption has in the Netherlands, as the LCI consists of life
cycle stages that also occur outside the Netherlands.

2.4 Interpretation

Differences in LCIA results using ReCiPe 2008 and 2016
based on global CFs were assessed for all foods grouped to-
gether, for each food group and for individual foods within
each food group. Results expressed as absolute values were
compared with a two-sided t test, the root mean square error
(RMSE) and the normalised RMSE. Rankings were compared
with the Spearman rank test. The RMSE is an indication of
how well the data fit the 1:1 line (Timsina and Humphreys
2006; Lautz et al. 2017). Although the RMSE is originally a
measure to compare predicted and observed values, it was
considered as an appropriate test to compare LCIA results

based on ReCiPe 2008 and ReCiPe 2016. The normalised
RMSE value was calculated by dividing the RMSE by the
average ReCiPe 2008 impact. Normalisation of the RMSE
was required in order to compare the RMSEs of different
impact categories. LCA results of all foods per impact catego-
ry based on ReCiPe 2016 with global-average CFs and
ReCiPe 2016 with Dutch regional-specific CFs were com-
pared with a two-sided t test, the RMSE and the normalised
RMSE and a Spearman rank test. The average daily dietary
environmental impact based on ReCiPe 2008 and ReCiPe
2016 was compared with a two-sided t test. Significant differ-
ences assessed with the t test were assumed at p < 0.05.
Statistical analysis was done with R-studio version 3.4.0.
The RMSE was performed with the Metrics package (Core
Team 2017a), the Spearman rank test and the t test with the
stats package (Core Team 2017b).

3 Results

3.1 Endpoint level

Figure 1 shows the environmental impact on endpoint level
for each food item calculated with ReCiPe 2008 and ReCiPe
2016. ReCiPe 2008 and 2016 showed a strong correlation for
each area of protection and each perspective, with no signifi-
cant difference in ranking of foods (Spearman’s rho > 0.76).
From an individualist perspective, the impact on human health
was estimated to be significantly smaller when using ReCiPe
2016 (p < 0.001 on average). From an egalitarian perspective,
the product-specific impact of foods on human health was
estimated to be significantly larger when using ReCiPe 2016
(p < 0.001 with RMSE = 0.0001, RMSEnorm = 329.2). There
was no significant difference between ReCiPe 2008 and 2016
for damage to human health from an hierarchist perspective
(p = 0.39) and there were relatively small differences in pre-
dicted impacts (RMSE = 0.00, RMSEnorm = 39.4). Damage to
ecosystems was estimated to be significantly smaller in
ReCiPe 2016 form an individualist, hierarchist and egalitarian
perspective (p < 0.05). Predicted endpoint effects on resource
depletion were significantly larger for all foods in ReCiPe
2016 (t test, p < 0.05, ESM, Fig. S3). Foods were predicted
to cause more damage to resource depletion with ReCiPe
2016 from an individualist perspective (RMSEnorm = 8.3).
Ranking between food categories was similar in ReCiPe
2016 to the ranking in ReCiPe 2008, Spearman’s rho was
around 0.95 for each combination of area of protection and
perspective. Within food categories, there were no significant
differences in ranking except for the ranking of the impact on
human health of fruit products from an individualist perspec-
tive (p > 0.05) (ESM, Fig. S4).

Figure 2 shows the endpoint damage on human health and
ecosystems per midpoint category for foods using ReCiPe
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Fig. 2 Boxplots of endpoint damage of foods (n = 152) per midpoint
impact category in ReCiPe 2008 and ReCiPe 2016 from an hierarchist
perspective. Bars show median values, lower and upper hinges

correspond to the 25th percentiles and 75th percentiles and whiskers
extend to 1.5 inter-quartile distance

Fig. 1 Impact per kilogramme of food for 152 foods using ReCiPe 2016
versus ReCiPe 2008. Impacts for two areas of protection (human health
and ecosystems) and for three different perspectives (individualist (I),

hierarchist (H) and egalitarian (E). Line for best fit in blue, black line
indicates the 1:1 line

