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Historically, concentrated livestock production and, consequently, manure production andmanagement have re-
sulted in considerable environmental impacts in many parts of Europe. The region selected for the current case
studywas Belgiumwhich is characterized by input-intensive animal productionwithin a geographically concen-
trated land area. In this study, the effect of a reduction in manure pressure through spatial distribution of CO2

equivalent emissions was investigated and the impact on the carbon footprint verified through a consequential
life cycle approach. Thiswas accomplished by investigating themarginal spatial impact on CO2 emissions of a de-
crease in manure pressure. An economic and environmental optimization was conducted using mathematical
linear programming and the main differences between both approaches determined. The results of the model
simulations show that, while the economic optimum is achieved by maximizing the transport of raw manure
until fertilization standards are fulfilled and subsequently processing the excess manure, the environmental op-
timum, from a carbon footprint point of view, is achieved by separating all manure, as this strategy causes the
least CO2 emissions, mainly due to the limited manure storage time. Moreover, the analyses indicate that rear-
rangement of the spatial distribution of livestock production in Belgiumwill not substantially decrease CO2 emis-
sions. As the study demonstrated that manure storage is the main contributor to the carbon footprint, solutions
should instead be sought by changing these storage systems. This article contributes to the methodology of the
consequential life cycle approach by linking carbon footprint analysis with an economic model that simulates
manure disposal decisions driven by legal constraints and market forces.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Intensive livestock production is widely regarded as having a detri-
mental impact on the environment (Sage, 2012; Steinfeld et al., 2006;
Meers et al., 2005) due to livestock supply chains requiring significant
inputs of feed, energy and water, production of CH4, NH3 and other
emissions, and pollution risks arising from inefficient waste manage-
ment practices (McAuliffe et al., 2016). While research into whole-sys-
tem pig production indicates that feed production generates the
greatest environmental pressure, on a localized scale, waste manage-
ment becomes more problematic, with the main concerns being global
warming fromgreenhouse gas (GHG) emissions, aquatic eutrophication
and acidification from ammonia emissions (Lopez-Ridaura et al., 2009;
Sandars et al., 2003).More specifically, large amounts of GHGemissions,
such as CH4 and N2O, relating to manure storage and its application on
crop land create a substantial environmental burden (Loyon et al.,
2007; Lopez-Ridaura et al., 2009; Rigolot et al., 2010; De Vries et al.,
2012). There is a need for a detailed assessment of overall environmen-
tal impacts from pig manure management, incorporating available
ghems).
technologies applied at different handling stages in order to reduce
the environmental burden (Prapaspongsa et al., 2010).

One tool for assessing the environmental performance of complex
systems, such as pig production, is life cycle assessment (LCA). This
has often been applied in the case of pig production (McAuliffe et al.,
2016). The LCA literature distinguishes two types of LCA: the attribu-
tional approach to environmental impact calculation (also called the ac-
counting or descriptive approach) attempts to provide information on
the share of global burden that can be associated with a product and
its life cycle (Sonnemann and Vigon, 2011), while the consequential ap-
proach is designed to generate information on the consequences of ac-
tions (Ekvall and Weidema, 2004).

Livestock waste-related, and mostly attributional, LCAs have re-
ceived widespread attention in the EU in recent years, possibly due to
the Water Framework Directive targets in 2015. Waste management
is themost localized concern for pig production, due to theN and P con-
tent of animal manure and, hence, technologies have been developed to
reduce risks associated with traditional manure management tech-
niques, such as anaerobic digestion, biological treatment of manure
and manure separation (McAuliffe et al., 2016).

However, the existing literature reports conflicting results for the
optimal solutions for pig waste management. According to McAuliffe
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et al. (2016), the general consensus from the research was that treated
manure or slurry generated a lesser burden than untreated manure.
There were, however, exceptions, such as Lopez-Ridaura et al. (2009),
who found that traditional slurry spreading had less impact than aero-
bic treatment, while Bayo et al. (2012) suggested spreadingwas prefer-
able to constructed wetlands. Moreover, since these types of studies
apply LCAs of GHG emissions for specific areas and animal products,
and use different approaches, scopes and functional units, it makes
them very hard to compare and draw consistent conclusions (Weiss
and Leip, 2012).

