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Abstract
Purpose The degrading impacts of livestock production on the environment are well acknowledged. Although ruminants are 
much studied due to their large contribution to climate change impact, monogastrics are also known to carry a significant 
load, and mitigation options need investigation. Here, the climate change impact and water scarcity impact of Finnish pork 
production was investigated using the life cycle assessment approach.
Methods As the importance of communicating reliable environmental information has been acknowledged in the EU, 
methods and guidance for this purpose have been developed. Product Environmental Footprint Category Rules have also 
been published for several food product categories, although not yet for meat. Here, the life cycle assessment methods were 
used based on PEFCR guidance and the draft version of red meat PEFCR guidance to achieve a reliable, transparent and 
comparable assessment.
Results Finnish pork production resulted in a climate change impact of 3.6 kg  CO2 eq.  kgCW−1 and a water scarcity impact 
of 0.69  m3 eq.  kgCW−1. The largest contribution to the climate change impact came from feed crop production, with an 
impact of 43%. Land-use changes were included, and their contribution to the Finnish pork climate change impact was 3%. 
Similarly, in the water scarcity impact, feed crop production was a major contributor, with 41% from fattening pig feed 
production. Significant contributions to both categories also came from piglet production, including feed crop production, 
and to the climate change impact from manure storage.
Conclusions Finnish production was seen to already largely utilise sidestreams and domestic feed ingredients, although, 
e.g. soybean is still used. Based on the results, in mitigating the environmental impacts of Finnish pork production, atten-
tion should especially be paid to the resource-efficient production of domestic feed crops and reduced use of organic soils. 
As current assessment models are unable to grasp the impacts of regenerative farming techniques, the development of LCA 
methods is also required. Water scarcity impact was seen to be largely affected by the utilisation of feed crops originating 
from water-scarce countries. As a mitigation measure, the procurement of these feed crops and ingredients should therefore 
be directed to water-abundant areas and from production which does not depend on irrigation water or the extensive use of 
synthetic inputs.

Keywords Life cycle assessment · Sustainability · Pork · Climate change impact · Water scarcity · PEF · Carbon footprint · 
Environmental impacts

1 Introduction

Livestock production is acknowledged to have large degrad-
ing impacts on the environment. It has been stated that cur-
rent food production is responsible for as much as 29–33% of 
anthropogenic climate impacts (Vermeulen et al. 2012; Clark 
and Tilman 2017). Springmann et al. (2018) estimated that 
livestock production was responsible for 72–78% of total 
agricultural emissions. According to Gerber et al. (2013), 
pig production is the second largest contributor to climate 
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impacts after cattle-based production, with a 9.5% share of 
the livestock sector’s total emissions. The majority of the 
livestock sector’s greenhouse gas emissions are acknowl-
edged to be generated as methane from the enteric fermen-
tation of ruminants. Other significant sources of green-
house gas emissions in livestock production are feed crop 
cultivation and manure storing and handling. The demand 
for an increase in food production and cultivation in areas 
suffering from drought has increased the use of produc-
tion inputs and cultivation in areas depending on irrigation. 
These are directly reflected in the water scarcity impacts 
of agricultural products (Boulay et al. 2018). According to 
FAO statistics, the harvested irrigated crop area expanded 
between 1998 and 2018 from 174 to 369 million ha, with an 
increasing trend (FAO 2021). More than 70% of freshwater 
withdrawals are conducted for agricultural use (FAO 2011, 
2017). Unsustainable water use is causing local challenges 
to food production, livelihoods and ecosystems as aquatic 
habitats degrade. As the livestock sector is understood to 
generate a significant burden on the environment, there is 
increasing demand to find ways to mitigate emissions.

In Finland, pork production is the largest of the three most 
important meat production chains, accounting for about 43% 
of total meat production. According to the official statis-
tics for meat production in Finland, Finnish meat produc-
tion accounted for approximately 411 million kg in the peak 
year of 2021, with more than 7% growth in 10 years (Natu-
ral Resources Institute Finland, 2022a). Although the trend 
in consumption is towards less red meat, pork remains the 
largest category in Finnish consumption, with 38% (Natural 
Resources Institute Finland, 2022a, b).

To assess environmental performance, life cycle assess-
ment is a well-adapted method for quantifying impacts per 
produced product or service. Livestock production has been 
widely studied for its life cycle impacts, especially for the 
climate impact. The environmental impacts of European and 
Nordic pork production have been previously assessed in sev-
eral studies (Dorca-Preda et al. 2021; González-García et al. 
2015; Lamnatou et al. 2016; Noya et al. 2016; Reckmann 
et al. 2013). However, for Finland, only rough estimates have 
been published for the sustainability of pork as part of meal 
portions (Virtanen et al. 2011, Saarinen et al. 2011), while 
other meat products have recently been assessed using LCA 
(Hietala et al. 2021; Usva et al. 2023). Typically, pork pro-
duction LCAs have been conducted with system boundaries 
from cradle to farmgate or slaughterhouse gate. However, 
depending on the scope of the study, variation can be seen in 
setting the system boundaries and selection of methods. Due 
to these differences in LCA methods, the comparability of 
the achieved LCA results can be impaired.

To achieve more reliable and consistent LCA results, 
the European Commission has released harmonised 

guidance for LCA of product groups — a ‘Product Envi-
ronmental Footprint’, PEF method (European Commis-
sion 2013, 2018a, 2021). The overall aim in developing 
it has been to reduce various unverified green claims 
conducted with a variable level of method accuracy. For 
meat products, finalised PEFCR is still lacking, although 
a well-developed pilot phase draft for red meat, com-
piled by the Technical Secretariat of the Red Meat pilot, 
has been available (European Commission, 2018b).

This study’s objective was to assess current Finnish 
pork production global warming potential and water scar-
city with the life cycle assessment approach. For the life 
cycle assessment, the European Commission’s Product 
Environmental Footprint (PEF) method was utilised in 
the assessment of the selected impact categories (climate 
change impact and water use).

2  Material and methods

2.1  Finnish pork production

Finnish pork production data were partly collected from 
major meat-producing companies in Finland (Atria Ltd, 
HKScan Finland Ltd), whose market share of total pro-
duction was estimated as 60–80% of total Finnish national 
production in 2016–2018. Pork production in Finland is 
mainly concentrated in the western and southwestern 
regions of Finland near the major slaughterhouses.

Data acquisition from slaughterhouses included data 
from farms supplying each slaughterhouse on the slaugh-
ter weights and numbers of slaughtered fattening pigs and 
sows. Slaughterhouse data accounted for a 3-year annual 
average of 98 million kg carcass weight. The slaughter-
house data were supplemented with data collected from 
farms supplying the slaughterhouses. The farm data 
included several fattening pigs, sows, gilts, boars, piglets 
and weaned piglets with a period length in each phase. 
Data on feed consumption and feed composition were col-
lected from farms for each pig type. The characteristics of 
the farm data are presented in Table 1. In Finland, pork 
production is based either on specialised fattening pig or 
combined production. In specialised production, farms 
produce piglets, which are exported to fattening farms 
after reaching a weight of approx. 30 kg. In combined 
production, piglets are grown on the same farm as fatten-
ing pigs, i.e. from farrow to finish. The study’s system 
boundary is presented in Fig. 1. Farm activity data were 
collected for electricity use, heating, water use and the 
cultivation of feed crops, including fertiliser use and crop 
yields. Manure management systems were also collected 
directly from farms.
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2.2  Life cycle assessment methods

The environmental life cycle assessment (LCA) of selected 
impact categories of pork production was conducted fol-
lowing the IPCC and European Commission’s Product 
Environmental Footprint (PEF) guidelines. As there is cur-
rently no Product Environmental Footprint Category Rules 
(PEFCR) for meat products, we have applied the draft ver-
sion of the PEFCR for red meat, with the general PEFCR 
guidance, which was valid when this study was conducted 
(European Commission, 2018a, b). The feed PEFCR was 
followed regarding feed compound production (European 
Commission, 2018c) while feed crop LCA was conducted 
as described in Hietala et al. (2022). The general PEFCR 

guidance was followed in sampling and allocation (European 
Commission 2018a, European Commission 2021, Annex I, 
Table 18.).