2318 Int J Life Cycle Assess (2020) 25:2315–2324



2008 and 2016 for the hierarchist perspective. Damage to
human health from foods was in large part caused by climate
change and fine particulate matter formation, both in ReCiPe
2008 and in ReCiPe 2016 (Fig. 2 and ESM, Figs. S6-S8).
From a hierarchist perspective, damage to human health from
climate change was on average a factor 0.7 lower in ReCiPe
2016. Particulate matter impacts were on average a factor 1.8
higher in ReCiPe 2016. Predicted damage from human toxic-
ity was a factor of 10.3 larger with ReCiPe 2016, to account on
average for 10% of the total damage to human health. No
endpoint CFs were available for water consumption in
ReCiPe 2008, but for predicted impacts with ReCiPe 2016,
water consumption accounted on average for 7% for damage
to human health. Ozone depletion, ionising radiation and
ozone formation contributed less than 1% to the total damage
to human health with both versions of ReCiPe. Ozone deple-
tion was predicted to cause 55 times more damage to human
health with ReCiPe 2016 compared to ReCiPe 2008. Ozone
formation was predicted to cause 15 times more damage to
human health.

Damage to ecosystems from foods was mostly caused by
climate change, land use and land transformation, both in
ReCiPe 2008 as in ReCiPe 2016 (Fig. 2 and Fig. S9–S11
(ESM)). From a hierarchist perspective, damage to ecosys-
tems from climate change was on average a factor 0.4 lower
predicted by ReCiPe 2016 compared to ReCiPe 2008. Land
use damage was predicted to be half of the damage with
ReCiPe 2016 than it was when predicted with ReCiPe
2008. On the other hand, the predicted effect of terrestrial
acidification was on average a factor 22.2 larger with
ReCiPe 2016. With ReCiPe 2016, an effect on ecosystems
through acidification was predicted of 14% of the total
damage to ecosystems, while with ReCiPe 2008, a mini-
mally contributing effect (< 0.5%) was predicted. On aver-
age, ecotoxicity made up around 4% of the total damage to
ecosystems when ReCiPe 2008 was applied, while with
ReCiPe 2016, any effects were hardly predicted (< 0.1%)
on ecosystems through ecotoxicity. Endpoint effects on
ecosystems due to water consumption were not included
in ReCiPe 2008. Applying ReCiPe 2016, water consump-
tion accounted on average for 5% of the damage to eco-
systems. Within the food categories fruit and beverages,
however, water use had a relatively larger impact, account-
ing on average for 16% and 11% of the total damage to
ecosystems for each perspective. Ozone formation effects
on ecosystems were not included in ReCiPe 2008. ReCiPe
2016 estimated on average a small contribution of ozone
formation to the total damage to ecosystems (< 0.6%).
Ozone formation contributed more to ecosystem damage
for fish products than other foods, i.e. on average 10% of
the total endpoint damage. This damage was mostly caused
by the burning of diesel fuels through the various life cycle
stages of the fish products.

3.2 Midpoint level: individual products

Figure 3 shows the environmental impacts of foods from a
hierarchist perspective for the midpoint categories for which
the LCI was considered complete (for other perspectives, see
supplementary data, Fig. S12 (ESM)). On midpoint level, the
calculated impact of foods remained similar when using
ReCiPe 2016 compared to ReCiPe 2008. The ranking of foods
did not change significantly (Spearman’s rho = 0.99). There
was no significant difference between results based on
ReCiPe 2008 and ReCiPe 2016 for climate change, acidifica-
tion, water use and land use for all perspectives (p > 0.05). For
these midpoint categories, the RMSEnorm was below 1, indi-
cating that the difference between ReCiPe 2008 and ReCiPe
2016 values was smaller than the average value from ReCiPe
2008. There was a significant difference between ReCiPe
2008 and ReCiPe 2016 for freshwater eutrophication (p =
0.02) for the three different perspectives with an RMSEnorm

of 2.1 for the three different value choices. Marine eutrophi-
cation was predicted to be significantly lower with ReCiPe
2016 for each value choice (p < 0.01).