In Belgium, the main bottleneck for manure management is the
strong geographical concentration of livestock and manure production
in the province of West Flanders and the northern part of Antwerp
(Van der Straeten and Buysse, 2013). To adhere to targets in the
Water Framework and Nitrates Directive, raw manure is currently
exported from zones with high manure pressure to zones with low
pressure until fertilization standards are fulfilled, to minimize the eco-
nomic cost, after which the manure surplus is processed. On the one
hand, calls have beenmade to reduce the highmanure pressure and re-
lated environmental effects by reducing, relocating and more evenly
distributing livestock production (Werkgroep voor Rechtvaardige en
Verantwoorde Landbouw, 2013). On the other hand, based on the liter-
ature, one could argue that a high livestock density increases manure
processing and, therefore, reduces the environmental impact of manure
management.

In order to come to a clear conclusion on thematter, in this study,we
use the concept of consequential LCA (Ekvall and Weidema, 2004) to
explore the spatial distribution of CO2 equivalent (eq.) emissions from
pig manure management in Belgium. The consequential LCA is selected
in preference to an attributional approach because consequential
modeling estimates how flows to and from the environment will
change as a result of different potential decisions (Curran et al., 2005;
Sonnemann and Vigon, 2011), such as, in this case, the spatial realloca-
tion of livestock production. In this study, however, we do not conduct a
complete LCA of all the flows created by manure management. First of
all, we limit ourselves to those flows that contribute to the carbon foot-
print (CF), i.e. the GHG emissions from manure into the atmosphere in
the form of CO2, CH4, and direct and indirect N2O and NOx. Secondly,
since in Belgium pig production creates the greatest environmental
pressure, only the GHG emissions from concentrated pig production
are taken into account.

In this study, we answer the following question: ‘Can spatial reallo-
cation of livestock production in Belgium reduce the impact of GHG
emissions?’ This question is translated into three research objectives:
1) conduct an economic (cost minimization) and environmental (GHG
Fig. 1. Manure management system with system bo
minimization) optimization for three manure management strategies,
which are, in this case, pig manure transport, treatment and separation,
in Belgium, 2) determine the main differences between both ap-
proaches, and 3) determine the consequential CF of a decrease in ma-
nure pressure (i.e., wider distribution of pig production). As a basis for
our calculations, we use a linear programming model that simulates
manure disposal decisions driven by legal constraints and market
forces, to which we link CF calculations in order to investigate the im-
pact of spatial reallocation.

2. Methodology

In this section, we first describe the assumptions upon which the
LCA calculations are based, followed by a description of the linear pro-
grammingmodel in whichwe insert the LCA data and conduct the con-
sequential LCA.

Fig. 1 provides an overview of the manure management system
upon which the life cycle as well as the manure allocation calculations
are based and explains how both approaches are combined. We will
come back to this figure in the various sections of the methodology.

The basic assumption of the model is that different types of animals
producemanure with a different nutrient content. The nutrient content
can be altered by managing the manure in different ways, such as ma-
nure separation or biological treatment. To apply manure to the field,
fertilization standards have to be adhered to. These standards depend
on the crop type. The LCA calculations determine the environmental im-
pact of each manure management strategy, focused here on GHG emis-
sions, while the manure allocation model (MAM) allows us to
determine the optimal spatial manure allocation depending either on
economic optimization (allocation cost minimization) or on environ-
mental optimization (CF minimization). It is important to note that,
with regard to the environmental optimization, we only take into ac-
count themanagement of pigmanure,while for the economic optimiza-
tion we consider all existing livestock in Belgium.

2.1. Functional unit and system boundaries

The functional unit is the total amount of pig manure produced on
an annual basis in eachmunicipality in Belgium. System boundaries, in-
dicated in Fig. 1 by the black dotted line, are set starting from manure
production to the arrival of the (processed) manure at its final destina-
tion. The life cycle stages involved are manure production, storage, pro-
cessing, transport and, finally, application to the land. The life cycle and
boundaries of our assessment are presented in Fig. 1, together with a
representation of the MAM (see Section 2.4). The system boundaries
undaries and manure management strategies.

Image of Fig. 1
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exclude the production of capital goods, such as machinery and equip-
ment, similar tomost international studies. The CO2 emissions fromma-
nure storage and processing are not taken into account because these
emissions are considered part of the short carbon cycle, i.e. resulting
from recent CO2 uptake by crops. On the other hand, the emission of
CO2 originating from fossil energy use is taken into account.