For global warming potential (GWP), the IPCC 5th 
assessment report was followed with characterisation factor 
of 1 for  CO2, 298 for  N2O with climate carbon feedback and 
34 for biogenic  CH4 in accordance with PEFCR guidance 
(IPCC 2013; Joos et al. 2013).

LCA was conducted using Simapro software (Pré Sus-
tainability 2022). Microsoft Excel was utilised in data 
management and calculating diet compositions and nitro-
gen balances.

Water scarcity (WS) was assessed following the AWARE 
method as suggested in PEFCR guidance (Boulay et al. 

Table 1  Characteristics of the production system studied, based on farm data

Piglet production Combined production Fattening pig production

Tot sample Average per farm Tot sample Average per farm Tot sample Average per farm

Slaughter animals, n Not relevant Not relevant 12,215 4072 42,839 2677
Sows, gilts, boars, n 4,814 1,204 646 215 Not relevant
Piglets (8–9 kg), n 99,889 24,972 14,374 4791 Not relevant
Weaned piglets (30–40 kg), n 59,209 14,802.3 12,752 4250.6 Not relevant
Slaughter weight, kg tot Not relevant 1,438,675 479,558.4 5,189,612 324,350.8
Average slaughter weight, kg Not relevant 117.8 121.1
Feed intake, kgDM/fattening pigs Not relevant 179.4 257.5
Feed intake, kg/kg CW Not relevant 1.52 2.13

Fig. 1  System boundary of pork production LCA. Foreground processes were modelled with primary data collected from the supply chain
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2018). Aggregated annual unknown characterisation fac-
tors and spatially aggregated instead of watershed level fac-
tors were applied because they were supported by Simapro. 
Most inputs of animal production were known by their 
origin country, but in the case of upstream processes, the 
origin information was not always available. Country- or 
region-specific characterization factors were applied when 
the origin country or region was known, otherwise global 
characterisation factors.

2.3  Manure management and emissions 
from animals

To assess dinitrogen oxide emissions from manure manage-
ment, mass and nitrogen balances were defined for pork-
producing farms. For the LCA of individual farm’s pork 
production, balances were defined separately for each farm. 
For Finnish pork production, nitrogen balance was deter-
mined as the average based on the farm data. Balances 
included masses and nitrogen amount in animals, feed and 
manure and were assessed to determine nitrogen excretion 
as presented in Eq. 1. In this study, the focus was on pork-
producing systems and 1 year period. Thus, nitrogen balance 
and excretion were determined for the different age groups 
of animals, present on each farm during a 1-year period, 
according to primary data collection from separate farms.

Farm data on compound feed and feed crop use in diets 
of different animal types (sows, boars, piglets, weaned 
piglets, fattening pigs) formed a basis for determining the 
nitrogen content of diets. The nutritional content of diets 
was determined according to the share of ingredients and 
feed crop nutritional details according to feed tables (Natural 
Resources Institute Finland 2021).

Nitrogen excretion was determined with Eq. 1:

where Nexrection is the excreted total nitrogen (kg), Nfeed is the 
nitrogen content of feed portion (kg), and Nretention is deter-
mined according to species specific equations. For adult 
pigs, the Nfeed was determined based on ingredients in the 
feed portion. For piglets, excretion was determined based on 
the net energy intake estimate. The milk intake of weaning 
piglets was estimated based on the net energy demand and 
net energy content of the given feed supplements for the 
weaning piglets. Nitrogen retention was determined accord-
ing to the method applied in the National Greenhouse Gas 
Inventory Report of Finland, for each animal type separately 
(Eq. 2, Statistics Finland 2021):

(1)Nexcretion = NFeed − Nretention

(2)Nretention = a ×
mfinal

c
− b × minitial

where a is the nitrogen retention factor for fattening pigs 
(0.026), and b is the nitrogen retention factor for piglets 
(0.025; Sevón-Aimonen 2002). The weights in the equation 
are given as live weight, so mfinal is slaughter weight, c is 
the conversion factor for live weight from slaughter weight 
(0.745 was used for fattening pigs as the constant), and mintial 
is the live weight at the beginning of the period.

The greenhouse gas emissions generated in animal pro-
duction were assessed with farm data and utilising the IPCC 
methodology (IPCC 2006, 2019) and National Inventory 
Report methods (NIR, Statistics Finland 2021). When a 
country-specific method was available in the NIR, it was 
used; otherwise, the IPCC 2019 method and Tier recom-
mended by the red meat PEFCR guidance draft were used. 
Direct  N2O emissions from manure storage were determined 
according to IPCC 2019 Tier 2, based on total excreted nitro-
gen and for each manure management system separately. 
Indirect  N2O emissions were similarly determined according 
to IPCC 2019 Tier 2. Methane  (CH4) emissions from manure 
storage and animals due to feed digestion were determined 
according to NIR and IPCC 2019 Tier 2, including the 
manure management system. For slurry, 10% was used as 
MCF, which corresponded to the average storage time of 
approximately 5 months. For those pig farms which had 
their own biogas production,  N2O emissions from storage 
between excretion and anaerobic digestion were calculated 
according to IPCC 2019.  CH4 from anaerobic digestion was 
taken into account according to IPCC 2019, with an assump-
tion of low leakage and an MMS factor of 1.41%. Manure 
methane was determined with IPCC 2019 (Eq. 3):

where Vs is the amount of volatile solids in manure accord-
ing to the NIR, T is the period length in days, and Bo and 
MCF are the IPCC factors according to conditions.

2.4  Functional unit, system boundaries 
and allocation

For pork production, the functional unit (FU) was deter-
mined as kg carcass weight, while piglet production impacts 
were assessed for one 30-kg piglet. Deviating from the 
PEFCR guidance, the system boundary was set from cra-
dle to slaughterhouse gate, to the point immediately after 
slaughter when the full carcass is available.

Allocation to co-products within the animal production 
system was relevant on the farm (disposed carcasses and 
manure) and before and after slaughter. All manure was 
handled as it was stored on the farm, and no burden was 
allocated for the manure as a co-product. Disposed carcasses 

(3)EF = (Vs ∗ T) ∗

[

Bo ∗ 0.67 ∗
∑ MCF

100

]
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from farms and the slaughterhouse were managed according 
to their quality and by-product level, either as co-products 
for animal feeds or by-products ending in a lower waste 
hierarchy level handling (e.g. energy and fertiliser use), 
according to European Commission’s legislation on animal 
by-products (Regulation (EC) No 1069/2009). Allocation 
was conducted according to PEFCR guidance, and the bur-
den was allocated using an economic allocation to animal 
feed co-products (European Commission 2018a). The most 
typical processing system for by-products in Finland is at 
the Honkajoki facility. It provides processing of category 
2 and 3 animal by-products to various products, and their 
processing burden has been allocated in full to these end 
products at the factory gate (Kari Valkosalo, CEO, Honka-
joki Ltd, personal communication, 9.12.2020). Here, animal 
by-products which were not used as animal feeds were there-
fore managed as waste until the Honkajoki factory gate, and 
the burden from transport was allocated to main products, 
i.e. pork, while the processing emissions were allocated fully 
to by-products.