3.3 Regionalisation

Differences were observed between LCA results with ReCiPe
2016 global-average CFs and ReCiPe 2016 Dutch-specific
CFs (Fig. S13 (ESM)). On midpoint level, terrestrial acidifi-
cation was predicted to be significantly larger with Dutch-
specific CFs (p < 0.05). Freshwater eutrophication was pre-
dicted to be significantly smaller with Dutch-specific CFs on
midpoint level and endpoint level (p < 0.001). Normalised
RMSE was below 1 for fine particulate matter formation on
mid- and endpoint level, as well as for terrestrial acidification
on endpoint level. There was no difference in ranking of foods
between ReCiPe 2016 using global-average or Dutch CFs for
terrestrial acidification, particulate matter formation or fresh-
water eutrophication.

ReCiPe 2016 includes endpoint CFs for damage to human
health and ecosystems due to water consumption. The Dutch
endpoint CF for water consumption on aquatic ecosystems
was 0 (compared to the global-average CF of 6.04∙10−13

species year/m3). Impact of water consumption on human
health was lower with Dutch CF (Fig. 4; (p < 0.001). There
was a significant difference between the use of global-average
and Dutch CFs on the effect of water consumption on terres-
trial ecosystems (p < 0.01). Normalised RMSE showed a large
difference between global-average and regionalised CFs with
normalised RMSE of 3.5 for damage to human health and
12.2 for damage to terrestrial ecosystems. Spearman’s rank
showed no significant differences between the results with
global-average CFs compared to the results with the Dutch
CFs (Spearman’s rho = 1).
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When looking at the impact of overall daily consump-
tion of Dutch inhabitants, the results with ReCiPe 2008
significantly differed from the results with ReCiPe 2016
for each midpoint category (p < 0.05) (Fig. 5). However,
not for all food categories, the daily dietary impact
changed significantly. The effect on climate change from
daily meat and dairy consumption was predicted to be sig-
nificantly larger in ReCiPe 2016 (p < 0.05). The impact on

acidification was predicted to be significantly lower with
ReCiPe 2016 (p < 0.05) for each food category. Freshwater
eutrophication was predicted to be significantly larger for
each food category (p < 0.05) with ReCiPe 2016, while
marine eutrophication was predicted to be significantly
smaller for each food category (p < 0.05). Beverages, dairy
and fish were predicted to require significantly less land
(p < 0.01).

Fig. 3 Impact per kilogramme of food for 152 foods in ReCiPe 2016
compared with ReCiPe 2008. Impacts for six midpoint categories
(global warming, freshwater eutrophication, terrestrial acidification,

water use, and land use) from a hierarchist perspective. Line for best fit
in blue, black line indicates 1:1 line

Fig. 4 Endpoint damage for
water consumption per
kilogramme of 152 foods in
ReCiPe 2016, with global-
average (x-axis) and Dutch-
specific CFs (y-axis) from a
hierarchist perspective. Line for
best fit in blue, black lines indi-
cate the 1:1 line
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4 Discussion

4.1 Explanation of the findings

Results from LCAs of food products, performed with ReCiPe
2008 and 2016, showed a large correlation. However, small
differences in ranking remained. The differences in ranking
between ReCiPe 2008 and 2016, of individual foods contrib-
uting to damage to human health, is mostly caused by a dif-
ference in a change in incorporated substances and new dam-
age pathways. In ReCiPe 2016, the damage through particu-
late matter formation differs stronger between the three value
choices, with different incorporated substances (e.g. PM2.5

versus PM10), which causes a change in ranking for damage
to human health from an egalitarian and hierarchist perspec-
tive. The addition of water consumption in damage to human
health in ReCiPe 2016 was another factor that influenced the
ranking of foods, but it is seldom the only reason changes in
ranking occur. For example, beef is a product that uses a lot of
water in the production process. In the hierarchist perspective,
ReCiPe 2016 predicted 23% more damage to human health.
Ten percent of this rise of damage to human health was how-
ever caused by the addition of water consumption in ReCiPe
2016 (ESM, Fig. S7). There are also some product groups
where changes between ReCiPe 2008 and 2016 are mostly
caused by the addition of water consumption.Within the prod-
uct group fruits, this effect is most visible. That is 70% of the
difference in damage to human health between ReCiPe 2008
and ReCiPe 2016 was caused by the additional impacts of
water consumption (ESM—Fig. S7bb). Also, differences in
ranking in damage to ecosystems were mostly caused by the
inclusion of a damaged pathway for water consumption (i.e.

within the product group fruits) in ReCiPe 2016 and further-
more in differences in ecotoxicity effects between ReCiPe
2008 and 2016.