Typically, animalmanure is composed of different constituents, such
as nutrients, organic matter, minerals, etc. (Coppens, 2009). These ele-
ments all circulate in their own life cycle and are only present inmanure
in specific parts of that life cycle (represented by the grey dotted ar-
rows). Moreover, not all of these elements cause GHG emissions. There-
fore, in our analysis, we limit ourselves to those elements and that part
of the life cycle where GHG emissions frommanuremanagement occur,
in the form of CO2, CH4, N2O and NOx. Fig. 1 illustrates this research re-
striction, where the presence of these elements in animal feed and ani-
mal production lies outside the system boundaries and is hence not
taken into account in this study.

2.2. Data sources

The GHG emissions within the system boundaries of the three ma-
nure management strategies are determined for each municipality in
Belgium. The emissions for each livestock category are calculated
using the ‘2006 Intergovernmental Panel on Climate Change (IPCC)
guidelines for national GHG inventories’ (IPCC, 2006a, 2006b), reports
on emissions and energy use and available country-specific data from
the norms and guidelines of VLM (Vlaamse Landmaatschappij, 2014a),
the Belgian National Inventory System (NIS) database and the National
Inventory Report for Belgium (VMM et al., 2014).

The MAM is based on Van der Straeten et al. (2010) and Van Der
Straeten et al. (2011), and implements the fertilization standards for
total and animal-sourced nitrogen and total phosphorous within the
Flemish manure legislation (Vlaamse Landmaatschappij, 2014a). The
model is based on livestock quantities and crop surfaces at the munici-
pal level from the 2012 Agricultural Survey from the Belgian Federal
Public Services Economy, S.M.E.s, Self-employed and Energy (Federal
Public Service Economy S.M.E.s Self-employed and Energy, 2012). Tech-
nical and economic data on manure management strategies are taken
from the study on Best Available Techniques for Manure Processing
(Lemmens et al., 2007), and an excerpt from the ‘Mestwijzer’ from the
Belgian Soil Service (Coppens, 2009). Table 1 provides a brief summary
of these data. The cost per ton for manure processing changes depend-
ing on the management strategy used.

2.3. Life cycle approach

As mentioned before, in this study, we look at selected life cycle
stages for certain elements that are responsible for GHG emissions.
We focus on the life cycle of those elements with respect to livestock,
and hence, manure production.

The first step within this study is the calculation of the costs and en-
vironmental impact in terms of GHG emissions for the two traditional
manure management strategies applied in Belgium, i.e. raw manure
transport and biological treatment, and a third strategy,manure separa-
tion. The raw manure transport strategy includes on-farm storage,
Table 1
Summary of technical and economic data on manure management strategies.

Manure type DM (kg/1000 L) Thick fraction left after separation (ton) Se
(€

Calves and cows 85.7a 0.204b 2
Fattening pigs 90a 0.220b 2
Sows and breeding pigs 51.8a 0.070b 2

a Coppens (2009).
b Calculations based on Lemmens et al. (2007).
c Lemmens et al. (2007).
transport outside the pressure region to the spreading area and applica-
tion to crop land, substituting mineral fertilizers. In Belgium, manure
treatment consists of three important phases: (i) physical separation
into a liquid (85%) and a solid (15%) fraction; (ii) composting of the
solid fraction into an exportable product and (iii) reduction of the nutri-
ent content in the liquid fraction through biological treatment (Meers et
al., 2008). Hence, the manure treatment strategy includes storage,
transport to the treatment plant, mechanical separation, biological
treatment of the liquid fraction, transport and composting of the solid
fraction, and transport and application of the effluent and the compost
to crop land. Themanure separation strategy includes storage, transport
to amanure treatment plant where it is separated, intermediate storage
of the separated fractions, transport and application of the liquid frac-
tion to crop land, and composting and export of the solid fraction. To
make the distinction between rawmanure on the one hand, and treated
and separatedmanure on the other hand, we refer to processedmanure
to describe manure treatment and separation at the same time.

The following subsections provide a summary of the emission
sources relating to the manure management strategies.

2.3.1. Emissions from storage
Pig manure is stored as slurry in a pit under the pig unit and causes

CH4 and N2O emissions (VMM et al., 2013; Jacobsen et al., 2014; IPCC,
2006a). Direct N2O emissions are small in comparison to the large quan-
tity of CH4 emissions from pig slurry storage (Montes et al., 2013).