Feed ingredient allocation (e.g. whey, rapeseed meal, 
soybean meal) was conducted with the economic approach 
except for barley sidestreams from ethanol processing from 
Altia Oyj, for which mass allocation was used because of 
the lack of data on economic values. A mass allocation fac-
tor of 32–37% was received from production, of which an 
average value of 34% was utilised (Miika Jokinen, Altia Plc, 
personal communication 2021). In addition, the burden allo-
cated to feed fraction was allocated based on dry matter con-
tent to barley protein feed (BPF, 69%) and barley feed (31%).

2.4.1  Compound feed composition and feed  
production assessment

The European Commission’s Product Environmental Foot-
print Category Rules (PEFCR) for feed for food-producing 
animals were followed in conducting an assessment of com-
pound feeds (European Commission 2018c). According to 
the PEFCR for feed products, it is mandatory to collect pri-
mary data on feed ingredients, a nutritional analysis of the 
feed ingredients, the energy use of the mill operations and 
outbound transport to livestock farms. These were collected 
directly from Finnish feed-producing companies, according 
to data on feed compound use collected from farms.

Feed products utilised as pig feed were divided into 
three categories: farm-grown feed; purchased regional feed 
crops; and purchased feed compounds. The feed crop pro-
duction assessment was conducted for each of the categories 
separately and utilising corresponding inventory data. The 
assessment of feed crop production was conducted following 
PEFCR guidance and is described in detail in Hietala et al. 
(2022). For the farm-grown feed, the crop cultivation data 
were collected directly from pig farms which supplied the 

studied slaughterhouses. ProAgria parcel registry data were 
utilised to model the regional feed crops and average Finnish 
feed crops. It was assumed that the single-feed ingredients 
purchased from another farm were cultivated in the same 
province where the pig farm was located. Regional crop cul-
tivation data averages were therefore utilised to model the 
regionally produced feed crops (Hietala et al. 2022). Average 
Finnish feed crop LCA results according to Hietala et al. 
(2022) were utilised in the assessment of feed compounds 
for Finnish feed crop ingredients. Direct land-use change 
(LUC) from primary production was included according to 
the PAS2050 protocol (BSI 2011) and using a direct land-
use tool developed by Blonk Consultants (2018). According 
to Blonk Consultants (2018), wheat and pea production in 
Finnish crop cultivation was allocated with LUC emissions 
(Hietala et al. 2022).

The relevant feed compounds were defined according to 
data collected from farms and supplemented with data from 
Finnish feed producers on relevant pig feed products. The 
raw material data for feed compounds were collected from 
Finnish feed manufacturers. For pig feed, the data included 
the type and amount of feed materials, the type and amount 
of feed additives and the type and amount of premixtures in 
the feed product. The relevant feed products were modelled 
separately by product, and in some parts, feed mill–specific 
combinations were made to average a number of products 
that were similar to each other. For the reference period, 
the typical short shelf-life of feed products was taken into 
account, assuming that all feed consumed in 2018 meat pro-
duction had been produced in the previous growing season. 
The compositions of feed products were therefore also deter-
mined to correspond to 2018 production. The origin of the 
feed ingredients plays an important role especially for water 
scarcity, but also for LUC and climate change impact; thus, 
information on origin was also collected directly from feed 
compound producers whenever it was available. The incom-
plete data were supplemented with database data according 
to PEFCR guidance. The average feed mill operation infor-
mation was collected from each of the feed-manufacturing 
companies for the recommended 1 year of normal operation. 
The energy consumption of the processing of feed products 
was collected as primary data from feed manufacturers. The 
data collected included the annual use of electricity, heating 
energy, gas, and possible other forms of energy. In addition, 
annual water consumption volumes were collected. Aver-
age crop-specific consumption volumes were divided into 
crop production tonnes. Similarly, data on outbound trans-
ports from feed manufacturer to farm were obtained from 
manufacturers as the average of distance transported with 
means of transport. When the nutritional information about 
the feed or ingredient was unavailable from the data, nutri-
tional information was collected from feed tables by Natural 
Resources Institute Finland (2021).
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The system boundary for the compound feed products 
was set from cradle to animal farmgate. In the assessment of 
feed crops, the system boundary was set as the farmgate, so 
transport from the farm to feed-producing facility and fur-
ther on to the animal farm was added and modelled accord-
ing to transport data collected from Finnish feed-producing 
companies (A-Rehu, Agrox, Hankkija, Feedex, Rehux). 
Similarly, the data on processing energy and material use 
were collected directly from feed-producing companies. The 
functional unit for feed was 1-kg feed as feed delivered to 
an animal farm.

For some feed products, in addition to the list of raw 
materials and the nutritional content, the required informa-
tion about the composition of the feed product (% for raw 
materials) was incomplete. To evaluate the composition of 
such feed products, various feeds corresponding to a known 
list of raw materials were created with SAS software, and 
feed compositions corresponding to the given chemical com-
position were selected from them.

Similarly, for foreign feed products, the composition of 
the products used, in particular as feed for small piglets, 
was estimated by optimising the list of raw materials in the 
product description of imported feeds and the total nutrient 
content using an Excel Solver.

The nutrient-dry matter and energy contents of the vari-
ous raw materials were determined using the literature and 
databases, mainly Feedipedia (Heuzé, et al., 2013). Based 
on the expert opinions, the total energy content of the feed 
and the minimum and maximum content of the various raw 
materials were determined. These data were used as a con-
straint in the optimisations.

The composition of the feed products was optimised so 
that the total nutrient content corresponded to the product 
description. The results were reviewed and adjusted with 
feed experts.

2.4.2  Diet composition data

As the pork production systems and dietary strategies were 
known to vary, the main protein source in the diet was used 
as the determining factor for the classification of the pork-
producing farms, and the average diet compositions for each 
of the identified classes were determined.

Data collected from farms included a description of the 
feed compounds, types and quantities of feed crops and feed 

materials, additives and premixes. In determining the nutri-
tional analysis data, national feed analysis data were utilised, 
which was in accordance with the PEF. The sample sizes are 
presented in Table 2.

2.5  Definition of average Finnish pork production

To assess average Finnish pork production, the farm char-
acteristics were determined based on surveyed farm data, 
slaughter animal data and slaughterhouse data. Feed crop 
production was determined as Finnish average feed crops in 
the case of purchased feeds and as the regional feed produc-
tion, weighted according to regional production volumes, in 
the case of farms’ own feed crop production, as in Hietala 
et al. (2022). Diet composition was determined by weight-
ing the farm data on diets with the shares of primary protein 
sources.

3  Results

3.1  Farm data collection

In data collection from pork-producing farms, information 
about piglet production, nursery production, combined pro-
duction and fattening pig production farms was analysed 
for the life cycle assessment. One hundred and ninety-three 
responses to the first farm survey were received, most 
of which concerned fattening pig production (n = 147, 
58%) and piglet production (n = 63, 25%). The remaining 
responses concerned nursery production (n = 29, 12%), and 
the rest, 5%, was mainly combined production (n = 6) and 
breeding stock production (n = 3). Based on the survey, the 
main protein sources of different production types were 
determined, including fattening farms (Fig. 2).

In addition, farms’ own energy production and bedding 
materials were investigated. Sixty-nine per cent of the sur-
veyed farms reported that they produced their own heating 
energy (stoker, woodchips, heat pump, biothermal plant, 
geothermal heat, gas), and 16% of farms had their own 
electricity production. The most common form of heating 
was woodchip heating (49%, Supplementary Information, 
Table1), and fuel oil (16.5%) and pellet heating (9.4%) were 
also typical. On 47% of the farms, only one bedding material 
was used, of which 44% was using wood chips or sawdust, 

Table 2  Farm survey sample 
sizes, number and share of farm 
types in major Finnish pork 
producers’ production

Farm type N farms, major 
producers

%, major producers N sample, 1st 
survey

N sample, 
2nd survey

Fattening pig production 428 53% 147 17
Piglet production 194 24% 92 5
Combined production 192 24% 6 3
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while another 44% of the farms used straw, and the remain-
ing 11% had peat as bedding material.