Differences in absolute results between ReCiPe 2008 and
2016 on endpoint level were largest for the area of protection
human health. For the egalitarian perspective, the differences
in results between ReCiPe 2008 and 2016 can be explained by
a change in the time horizon for the egalitarian perspective
from 500 to 1000 years (or infinite) for climate change and
acidification (Huijbregts et al. 2016). Differences in absolute
values from an individualist perspective are in part caused by a
lower mid to endpoint CF for climate change in ReCiPe 2016,
8.1·10−8 DALY/kgCO2-eq compared to 1.19·10−6 DALY/kg
CO2-eq in ReCiPe 2008.

Furthermore, in ReCiPe 2016, only PM2.5 is incorporated
to contribute to particulate matter formation, while in ReCiPe
2008, PM10 was incorporated. This is because research
showed that most life years lost can be attributed to smaller
particles. Also, there is a difference in incorporated substances
for the different value choices in ReCiPe 2016. While the
individualist perspective only incorporates effects of direct
emission of PM2.5, the hierarchist and the egalitarian perspec-
tive incorporates effects of secondary particles ammonia, sul-
phur oxides and nitrogen oxides as well. In ReCiPe 2008, this
difference between value choices is absent. Although the LCI
did not specifically include substances causing stratospheric
ozone depletion or photochemical ozone formation, there was
a large difference in predicted damage through these path-
ways. This difference in damage to human health through
ozone depletion was mostly caused by the inclusion of a CF
for dinitrogen mono-oxide in ReCiPe 2016, which is lacking
in ReCiPe 2008. The larger contribution to human health

Fig. 5 Midpoint effects of the average daily impact for consumption of the 152 foods included in this study, determined with ReCiPe 2008 and ReCiPe
2016 for persons aged 7–69. Bars indicate the standard error. All impacts are from an hierarchist perspective
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damage of ozone formation was caused by updated CF’s that
are applicable to a global scale and the inclusion of chronic
mortality instead of acute mortality.

With ReCiPe 2008, some dairy and meat products were
predicted to cause larger endpoint level impacts for climate
change from an Individualist perspective than from a
Hierarchist perspective.While the global-averagemid- to end-
point CF for climate change is larger from a hierarchist per-
spective than the individualist perspective. This is due to the
large mid- to endpoint CF for methane for the individualist
perspective in the 2008 version. In ReCiPe 2016, the mid- to
endpoint damage pathway is now included in a more clear and
scientifically consistent way, leading to larger factors for the
hierarchist perspective than for the individualistic perspective.

Predicted impacts on climate change of the Dutch diet were
lower than expected compared to previous studies of the
Dutch diet and compared to other countries (Fig. S5 (ESM))
(Temme et al. 2014; De Valk et al. 2016; Goldstein et al.
2016). This was mainly caused by the limited number of foods
within this study and the inclusion of children, where other
studies focus on adults only. In addition, underreporting of
daily food intake by consumers might be another reason
(Berners-lee et al. 2012).

4.2 Uncertainty

This work included many and large datasets, making it vul-
nerable to various sources of uncertainty.

First, it was not possible to thoroughly compare the differ-
ences between ReCiPe 2008 and ReCiPe 2016 for ozone de-
pletion, pesticide toxicity, ozone formation caused by individ-
ual non-methane volatile organic compounds and ionising ra-
diation. This was caused by gaps in the LCI database.

Identifying all emissions of toxic compounds was not in the
scope of the LCI thus, the LCI does not contain data on pes-
ticide use. This caused a severe underestimation of the true
contribution to human and ecotoxicity of food consumption.
Toxicity effects were only predicted for exposure to heavy
metals mostly emitted during the cultivation and packaging
stages of the foods. However, toxicity still has a large effect on
the total damage to human health and ecosystems in this study.
Differences in toxicity effects between ReCiPe 2008 and
ReCiPe 2016 can partly be explained by differences in mid-
to endpoint factors. Some of the analysed foods (i.e. cashew
nuts and wine) have large emissions of zinc in the cultivation
stages of their life cycle (Benedetto 2013; Figueiredo et al.
2014). The endpoint CF for zinc differs a factor of 300 be-
tween ReCiPe 2008 and 2016 from an egalitarian perspective.
Zinc is just one of the substances for which the CFs changed
far more than the average mid- to endpoint factor for toxicity.
In this case study, however, none of these other substances
were found to alter the impact between ReCiPe 2008 and
2016 as much as zinc did.