The calculations for rawmanure are based on storage for six months
before spreading, since the total storage capacity has to be sufficient to
store at least the quantity of manure produced by the animals in the
pig unit during a six month period (Lemmens et al., 2007; Vlaamse
Regering, 2014). This capacity is necessary, since the time period during
whichmanure can be applied is limited, according to the crop cycles and
nutrient requirements. In Belgium, manure and other fertilizers can
only be applied from mid-February until the end of August (Vlaamse
Landmaatschappij, 2016). Production of CH4 takes place duringmanure
decomposition under anaerobic conditions (Jacobsen et al., 2014; IPCC,
2006a). The IPCC Tier 2 method is used to calculate the CH4 output
(VMM et al., 2014; IPCC, 2006a). Emissions of N2O from stored manure
are a consequence of nitrification and denitrification processes. Addi-
tionally, indirect N2O emissions from manure are caused by volatilized
NH3 and NOx which may be deposited at sites downwind frommanure
handling areas and contribute to indirect N2O emissions (IPCC, 2006a;
VMM et al., 2014).

It is assumed that the liquid fraction is stored for an average of four
months before application to crop land, while the solid fraction is trans-
ferred to the composting installation almost immediately. Based on ex-
periments and literature reviews, it is assumed that CH4 emissions from
the liquid fraction are twelve times lower in comparison to raw slurry
for the same storage period,while theCH4 emissions from the solid frac-
tion are assumed to be negligible (Mosquera et al., 2010). Nitrous oxide
emissions from the liquid fraction are assumed to be negligible due to
anaerobic conditions which prevent nitrification (Mosquera et al.,
2010; Petersen et al., 2013). The solid fraction, on the other hand, causes
higher N2O emissions, since there aremoremineralization and nitrifica-
tion processes due to the more aerobic environment. However, due to
the short storage period, the N2O emissions from the solid fraction are
paration cost
·ton−1 original manure)

Composting cost
(€·ton−1 original manure)

Biological treatment cost
(€·ton−1 original manure)

c 6.92b 7.92b
c 7.50b 7.92b
c 2.38b 7.92b
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assumed to be zero. Ammonia emissions are assumed to be inhibited by
covering the storage tanks.

2.3.2. Emissions from manure processing
Emissions from manure processing consist of emissions from me-

chanical separation, biological treatment of the liquid fraction and
composting of the solid fraction.

It is assumed that a centrifuge is used for the mechanical separation
of the slurry since this is the most common technique used in Belgium.
Most of the time, separation occurs within a closed device or within the
pig unit. Therefore, emissions are expected to beminimal and the quan-
tity of nutrients entering the system should be the same as the quantity
leaving it (Lemmens et al., 2007; Melse et al., 2004).

There is considerable uncertainty about the N2O emissions caused
by nitrification and denitrification. Under well-controlled conditions,
nitrogen losses of up to 1% of N2O and 0.01% of NH3 were measured at
a full scale installation of a Trevi plant (Lemmens et al., 2007; Smet
and Deboosere, 2007). The lowNH3 emissions are a result of the natural
acidification of the activated sludge and the low concentration of NH3

during the nitrification/denitrification process (Lemmens et al., 2007).
The N2O emissions are even lower than the emissions from rawmanure
applied to soil (Smet and Deboosere, 2007). Similarly, Loyon et al.
(2007) found that less than 1% of the total nitrogen entering the treat-
ment plant was emitted as N2O. Methane emissions are assumed to be
negligible (personal communication, BioArmor 2015). The high residual
content of N, P and K in the effluent from the biological treatment plant
is still too high to allow discharge in Belgium. However, the effluent can
be applied to crop land. In practice, the effluent is applied locally on pas-
ture and cropland as potassium fertilizer, since the amount of potassium
is more or less equal to the amount found in raw slurry.

During composting, 28% of the nitrogen from the solid manure is
emitted as NH3-N, 1% as N2O-N and 1% as N2, which adds up to a total
N-loss of 30% (Basset-Mens et al., 2007). Similarly, Lemmens et al.
(2007) and Melse et al. (2004) mention a nitrogen reduction of 30%
and 15 to 50% during the composting process respectively. However,
manure composting occurs in closed systems (hall or tunnel
composting) where the gases are captured and treated, and thus the
emissions are considered to be zero. Through composting, 30% of the
dry matter is broken down. To calculate the mass balance, only pig ma-
nure is taken into account, whereas, in practice, the solid fraction of ma-
nure is co-composted with chicken manure. By adding dry organic
material, such as chicken manure, the C/N ratio is increased, which is
necessary for the composting process.

2.3.3. Emissions from manure application
Direct N2O emissions and indirect N2O emissions from NH3 volatili-

zation from managed soils can be derived using the IPCC equations
(IPCC, 2006b).