The remaining farms had two or more types of bedding 
materials. Among these farms, wood chips or sawdust was 
used on 38% of the farms, 25% had straw and 19% of the 
farms used peat or hay, which both were used on the same 
number of farms. Sixteen per cent of the farms did not use 
any bedding material. Thus, as weighted average, the most 
typical type of bedding material was woodchips or sawdust 
(53% of farms) and straw (42% of farms). Other bedding 
material types were peat (21%) and hay (16%). The most 
typical manure system was liquid slurry (99%). Four per 
cent of farms had their own biogas production. Thirty farms 
produced their own electricity (15.5%), which was mainly 
solar energy (97%).

Data regarding slaughter weights and the number of 
slaughter animals were also collected from slaughterhouses. 
A dressing percentage of 74.5% was used in conversions 
between live weight and carcass weight when data were 
lacking. The slaughterhouse data accounted for 139.4 mil-
lion kg pork in carcass weight, which corresponds to 77% of 
total Finnish pork production in 2016–2018.

Finnish pig farms were further surveyed with a more 
detailed questionnaire to which five specialised piglet pro-
duction farms, three combined production farms, and 17 
fattening farms responded. The annual pork production of 
the surveyed farms was 6.6 million kg. The questionnaire 
collected especially feed utilisation and specific farm data. 
The average fattening farm characteristics based on the col-
lected data are presented in Table 3. Diet composition data 
were used to categorise the fattening farms according to the 
main protein source in diets, as in Fig. 2. The characteris-
tics of average fattening pig farms categorised according to 

the main protein source (barley protein feed, legume crops, 
compound feed) are presented in Supplementary Informa-
tion, Table 2.

The main protein source of fattening farms average feed 
portion was determined based on protein amount gained 
from wet barley protein feed, legume crops (including 
faba bean, pea and soybean as single feed ingredients) 
or compound feed. All compound feeds were combined 
independent of their composition or protein ingredients. 
The average feed use, based on the entire farm data, as 
shares of the total dry matter of the feed portion and the 
average feed use compositions for the farms categorised 
according to their main protein source, are presented in 
Table 4. These average feed compositions were weighted 

Fig. 2  Main protein sources in 
diets of Finnish fattening pigs 
according to farm data collec-
tion from 147 farms

Table 3  Characteristics of average fattening pig production accord-
ing to collected farm data (n = 20 farms). LW live weight, CW carcass 
weight, DM dry matter

Characteristic, unit Amount

Fattening pig, live weight (kg LW) 120.5
Fattening pig, carcass weight (kg CW) 89.7
Slaughter quantity, average (n/year/farm) 4983
Feed consumption, average kg DM per kg CW 2.9
Feed consumption, average kg DM per kg LW 2.2
Nitrogen excretion, kg N per fattening pig 4.1
Amount of bedding material,  m3 per farm 338
Industrial feeds, per kg CW 42%
Own feed crops, per kg CW 28%
Purchased feed crops, per kg CW 7%
Barley protein feed (BPF) 12%
Other sidestreams (whey, mash) 11%
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according to the ratios of the main protein sources used in 
Finnish farms, as in Fig. 2, to determine average Finnish 
feed use on fattening farms.

The average feed use composition of sows and weaned 
piglets is shown in Supplementary Information, Table 3.

The feed raw materials of domestic Finnish origin 
included barley, wheat, oats, peas and broad beans, as well 
as by-products. The countries of origin of soybean-based 
raw materials were mostly Brazil and the USA (50:50); rape-
seed was either domestic or from the Baltic countries.

Electricity, heating energy and water consumption were 
included in the assessment according to the collected farm 
data. The consumption volumes of electricity, heating 
energy and water per adult animal on the farm were an aver-
age of 32 kWh for electricity (standard deviation, SD 26 
kWh), 31 kWh for thermal energy (SD 34 kWh) and 0.95 
 m3 for water (SD 0.51  m3). Similarly, the consumption per 
adult pigs was determined for fattening farms as 398 kWh 
for electricity (SD 65 kWh), 574 kWh for thermal energy 
(SD 428 kWh) and 10.02  m3 for water (SD 8.32  m3). In some 
farms, the electricity (or system which uses electricity) was 
used for heating, in which case the amount of electricity 
used also included heating partly or completely. This also 
increases the ranges and standard deviations.

3.2  Average farm characteristics based  
on data collection

The average Finnish farm characteristics were determined 
based on collected farm data as weighted averages, based 
on production volumes. The average feed use composition 
of fattening farms was determined as the weighted average 
of the diets according to the main protein source and the 
shares of different main protein sources according to the 
surveys (Table 5).

Similarly, nitrogen excretion was determined as an aver-
age weighted by production kilograms, based on excretions 
calculated from farm-specific feed rations. Bedding material 
and use were determined as an average based on farm data 
collection and quality and use of heating energy similarly. 
Electricity consumption was also based on farm data collec-
tion, and 15.5% of it was defined as produced on the farm 
(solar and wind energy). The default manure system for all 
farms was liquid slurry, which was the most typical in farm 
data collection. The piglet production stage was determined 
based on farm data collection, as the average of specialised 
piglet production farms. The emissions during the slaugh-
tering stage were determined as an average based on data 
collected from Finnish pig slaughterhouses.

Table 4  Feed use on fattening 
farms based on farm survey 
data (n = 20 fattening farms). 
The average presents the 
average feed use, and “BPF”, 
“Legumes” and “Compound 
feed” represent the farms 
subcategorised from the sample 
according to the diet’s main 
protein source. BPF barley 
protein feed. Legumes include 
both domestic faba bean and 
peas, and soybean/soybean 
meal. Compound feed includes 
all industrially produced feed 
mixes

BPF Legumes Compound feed

Barley and barley-based fractions 74.8% 83.2% 64.5%
Wheat and wheat-based fractions 8.0% 3.9% 12.3%
Dairy production sidestreams 6.3% 0.0% 0.0%
Premixes, minerals, and amino acids 4.6% 0.4% 2.2%
Faba bean 1.4% 4.4% 8.3%
Soybean meal and protein 0.6% 4.1% 7.6%
Oat and oat-based fractions 2.3% 0.6% 0.2%
Turnip rape/rapeseed, meal and pressed 0.3% 2.0% 4.0%
Peas 1.0% 0.0% 0.0%
Turnip rape oil 0.7% 0.1% 0.3%
Sunflower seed meal 0.0% 0.1% 0.6%
Mash 0.0% 1.1% 0.0%
Protein content of feed portion (as fed) 10% 14% 15%

Table 5  Average Finnish feed use on fattening farms. The weighted 
average based on surveyed farms’ data on their main protein sources 
(n = 147) and the average feed use of farms with compound feed, leg-
umes, or barley protein feed as the main protein source (n = 20)

Average Finnish feed 
use, fattening farms

Barley and barley-based fractions 71.9%
Wheat and wheat-based fractions 9.1%
Faba bean 4.5%
Soybean meal and protein 3.8%
Premixes, minerals, and amino acids 3.1%
Dairy production sidestreams 3.0%
Turnip rape/rapeseed, meal and pressed 1.9%
Oat and oat-based fractions 1.2%
Turnip rape oil 0.5%
Peas 0.5%
Sunflower seed meal 0.3%
Mash 0.1%
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Regarding feed crop production, the data obtained in 
farm data collections were not used, as its distribution of 
soil types differed considerably from the average distribution 
of pork production areas. The average share of peatlands in 
the cultivation of the farms that responded to the farm survey 
was 28%, while the share of peatlands weighted by the pro-
duction volumes of the largest pork production areas was 8% 
for barley, for example. In terms of feed crop production, the 
regional feed crop production of the largest production areas 
(Southwest Finland, Southern Ostrobothnia) was therefore 
used to describe the farms’ own cultivation, and average 
domestic feed crop production was used for the purchased 
feed. To grasp the average use of regional crops in Finnish 
production, the weighting of the regional emission factors of 
the crops was done based on the number of pork production 
farms in each region. Emission factors for feed crop produc-
tion were determined as described in Hietala et al. (2022).