Second, it was not possible for this study to apply
regionalised CFs based on the place of production. Instead,
regionalised CFs were applied as if all foods included in this
study had been produced in the Netherlands. Preceding LCA
studies that compared different production sites often only
compared the emissions but did not take into account the re-
gional differences in sensitivity to these emissions (Page et al.
2014; Steenwerth et al. 2015). When comparing two distinct
production sites, this should, however, be taken into consider-
ation. Our results showed that regional-specific analysis might
change the ranking of foods, as impacts with Dutch regional-
specific CFs differed significantly from impacts with global-
average CFs. Differences between global-average and
regional-specific results may be smaller or larger when choos-
ing another country with more or less distinct CFs (Huijbregts
et al. 2016). For a globalised production chain, there is current-
ly a methodological challenge in how to calculate the regional-
specific impacts. Whenever regionalisation is possible, it offers
a more in-depth look at how foods affect the environment
(Mutel and Hellweg 2008). In this study, an oversimplification
was done as it was not possible to perform a regionalised LCIA
for food that has production steps in different regions. For this
to be possible, an LCI with more details about the place of
production is needed. Furthermore, there is a need for an option
within LCA software to use region-specific CFs for different
life cycle stages (Mutel and Hellweg 2008). Following a recent
discussion forum on regionalisation, software developers aim
to focus on ways to implement spatially explicit LCI data and
characterisation factors in LCI databases and LCA software
(Frischknecht et al. 2019).

5 Conclusions and recommendations

The use of ReCiPe 2016 leads to different results compared to
the use of ReCiPe 2008 in absolute values. This was expected
because ReCiPe 2016 contains new and updated damage path-
ways, which led to other CFs. On the other hand, the relative
results, the ranking, the between and within food categories
did not change to a large extent. This means that in most
studies on food items that used ReCiPe 2008, the interpreta-
tion of the results is not likely to change when applying
ReCiPe 2016 instead of the 2008 version with the same in-
ventory. This is especially the case when the mostly used
hierarchical perspective is being applied or when performing
a midpoint level analysis. Endpoint level LCAs conducted
with ReCiPe 2008 should be updated, especially for products
that emit large amounts of PM2.5 or its precursors or consume
large amounts of water throughout their life cycle. Also, the
findings of this study indicate that studies with ReCiPe 2008
on products that have large emissions of toxin compounds
should be re-evaluated with ReCiPe 2016, as predicted im-
pacts will be larger.
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Regional assessment with Dutch CFs resulted in significant
differences in absolute values, but not directly to other rank-
ings. Since regional matters affect the CFs, the application of
regional impact assessment within LCA requires more atten-
tion. A particular region might be more susceptible to a certain
impact than others, indicating the necessity to mitigate impacts
of certain emissions or resource used. However, this also gives
rise to other potential concerns, partly led by market and pro-
duction processes changes, as also outlined by Bueno et al.
(2016). Region-specific CFs are now available and often
LCIs as well, but the LCA software is not yet sufficiently de-
veloped for consequent implementation of these CFs. Software
developers are working on this (Frischknecht et al. 2019) and
some case study work has been done with regional-specific
CFs (Brightway 2018), where possible region-specific CFs
should be used.

Updates of LCIA methods are necessary to reflect the sci-
entific state of the art, but can have consequences for studies
that use the method. It is therefore recommended to include
insights on practical consequences of old studies when up-
dates are released, that is, insight in what type of studies might
show different results due to the update.

Furthermore, the results of this study underpin the impor-
tance of careful interpretation of LCA results. LCA results can
always be used in comparison (trends, hotspots, choices on
products), but the comparison of LCA results with absolute
boundaries or goals should be approached with care (Wulf
et al. 2018). Further development of the LCIA method re-
mains important, as new insights could lead to inclusions of
impacts that were completely neglected before, causing a shift
in future rankings, and a more robust LCA method leads to
less uncertainty in the LCA results.
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