In comparison to raw manure, separation has no influence on the
emission of NH3 from the liquid fraction or the solid fraction when ap-
plied to grassland and cropland respectively. This is also the case for
N2O emissions from the liquid fraction when applied to grassland
(Mosquera et al., 2010). Consequently, the same emission factors are
used as for the application of raw manure.

2.3.4. Emissions from non-renewable energy use
The use of non-renewable energy includes the energy used for trans-

port and injection of the manure slurry, and for manure processing.
It is assumed that slurry transport occurs by truckwith a load of over

20 tons and an emission of 110 g CO2 eq. ton−1.km−1 (Skao et al., 2011).
A fuel use of 2.49 and 0.8 L of diesel per m3 manure is assumed for ap-
plying the slurry to the land and injecting it, respectively (Lopez-
Ridaura et al., 2009). According to Defra (2012), well-to-wheel green-
house gas emissions for the combustion of 1 L of diesel equal
3.18 kg CO2 eq. Furthermore, energy is necessary for separation, biolog-
ical treatment and composting. The emission factor for electricity in
Belgium is 400 kg CO2.MW h−1 (Commissie Benchmarking, 2009).
Moreover, we assume that, after manure separation, the thick fraction
is routinely transported to a composting facility at an average distance
of 50 km, after which the composted, hygienised fraction is transported
to the northern part of France, over an average distance of 300 km, in ac-
cordance with manure legislation.

With regard to manure processing, we assume the use of a centri-
fuge for mechanical separation since it is the most common technique
used in Belgium. According to Lemmens et al. (2007), the energy con-
sumption of a centrifuge is 2 kW h.m−3 slurry, while the energy use
for composting on a large scale is assumed to be 50 kWh.ton−1, includ-
ing pre- and post-treatment, conversion and aeration (Lemmens et al.,
2007;Melse et al., 2004). In a biological treatment plant where nitrogen
is biologically removed from the liquid fraction by nitrification and sub-
sequent denitrification, electrical energy is necessary for aeration,
pumping and power. Aeration consumes the highest amount of energy.
Registered uses for the two systems found in Belgium are 16 kWhm−3

manure (BioArmor system) or 17 kW h m−3 (Trevi system). In the
BioArmor system, manure is biologically treated in a sequential batch
reactor and sedimentation occurs in the SBR or in a regular sedimenta-
tion tank, while the Trevi biological treatment system is characterized
by a separate nitrification and denitrification basin.

2.3.5. Avoided emissions
Themanure slurry applied to crop land also substitutes for synthetic

fertilizers. In order to calculate the CF, it is necessary to include (sub-
tract) the impact relating to the production, transport and application
of these replaced fertilizers. The production of fertilizers has a high en-
ergy demand, and consequently accounts for a large CF. According to
Yara (2010), the production of 1 kg nitrogenwith the Best Available Tech-
niques emits 3.7 kg CO2 eq. (kg N)−1. The average cradle-to-gate CF for
the production of 1 kg phosphorus fertilizer (triple super phosphate)
and 1 kg potassium fertilizer (potassium sulphate) in Western Europe
equals 0.46 kg CO2 eq. (kg P2O5)−1 and 0.29 kg CO2 eq. (kg K2O)−1

respectively (Kool et al., 2012). For transport, an emission factor of
0.11 kg CO2 eq. ton−1.km−1 is assumed. The mineral fertilizer equiva-
lent (MFE) of nitrogen is based on the system for effective nitrogen
and equals 60% for slurry (Sigurnjak et al., 2016; Vaneeckhaute et
al., 2014; Vlaamse Landmaatschappij, 2014a). For P2O5 and K2O,
the MFE is assumed to be 90% (Coppens, 2008). The use of synthetic
fertilizers also results in direct and indirect N2O emissions through
volatilization of NH3 and NOx, similar to the emissions related to
the application of organic fertilizers.

2.4. Manure allocation model (MAM)

2.4.1. Model development
The second step of the analysis is to develop a model that optimizes

manure allocation and builds on the spatialmathematical programming
multi-agent simulation approach developed by Van der Straeten et al.
(2010), using the optimization software GAMS (General Algebraic
Modeling System).