3.3  Global warming potential of pork on Finnish 
fattening farms

The GWP of Finnish pork production was assessed for 20 
farms producing pork, and for the preceding piglet produc-
tion. Of these, 17 were fattening farms, and the remaining 
three were combined production farms.

In the farm-specific investigation, the GWP ranged 
between 2.9 and 5.5 kg  CO2 eq.  kgCW−1, including LUC, 
and without LUC, between 2.8 and 5.4 kg  CO2 eq.  kgCW−1. 
The results of the farm-specific assessments are shown in 
Fig. 3.

Regarding farm-specific results, GWP was observed 
to vary considerably between farms. Fattening farms and 
combined production farms were both included in the 
investigation; however, they were examined separately due 
to the differences in the piglet production stage and the 
difficulty of separating similar life cycle stages from both 
production types.

When life cycle stages were analysed, the biggest vari-
ation could be seen in the burden caused by the produc-
tion of feed crops used on the farm, which was between 
0.4 and 2.9 kg  CO2 eq. per kg carcass weight (CW). This 
included all cereals used on the farm as feed, turnip rape 
and domestic legumes, all crops which were not included 
in compound feeds. The largest contribution of emissions 
from feed crops used on the farm was observed on fattening 
farms FF4, FF8 and FF9, ranging between 2.3 and 2.9 kg 
 CO2 eq.  kgCW−1. The largest impact of the fattening farms 
in this regard came mainly from the cultivation of their own 
barley, but also from purchased grain and legumes. Farms 
differed from their primary protein sources and diet compo-
sitions. Most important feed ingredients in FF4 were barley 
protein feed and own barley; thus, its share in diets was also 
large. Farm also had large share of organic soils in cultiva-
tion (93%), elevating impact of own feed crop production. 
Farms FF8 and FF9 had compound feeds as their primary 
protein source, which were fed with feed crops from own 
cultivation. Besides compound feed, FF8 included good 
share of own barley, wheat and rapeseed to diets. All crops 
from own production had rather high climate change impact 
due to low yields. Similarly, FF9 included own barley and 

Fig. 3  Global warming potential of pork produced on different pork-producing farms in Finland, based on farm-specific data. CP, combined pro-
duction; FF, fattening farm
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some own wheat and faba bean to fattening pigs’ diets. Espe-
cially faba bean had high climate change impact due to low 
yield, but majority of the burden came from own barley as 
its share was large and climate change impact was above 
Finnish average (Hietala et al. 2022). Correspondingly, in 
combined production, the contribution of feed crops on farm 
CP3 was largest, at 1.9 kg  CO2 eq.  kgCW−1.

Another factor that varied significantly between farms 
was the load caused by compound feed products. The high-
est contribution caused by compound feed was observed on 
farms FF3, FF15 and FF13, as well as CP2 and CP1, rang-
ing in total between 0.1 and 1.7 kg  CO2 eq.  CW−1. Range 
in compound feed contribution varied due to differences in 
ingredients, which included soybean, rapeseed and amino 
acids in different compositions, but also due to share they 
were used in diets. FF3 had barley protein feed-based diets, 
which were supplemented with compound feeds. These sup-
plements had larger share of cereals, but also amino acids. 
Both FF13 and FF15 had compound feed-based diets whose 
main ingredient was soybean. CP1 had besides barley pro-
tein feed 13.7% of the protein in diets from compound feeds, 
which were mainly based on rapeseed. CP2 had soybean 
meal as their primary protein source, which was supple-
mented with soybean-based compound feeds; thus, soybean 
in total accounted 45% of the protein in diets.

The contribution of piglet production and housing, 
transport and manure management varied significantly less 
between farms when combined production farms and fat-
tening farms were examined separately. The contribution of 
piglet production to fattening farms’ GWP was between 1.15 

and 1.24 kg  CO2 eq.  kgCW−1. However, the slight variation 
is explained by the average piglet production, which was 
used in the modelling of all farms. Fattening pig produc-
tion was also examined separately, without the impacts of 
upstream piglet production. The results of the fattening stage 
ranged between 1.6 and 4.2 kg  CO2 eq.  kgCW−1, including 
LUC. As the contribution of LUC in the fattening phase 
was rather small (0.03–0.18 kg  CO2 eq.  kgCW−1), results 
without LUC had the same range (Fig. 4). Feed crop pro-
duction on farm was the most determining contributor; 48% 
was the median share of the stage, and on the farms with 
largest GWP, the share was over 70%. On the third of the 
farms with largest GWP, this stage was the most contribut-
ing, except for one farm which had compound feed as the 
main contributor, with BPF-based diets. Animal processes 
had also significant impact, 25% being the median share 
of the stage. Yet, the stage was the largest contributor on 
those farms which had the lowest GWP, below 2.5 kg  CO2 
eq.  kgCW−1. Largest LUC impacts were on farms FF13 and 
FF15, which had soybean-based compound feeds as primary 
source for protein.

3.4  Global warming potential of average Finnish pork

The climate impact of average Finnish pork was 3.6 kg  CO2 
eq.  kgCW−1, including LUC, and without LUC, 3.5 kg  CO2 
eq.  kgCW−1 (Fig. 5).

The largest contribution to the GWP of average Finnish 
pork was related to the production of feed crops, utilised as 

Fig. 4  Global warming potential of pork produced on different pork-producing farms in Finland, without piglet production. CP, combined pro-
duction; FF, fattening farm
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feed as such on the farms (1.2 kg  CO2 eq.  kgCW−1). Feed 
compounds contributed 0.3 kg  CO2 eq.  kgCW−1, so feeds 
accounted for a total of 1.5 kg  CO2 eq.  kgCW−1. The second 
most significant contribution came from piglet production, 
1.2 kg  CO2 eq.  kgCW−1, whose emissions were correspond-
ingly mainly made up of feed production.

In average pork production, the third most significant 
contribution came from manure management and feed diges-
tion, at 0.6 kg  CO2 eq.  kgCW−1. On pork-producing farms, 
the most typical manure system was slurry, but there were 
also solid or deep litter systems. Manure treated in biogas 
plants produces lower emissions than other systems. There 
were biogas plants on one piglet production farm, which 
were part of the average piglet production. Based on the 
survey, 4% of respondents had biogas production.

The contributions of other emission sources, LUC 
(mainly from Brazilian soybean) and housing (energy use on 
farms), transport and slaughterhouse processes to the climate 
impact of typical Finnish pork remained smaller.

3.5  Global warming potential of pork production 
depending on different primary protein source

In addition to the average pork production and farm-specific 
examination, the environmental impacts were examined for 
pork production categorised according to the main protein 
source in pig diets. The division was made by separating 
barley protein feed (BPF), domestic legumes, soybean and 
compound feed products as the main protein source.

The average GWP was formed by categorising the farms 
according to the main protein source of feed use and weight-
ing the farm-specific results by the production volumes. 
The GWP ranged between 3.4 and 4.2 kg  CO2 eq.  kgCW−1 
(SD 0.06–0.8 kg  CO2 eq.  kgCW−1) for the entire chain and 
without piglet production between 2.2 and 3.2 kg  CO2 eq. 
 kgCW−1 (SD 0.1–0.8 kg  CO2 eq.  kgCW−1).