The three strategies for manure management are, as mentioned
above, transport of rawmanure from nutrient excess to nutrient deficit
areas, manure separation, and biological treatment of manure (manure
treatment). The MAMminimizes, from a social planner perspective, ei-
ther the costs or the GHG emissions from manure management in Bel-
gium while respecting the fertilization standards defined by the
Flemish Land Agency (Vlaamse Landmaatschappij, 2014a). While cost-
efficiency is calculated based on transport distances and the cost of ma-
nure separation and treatment, GHG emissions, and hence, CF, are de-
termined based on a consequential LCALCA approach.

As mentioned before, Fig. 1 shows a schematic representation of the
MAM, as a part of our specific life cycle. Different types of livestock in
municipality i produce manure with a different nutrient content, i.e. a
specific quantity (in kg) of nitrogen and phosphorus each year (left on
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the figure). After storage, the manure is applied on the field, where dif-
ferent crops have different fertilization standards, meaning that, per
crop type, a specific amount (in kg) of nitrogen and phosphorus can
be applied to the land per hectare per year (to the right of the figure).
This manure will first be applied to the fields in municipality i, and
then to the fields in other municipalities j to n, to minimize transport
distance and cost.

Because a manure surplus exists, not all rawmanure can be applied
on the field. Therefore, this excess manure has to be processed, altering
the nutrient content of the different manure streams. This is the middle
step in the figure, representing the different manure processing strate-
gies mentioned previously. By adjusting the nutrient content of the dif-
ferent types of manure through processing, more (processed) manure
can be applied on the field.

Of course, this manure allocation comes at an economic cost. First of
all, there is the cost of transporting the (processed) manure from mu-
nicipality i to municipality n. Secondly, there is the cost of spreading
the manure on the field itself. Thirdly, processing the excess raw ma-
nure also comes at a cost. This cost depends on the type of processing
and the manure type. In the cost calculation we also include (subtract)
the avoided cost that would have been incurred if mineral fertilizer
had been used instead of (processed) manure.

Apart from the economic cost, manure allocation causes GHG emis-
sions. In the MAM, we account for five types of emissions: emissions
from manure storage, emissions from manure processing and applica-
tion, emissions from non-renewable energy use (i.e. transport and in-
jection of manure slurry and manure processing) and avoided
emissions from the production, transport and application ofmineral fer-
tilizers. These GHGemissions are implemented in themodel as calculat-
ed values based on the assumptions stated in Section 2.3.

During the optimization, which is either a cost or a GHG minimiza-
tion, the model allocates, for each municipality, the quantity of manure
that should be processed, and transported (in raw or processed form)
within the same, or to another, municipality, all while adhering to the
fertilization standards.

As this model has been described in detail in previous publications
(Van Der Straeten et al., 2011, 2010) we will not repeat the detailed ex-
planation in this section.

2.4.2. Model scenarios
Two scenarios are analyzed; in the first scenario we minimize the

economic cost of manure allocation in Belgium (S_COST), while in the
second one we minimize the CF of manure allocation in Belgium
(S_CF). It is important to note that a ‘manure border’ exists in Belgium,
meaning that manure cannot be transported between Flanders and
Wallonia. Hence, we simulate both scenarios for each region at the
same time, but only allow transport of manure and derived products
within each region.

The model was run for both scenarios and results were obtained re-
lating to cost and CF. Moreover, as themain focus of themodel is the CF,
more detailed outputs were generated on the different CFs for (i) each
type of manure management— raw, treated or separated manure, and
(ii) each group of emissions— emissions from storage, transport, treat-
ment, application and avoided emissions. The results of these analyses
are presented in the Results section.

2.5. Consequential footprint approach

The effect of the distribution of livestock production can be analyzed
both from the supply and the demand side for the surplus manure. The
supply side implies an extra quantity of nutrients from animal sources,
and it equals the demand-side effect of relaxing fertilization standards,
i.e. allowing a marginal quantity of nutrients from additional manure
to be put on the field. As, in general, marginal data are used to describe
the consequences of a decision (Curran et al., 2005; Ekvall and
Weidema, 2004; Sonnemann and Vigon, 2011), we marginally increase
the nitrogen standard by 1 kg per municipality in order to understand
the consequences of the decision to distribute livestock more evenly.
Themodel then calculates the consequential CO2 impact of this margin-
al increase, i.e. howmuchmore or less CO2 (in CO2 eq.) is emitted per kg
N per municipality. This is indicated in Fig. 1 by the dashed box at the
bottom right of the figure.

3. Results

3.1. Overview of the model objective outcome

It must be emphasized that while cost minimization focuses on the
optimal allocation of all manure produced in Belgium, CF minimization
focuses solely on the optimal allocation of pig manure, as changes in
manure policy almost always influence pig manure allocation, while
the allocation of other types of manure remains unaffected.