The smallest GWP was observed on farms using domes-
tic legumes as the main source of protein (3.4 kg  CO2 eq. 
 kgCW−1, without piglet production 2.2 kg  CO2 eq.  kgCW−1), 
while the remaining farms were of the same order of magni-
tude (4.0–4.2 kg  CO2 eq.  kgCW−1 of slaughter and without 
piglet production 2.9–3.2 kg  CO2 eq.  kgCW−1). However, 
the very low sample sizes are noteworthy, which brings 
uncertainty to the comparison. Two farms used mainly 
domestic legumes, two farms also used mainly soybean, 
compound feeds were the main protein source on six farms, 
and BPF was most common on eight farms.

3.6  Water scarcity impact of pork produced 
on Finnish fattening farms

The water scarcity impact of Finnish pork production was 
evaluated for 20 pork-producing farms, and the preceding 
piglet production.

In the farm-specific investigation, the water scarcity 
impact ranged between 0.41 and 1.04  m3 eq. (Fig. 6). The 
biggest variation was found in the water scarcity impact 
caused by compound feeds, the variation being between 
0.01 and 0.55  m3. The largest burden caused by compound 
feeds was observed on fattening farms FF6, FF3 and FF2. 
In combined production, the highest impact from compound 
feeds was observed on farm CP2. The main protein sources 
used by these farms were wet BPF, compound feeds and soy-
bean. The second largest variation in the life cycle stage was 
observed in the use of feed crops on the farm. For the water 
scarcity caused by the production of feed crops, the variation 
was between 0.002 and 0.41  m3. The largest burden caused 
by feed crop production was seen on farms CP2 and CP1 
and on fattening farms FF13 and FF14. The main protein 
sources used by these farms were soybean, wet BPF, domes-
tic legumes and compound feeds. The most significant fac-
tors affecting the water scarcity impact on these farms were 
the purchased domestic barley, wheat, faba beans and inputs 
from their production. The total combined water scarcity 
impact of feeds ranged between 0.1 and 0.7  m3; the highest 
load observed in combined production was on farm CP2 
and in fattening farms on farm FF6. The smallest impacts 
regarding feed were observed on farms FF11 and FF17. Wet 
BPF was the main protein for both based on the feed ration.

3.7  Water scarcity impact of average Finnish pork

The results of the water scarcity impact of average Finnish 
pork are shown in Fig. 7.

The most significant contribution to WS came from 
feed production. It accounted for 41% of the entire water 
scarcity impact. The water scarcity impact of piglet produc-
tion is discussed separately in Sect. 3.8, its share was 38%, 
and the clearest single factor in that stage was the impact 

Fig. 5  Global warming potential of average pork produced in Finland
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of compound feed raw materials. Compound feed products 
included all ready-made feed mixtures and processed feed 
products such as rapeseed oil or soybean meal. Among the 
factors affecting the WS of compound feeds, the most sig-
nificant were inputs of foreign feed ingredients and irriga-
tion, especially for North American and Baltic ingredients. 
Significantly smaller shares of the WS came from the farms’ 
own water use, which included tap water and well water con-
sumed in livestock housing and their own feed crop cultiva-
tion. These corresponded to 4% of the water scarcity effect. 
The remaining 18% consisted of other activities in the chain. 
This included transport (excl. feed transport), livestock hous-
ing and the slaughterhouse processes.

The WS was also investigated by dividing the farms 
into categories according to the main protein source used. 
The results showed that the water scarcity effect of farms 
using wet BPF as the main protein source was lower than 
other groups, at 0.55  m3 eq.  kgCW−1 and SD 0.15  m3 eq. 
 kgCW−1. Farms using compound feeds as the main protein 
source had the second lowest WS, at 0.66  m3 eq.  kgCW−1 
and SD 0.17  m3 eq.  kgCW−1. The results of farms using 
soybean or domestic legumes were of the same order of 
magnitude: 0.73  m3 eq.  kgCW−1for those using soybean; 
SD 0.21  m3 eq.  kgCW−1 and 0.74  m3 eq.  kgCW−1, SD 0.00 
 m3 eq.  kgCW−1for those using domestic legumes. Regarding 
WS, the small sample sizes must also be taken into account, 
which creates considerable uncertainty in the comparisons.

3.8  Environmental impacts of piglet production

The GWP and WS of piglet production were also examined 
separately, as their contribution to the life cycle impacts 
of pork was significant. The investigation was carried out 
only for specialised piglet production farms, as uncertainty 
is associated with the boundaries of piglet production on 
combined production farms. Piglet production was limited to 
a piglet weighing around 30 kg. The investigation included 
five specialised piglet production farms, one of which was 
a nursery farm (about 8–30 kg) and one producing piglets 
up to weaning (about 8 kg). In the investigation, the nursery 
farm and the production of weaned piglets were combined 
into one farm (F1). The data collected from specialised pig-
let production farms corresponded well to the production 

Fig. 6  Water scarcity impact of pork produced on different pork-producing farms in Finland, based on farm specific data. CP, combined produc-
tion; FF, fattening farm

Fig. 7  Water scarcity impact of average Finnish pork
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without data gaps. However, the low sample size and related 
uncertainties are noteworthy.

For specialised piglet production, the common average 
and farm-specific impacts of a weaned 30 kg piglet were 
determined. Farm-specific GWP and WS of piglets (Sup-
plementary Information, Figs. 1 and 2) were used to form 
an average impact. In farm-specific analysis, a consider-
able difference was observed between the farm formed as 
a combination of two farms and the other farms. The most 
significant difference was caused by the production of feed 
crops on the farm, which was only done on the nursery farm, 
but its impact was notable.

In the farm-specific investigation, the greatest variation 
was observed for the contribution of feed crops (0–49% of 
emissions), and the second largest for the load related to 
sows (29–61% of emissions). On specialised piglet produc-
tion farms, the share of manure emissions ranged between 
10 and 31%. The contribution of compound feeds ranged 
between 12 and 21%.

The GWP of an average approximately 30-kg weaned pig-
let was 111 kg  CO2 eq.  piglet−1, including LUC 2.0 kg  CO2 
eq.  piglet−1, and the water scarcity effect was 23.9 m3 eq. 
 piglet−1 (Figs. 8 and 9). The most significant factor in the 
GWP of average specialised piglet production was the bur-
den caused by sow (41%), which consisted mainly of the 
production of feed crops and manure management emis-
sions. The second most significant contribution came from 
feed crops (25%) and the next largest from manure manage-
ment emissions and feed digestion (20%). Compound feeds 
accounted for 13% of the emissions.

Regarding the WS, the impact related to sows became 
most significant for specialised production (on average 61% 
of the impact, ranging between 56 and 67%). Compound 
feeds made the second largest contribution, at 35% of the 
total impact, ranging between 33 and 36%. In compound 

feeds, the foreign ingredients of products, the irrigation used 
in their production and production inputs were particularly 
influential. Among foreign ingredients, Baltic, North Ameri-
can and European raw materials, whose production involved 
irrigation water and other production inputs, had an impact. 
Among domestic raw materials, barley, oats and rapeseed 
were emphasised in the formation of the WS of compound 
feed products. The use of feed crops as such on the farm 
constituted a very small proportion of the WS of specialised 
piglet production farms, on average 3%, ranging between 0 
and 7%.

4  Discussion

This study assessed the GWP and WS of Finnish pork. 
Besides the average Finnish production, a separate assess-
ment was conducted for 20 pork production farms and five 
piglet production farms.