The model simulations show that the total cost of manure manage-
ment is 183 million and 648 million euro for S_COST and S_CF respec-
tively, while the total emissions from manure management is
1.02 million and 0.67 million tons CO2 eq. for S_COST and S_CF respec-
tively. The numbers indicate that a lower cost coincides with a higher
CF and vice versa. As transport of rawmanure is the cheapestway to dis-
pose of excess manure, the model, when minimizing costs, will choose
to transport as much raw manure as possible, and excess amounts will
be separated or biologically treated. Even though transport of raw ma-
nure is the cheapest way to deal with manure allocation, it is also the
most polluting one. This largely explains why the CF in S_COST is
much higher than in S_CF.

In the cost minimizing scenario S_COST, of the total amount of
20 million tons of pig manure produced annually, 33% is transported
as raw manure, while 28% and 39% are treated and separated respec-
tively. Moreover, emissions from rawmanure transport, biological ma-
nure treatment and manure separation amount to 0.48 million,
0.25 million and 0.29million tons CO2 eq. respectively. On the contrary,
in the emission-minimizing scenario S_CF, the only emissions originate
frommanure separation, amounting to 0.67million tons CO2 eq. This in-
dicates that manure separation has the lowest CF of all three manure
management strategies.

Figs. 2 and 3 allow us to look at these results in more detail.
Fig. 2 provides an overview of the GHG emissions in kg CO2 eq. per

ton of original manure for the three manure management scenarios,
for the ‘pigs of 20 to 50 kg in weight’ category. First of all, it can be
seen that rawmanuremanagement creates the highest total GHG emis-
sion per ton, followed by manure treatment and then manure separa-
tion, which has the lowest. Moreover, CH4 emissions from storage are
the highest for raw manure management, lower for separated manure
and the lowest for treated manure, due to differences in storage time.
This observation has also been made in a large number of environmen-
tal studies of pig slurry transfer and treatment (Loyon et al., 2007;
Lopez-Ridaura et al., 2009; De Vries et al., 2012; Brockmann et al.,
2014; ten Hoeve et al., 2014). Even though the raw slurry can be
transported over a considerable distance, the processing strategies will
always result in a lower CF since a shorter manure storage period is re-
quired. Notwithstanding the liquid fraction of separated manure emit-
ting additional CH4 during storage after separation, this emission is
greatly reduced, by about twelve times. Mosquera et al. (2010) explain
this reduction by the fact that CH4 is formed in liquid slurry in the pres-
ence of a vast amount of degradable organic matter which is fermented
under anaerobic conditions. However, since most of the organic matter
ends up within the solid fraction after separation, less CH4 is formed in
the liquid fraction. Additionally, as manure can be biologically treated
throughout the year, it is stored for a shorter time period as opposed
to rawmanure, where application is restricted in time (frommid-Febru-
ary until the end of August). The N2O emissions increase with storage
time.Moreover, emissions from transport are relatively low for rawma-
nure, at 0.11 kg CO2 eq. per ton and per km, and higher for processed



Fig. 2. Graphical overview of GHG emissions per type of manure management strategy for each type of emission source per ton original manure.
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manure as this also includes (apart from transporting the liquid fraction
over a distance of 1 km in the case of Fig. 2) the transport of the thick
fraction to a composting facility and the transport of the resulting com-
post to France. The soil N2O emissions from the separated liquid fraction
are assumed to be slightly lower than those from the rawmanure due to
nitrogen losses after the separation process. Furthermore, as the liquid
fraction of separated manure is a valuable source of nutrients which
can be applied to crop land, it accounts for greater savings in mineral
fertilizers compared to treated manure. By applying the liquid fraction
of manure slurry instead of biologically treating it, the avoided con-
sumption of synthetic fertilizers and GHG (N2O) emissions related to
the application of such fertilizers results in GHG emission savings.

Fig. 3 provides an overview of the relative size of the different emis-
sion types per scenario. Avoided emissions from fuel use are not repre-
sented as they are too small to show. The figure shows that when the
total cost is minimized (S_COST), over 40% of the total GHG emissions
are due to CH4 emissions from storage. In the S_CF scenario, this
Fig. 3. Graphical overview of the two model scenarios depicting the share of each type of GHG
carbon footprint.
emission source also dominates, albeit to a smaller extent. The second
largest source of emissions in both scenarios is the soil N2O emissions
after manure application, as also indicated above. Emissions (N2O)
from biological treatment (nitrification/denitrification) are present
only in the cost minimizing scenario, as manure treatment takes place
here. Another important observation is thatmanure transport only con-
tributes a small proportion of the total emissions. Finally, the figure in-
dicates that the avoided emissions from the production of mineral
fertilizers and the avoided (N2O) emissions from mineral fertilizer ap-
plication are similar in size.