The GWP of Finnish pork was 3.6 kg  CO2 eq.  kgCW−1, 
with a system boundary from cradle to slaughterhouse gate. 
Similar results have been achieved in European studies of 
pork production’s environmental impacts. Similarly to this 
study’s findings, previous studies have found feed crop pro-
duction to contribute largely to the GWP of pork. Reckmann 
et al. (2012) reviewed LCA studies of European pork pro-
duction and reported an average GWP of pork of 3.6 kg  CO2 
eq. kg pork. Their review combined several different func-
tional units with various system boundaries, so even if a sim-
ilar magnitude of impact is evident, the level of comparabil-
ity remains unclear. Dorca-Preda et al. (2021) reported that 
Danish pork production reached 3.86 kg  CO2 eq.  kgCW−1 
with a comparable system boundary and including direct 
land-use change according to PAS2050 (BSI 2011). The 
average slaughter weight was slightly lower in the Danish 
system (111 kg LW), and the main differences were found in 
diet composition. Danish production used wheat as the main Fig. 8  Global warming potential of average piglet production

Fig. 9  Water scarcity impact of average piglet production
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cereal crop (43%), while barley is most important in Finland 
(72%), and the fattening pig diet consisted of only 9% wheat. 
Moreover, the share of soybean in fattening pigs’ diet in 
Finnish production was 2.3% less (3.8%). Although rape-
seed and sunflower seed meal were also less used in Finnish 
pork production (− 3.7% and − 4.7% respectively), domestic 
legumes and oat-fractions were used more (+ 5% and + 1.3% 
respectively). The amount of premix was at the same level, 
and in Finnish production, by-products or sidestreams were 
used more, and their composition was different.

Yet, some differences remain in the characterisation of 
the emissions, leaving some uncertainty in the comparisons. 
Another recent study assessed the environmental impacts of 
Portuguese pork production with LCA, resulting in 3.34 kg 
 CO2 eq.  kgCW−1 for pork in carcass weight with a system 
boundary to the farmgate (González-García et al. 2015). In 
this system, the slaughter weight was also slightly smaller 
(105 kg), and diet composition differed more significantly, 
including maize as the most important crop (50% for fatten-
ing pigs) and soybean as the second most important (19.4%). 
In contrast with our study, they did not include LUC emis-
sions, making a full comparison difficult. Finnish pork 
resulted in 3.5 kg  CO2 eq.  kgCW−1 without LUC, which is 
larger than the reported Portuguese pork GWP. Yet poten-
tially large LUC emissions are associated with soybean’s use 
as the main ingredient in Portuguese pork production, which 
were not taken into account. Another study by Reckmann 
et al. (2013) investigated the environmental impact of Ger-
man pork production. The production characteristics were 
close to the Finnish one assessed here, with a final weight of 
120 kg and a pork yield of 94.7 kg. Reckmann et al. (2013) 
reported 3.22 kg  CO2 eq. kg pork as the GWP of pork with-
out LUC. Diet composition differed from Finnish, as wheat 
was also the main ingredient in fattening pigs’ diet in this 
case. Cereals accounted for a total of 63 to 72% of German 
fattening pigs’ diet, and soybean 2 to 12%, depending on 
the phase. Also in this case, more soybean was used than 
in Finland, on average 7%, and it was noted to be of Brazil-
ian origin. In Finnish production, the origin of soybean was 
half South American and half North American, and even 
though all the soybean was from sources certified without 
land-use change, modelling was conducted for average Bra-
zilian soybean with LUC. This was because the certificates 
extended only about 10 years back, while the PAS2050 
method requirement is 20 years. Nevertheless, Finnish pork 
production GWP is well in line with the results of previous 
studies. Yet LUC emissions were neglected in the majority 
of the studies for a full comparison.

In the farm-specific investigation, differences between the 
farms could be observed. The highest emissions due to com-
pound feeds were observed on fattening farms FF3, FF13 
and FF15 and on combined production farms CP2 and CP1.

The main protein source in the feeding of these farms was 
wet BPF or compound feeds. Of these farms, the share of feed-
ing on those farms whose main protein source was compound 
feed, and its share in feeding was also significant, also contrib-
uting to the emission in question. The emission was mainly 
caused by domestic feed crops and rapeseed oil, which were 
used as ingredients for compound feeds. Meanwhile, concen-
trates given as a supplement to wet BPF feeding had a burden-
ing effect. The most significant factor regarding the contribu-
tion of concentrates was the field cultivation of domestic feed 
crops such as barley. Correspondingly, the most significant 
emission sources of compound feed were soybean meal and 
concentrate products, in which the soybean was partly of South 
American origin, involving emissions from land-use changes 
such as forest clearing. On the combined production farm CP2, 
soybean was also the main protein source.

The highest emissions from the production of feed crops 
used on the farm were observed on farms FF4, FF8 and FF9. 
A large part of the emissions consisted of the farms’ own cul-
tivation of barley and the cereals and turnip rape purchased 
for the farm. In addition to the resource efficiency and lower-
than-average yield levels of grain production on the farm, 
the high emission of feed crop cultivation was influenced by 
the large proportion of peatlands in cultivation (FF4). Feed 
consumption amounts could be examined with the aid of dry 
matter intake amounts. The average amount of the dry matter 
intake was 2.9 kg  kgCW−1, which was exceeded on farm FF4 
and was lower on farms FF8 and FF9. The most significant 
explanatory factor therefore remained the high farm-specific 
emissions from farms’ own grain cultivation.

Dorca-Preda et al. (2021) reported feed use for Danish fat-
tening pigs at 220 kg per animal, corresponding to approxi-
mately 2.0 kg  kgLW−1. Feed use had declined by about 6% 
in their observations, yielding lower emissions from nitrogen 
excretion and manure storage, and reflecting the reduced 
impact of pork. In farm-specific assessments, feed use in 
Finnish production ranged between 161 and 392 kg per fat-
tening pig, with an average of 242 kg (SD 61 kg), and from 
1.4 kg  kgCW−1 to 3.3 kg  kgCW−1, with an average of 2.0 kg 
 kgCW−1 (SD 0.51 kg  kgCW−1). As previous studies have 
shown, diet composition affects the emissions generated in 
feed crop production, but it also affects the animal’s perfor-
mance, which may be reflected in the environmental load 
of produced meat (Huuskonen et al. 2023). No correlation 
between DMI and the environmental impact of 1 kg of pork 
could be observed here, although all farms exceeding feed 
consumption of 2.5 kg  kgCW−1 had a climate impact above 
3.5 kg  CO2 eq.  kgCW−1. This could not be observed in water 
scarcity, as both low DMI and high DMI reached high and 
low impacts. The quality and composition of the feed portion 
were therefore more important in this case, and the utilised 
diets seemed to perform equally efficiently in fattening.
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Some differences were observed between farms catego-
rised according to the main protein source used. However, 
it was impossible to detect statistically significant differ-
ences, and as the standard deviations extended beyond each 
other, no significant differences could be detected between 
farms using different protein sources. Nevertheless, farms 
using domestic legumes as the main source of protein 
resulted in the lowest climate impact, while other groups 
had slightly higher impacts of the same order of magnitude.

The WS of Finnish pork was 0.69  m3 eq.  kgCW−1. In 
the farm-specific investigation, also regarding WS, varia-
tion was observed between farms. The largest contribution 
caused by compound feeds was seen on farms FF6, FF3 and 
FF2. The main protein sources used by these farms were wet 
BPF, compound feed and domestic legumes. The most sig-
nificant factors influencing the WS on these farms were irri-
gation and inputs of foreign feed ingredients, especially of 
USA, Asia and EU origin, but also the production of domes-
tic barley and turnip rape. In the production of domestic feed 
crops, the water scarcity impact is caused mainly through the 
use of inputs (Hietala et al. 2022).

As water scarcity impact has been much less studied, no 
peer-reviewed studies were found reporting the water scar-
city impact of pork as such. Studies either used different 
methods, or the scope of the study was at the diet level. 
Nevertheless, Finogenova et al. (2019) have studied water 
scarcity impact with the AWARE method for German food 
imports. They note that pork production is associated with 
a large amount of water use, but when pork is produced in 
countries with abundant sources of water (like Finland), with 
inputs also originating in such countries, the water scarcity 
impact can remain relatively small. Diet composition and 
the origin of feed ingredients therefore play an important 
role, and it was seen that imported ingredients were associ-
ated with irrigation or other water-consuming production 
inputs. For Finnish production and other production systems 
depending on feed imports from water-scarce countries, 
environmental efficiency could be improved by increasing 
the utilisation of rainfed feed ingredients, and in Finland’s 
case, domestic ingredients.

In the farm-specific assessments, the largest loads caused 
by the production of feed crops used on farms were seen on 
farms CP2 and CP1, as well as FF13 and FF14. The main 
protein sources used by these farms were soybean, wet BPF, 
domestic legumes and compound feed. The most significant 
factors affecting the WS on these farms were the contri-
butions from domestic barley, either purchased or self-pro-
duced, wheat, faba beans and especially the inputs used for 
their production.

The WS caused by the feeds was also examined as an 
aggregate of the total impact of the feeds (feed crops and 
compound feeds). Among the combined production farms, 
farm CP2 had the highest load, which was mainly caused by 

domestic barley and soybean meal. Of the fattening farms, 
FF6 had the highest load, with compound feeds making the 
most significant contribution.

Regarding the WS of the farms categorised according to 
the main protein sources used, the smallest WS was obtained 
with a feed composition based on wet BPF or compound 
feeds, while those based on domestic legumes and soybean 
caused the greatest WS. In terms of GWP, legume-based 
feeding seemed less burdensome. However, it is also note-
worthy here that due to the small sample size, it was impos-
sible to detect significant differences, and the small sample 
may be anomalous by chance. In future studies, it would be 
important to gather more farm data on different production 
systems. Also, different feeding phases should be included 
in more detail, as here, the fattening phase was included as 
an average of the total.

One of the strengths of pork production in Finland is 
the utilisation of sidestreams and co-products in pigs’ diets 
(about 4% of the diet). Pork production uses barley protein 
feed, whey and mash as sources of protein. Sidestreams typi-
cally have lower environmental impacts than virgin materi-
als, which can also decrease the environmental load of pork. 
Mackenzie et al. (2016) have studied the utilisation of side-
streams and co-products in the pork production chain and its 
effects on the environmental impacts of pork. They note that 
increasing co-product use in pork production chain has the 
potential to decrease environmental impacts. While a larger 
share of co-products is used in Finnish production, they are 
sometimes supplemented with burdening compounds, and 
a positive impact could be seen in the WS impact. Although 
a positive effect could not be seen in GWP, this was partly 
due to the lack of information from the industry for the eco-
nomic allocation factor. Because of the mass allocation, the 
sidestream fraction was potentially allocated a larger share 
of emissions than economic allocation would have yielded.

The results showed that wet BPF as the main or an impor-
tant protein source seems to be linked to a comparatively 
smaller WS impact. In addition, in Finnish pork produc-
tion, feed raw materials that are considered to cause land-use 
change, e.g. soybean, are used to a lesser extent. Moreover, 
some pig farms already use biogas plants to reduce manure 
emissions and utilise biogas as energy.

In terms of energy use, Finnish pig farms heat their 
premises largely with renewable fuels, the most important 
of which is woodchips. Light fuel oil for heating has almost 
been abandoned. A considerable share of the farms also has 
their own electricity production such as solar power.

To reduce the GWP of pork production, special attention 
should be paid to the further development of the production 
of domestic feed crops. This would also support and benefit 
the mitigation efforts of water scarcity impacts if feed ingre-
dient procurement were directed more to domestic produc-
tion. In farm-specific analysis, high proportions of peatlands 
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in feed crop production were observed (Hietala et al. 2022). 
There should be a further focus on how to cut emissions 
from peatland cultivation, e.g. with regenerative cultivation 
and farming techniques, but also by directing feed crop pro-
duction to mineral soils and reducing the use of peatlands 
in feed cultivation. While regenerative farming techniques 
can reduce greenhouse gas emissions from peat soils, these 
are currently neglected in LCA, as there is a lack of robust 
quantification methods. A development of such assessment 
methods will therefore be required to demonstrate impacts 
in product-level LCAs.

Emissions from manure management could be further 
reduced with various technical solutions, for example, by 
increasing biogas production. Regarding piglet production, 
the small sample size also causes uncertainty in the results. 
In further studies, specialised piglet production should be 
investigated in more detail. In addition, the LCA of wet BPF 
should be refined with economic allocation coefficients. 
This would be of great importance for a more accurate evalu-
ation of the wet BPF and the barley feed fractions resulting 
from the process, as mass allocation potentially overesti-
mates the impacts of sidestreams.

Regarding WS, the main attention should be paid to the 
origin and quality of feed ingredients, as the effect of water 
scarcity can be further reduced by careful ingredient selection.

Water scarcity footprint applications for food products 
utilizing AWARE method are still rare. As a regional impact 
assessment method, AWARE challenges the life cycle inven-
tory, and in general, a lot of effort should be invested in 
collecting regional data. In addition to the water consump-
tion along the production chain, the origin of inputs is an 
important parameter effecting on the overall WS result. 
This was seen in the variety between farms (Fig. 6) utilizing 
different feed crops and compound feeds. However, in this 
study, the origins of all feed ingredients were known, and 
only upstream process inputs were unknown by their origin. 
In general, AWARE is a solid method providing several sets 
of characterization factors and aggregated characterization 
factors to be applied all over the globe. In the future, the 
LCA software should support the full utilization of these 
CF sets. On the other hand, the biggest bottleneck hinder-
ing the even more detailed impact assessment is life cycle 
inventory, especially in products with wide and complicated 
life cycles like pork.

The current research investigated the climate change 
impact and water use of pork production in Finland by 
following PEF method. These impact categories are under-
stood to be important for the livestock production and are 
among the sixteen impact categories of PEF. In future 
research, the remaining PEF impact categories should be 
investigated in order to conduct a complete PEF study. 
As the focus in this study has been to investigate Finnish 
average production instead of a single company-specific 

product, not all PEF method requirements were found 
applicable. Large difficulties were encountered in pri-
mary data collection, for which PEF requirement is rather 
high. Also, investigation did not include the whole life 
cycle, with the retail and use stages, as especially the use 
stage might differ greatly. One of the main characteris-
tics of PEF method is normalisation and weighting to one 
environmental footprint value. In future studies, it should 
be investigated how pork product performance is actu-
ally brought out when complete PEF study is conducted, 
including weighting to environmental footprint.

5  Conclusions

In this study, the GWP of Finnish pork production was 3.6 kg 
 CO2 eq.  kgCW−1. The result includes the climate impact caused 
by land-use change, but the share was very small, at only 3%. 
The share of feed production was slightly less than half the 
impacts (43%). Manure processing and digestion accounted for 
17%, and piglet production accounted for a good third (33%). 
The other emissions were generated in transport and in slaugh-
terhouse processes. The WS impact of typical Finnish pork pro-
duction was 0.69  m3 eq.  kgCW−1. The most significant part of 
the water scarcity effect, 41%, occurred in feed production for 
fattening pigs. Thirty-eight per cent was constituted by piglet 
production, and especially in the primary production of feed.

To reduce the GWP of pork production, special attention 
should be paid to the further development of the production 
of domestic feed crops. High proportions of peatlands in feed 
crop production were observed, and how to curb emissions 
from peatland cultivation should be investigated, e.g. with 
regenerative cultivation and farming techniques, but also by 
directing feed crop production to mineral soils and reducing 
the use of peatlands. Regarding WS, the main attention should 
be paid to the feed ingredients, as the effect of water scarcity 
can be further reduced by careful ingredient selection. Direct-
ing the use of feed crops produced in water-abundant countries 
and where irrigation or extensive input use are not associated 
with feed crop production can help in reducing the WS impact.
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