3.2. Consequential carbon footprint analysis

As stated earlier, livestock production in Belgium and, thus, the GHG
emissions relating to these sources are concentrated in the north and
north-western part of the country. It has been suggested that a more
equal distribution of livestock production might reduce the CF. By
emission source. Scenario S_COST minimizes the cost, while scenario S_CF minimizes the

Image of Fig. 2
Image of Fig. 3
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means of the consequential CF approach, the GHG emissions at munic-
ipality level can be simulated for a more spatially equalized livestock
production.

The consequential CF impact of a marginal increase in N fertilization
standards is carried out for theGHGemissionminimizing scenario S_CF.

Results show that the consequential CO2 impact is relatively small.
The greatest reductions in CF are attained in areas with high livestock
densities and carbon emissions, mainly in the North of Antwerp and
West Flanders. One of the municipalities with a high CF is Hooglede,
in theWestern part of Flanders, which also has the highest livestock in-
tensity.Whenwe allow for an extra kg of N to be disposed of in thismu-
nicipality, the change in nutrient deposition prevents the need for the
manure to be transported to a region with non-binding fertilization
standards, and, consequently, the CF decreases by 0.5 kg CO2 eq. More
specifically, 500 g CO2 eq. corresponds to 250 kg of manure being
transported over a distance of 20 km, since the emission factor for trans-
port is 110 g CO2 eq. ton−1 km−1.

The consequential CF analysis shows that a high livestock concentra-
tion indeed creates a higher environmental burden than amore equally
distributed animal production system. However, the difference be-
tween animals produced in areas with livestock overpopulation, on
the one hand, and a region with lower livestock density, on the other
hand, is relatively small. This difference is due to manure transport be-
tween regions in a competitive market for manure disposal space. The
results show that the CF of this transport is small compared to the
other emissions in the manure management and animal production
chain.

The GHG emissions from the average storage of 1 ton of manure
amount to 95 kg CO2 eq. (Jacobsen et al., 2014) while the transport of
that ton of manure from the surplus to the deficit regions is
0.5 kg CO2 eq. (i.e. 0.52%), assuming an average transport distance of
50 km. Manure management, which is the consequence of livestock
concentration, is responsible for one quarter of the total GHG emissions
from pig production. The total CF of 1 kg of pig meat in Flanders is
5.7 kg CO2 eq., of which 1.37 kg (i.e. 24%) is attributed, on average, to
manure management (Jacobsen et al., 2014). Manure management in
areas with the highest livestock density, hence, emits 0.13% more CO2

thanmanuremanagement in areaswith low livestock density. Reducing
this impact is more likely to be efficient through the implementation of
improved manure management techniques, such as separation or an-
aerobic digestion, than through relocation of the livestock production it-
self. From the consequential analysis it can hence be concluded that a
spatial rearrangement of pig production in Belgiumwill not substantial-
ly decrease the CF for this agricultural activity.

4. Discussion

The modeling exercise indicated that, out of the three selected ma-
nure management strategies, manure separation had the lowest CF
and that spatial reallocation of pig production would not substantially
decrease the CF for pig manure management. However, both the
model and the assumptions we used can be improved.

First of all, the model ignores part of the reality. We assumed that
(processed) manure transport takes place solely within the Belgian re-
gions of Flanders and Wallonia. In reality, however, manure transport
also takes place from Flanders to Zealandic Flanders in the Netherlands
and Northern France. According to the 2015 Manure Report by the
Flemish Land Agency (Vlaamse Landmaatschappij, 2015), in 2015,
125.1 million kg N and 60.9 million kg P2O5 were produced from ma-
nure in Flanders, of which 30% N and 37% P2O5 were processed and
exported outside Flanders. Of all the nutrients exported from Flanders,
69 and 26% ended up on French and Dutch soil respectively. Allowing
transport to those regions in the model would have further decreased
the total cost of manure management in the S_COST scenario, while at
the same time increasing the CF, as more manure would be transported
to these nutrient-poor regions and less manure would be processed, as
the need for processingwould be lower. Nevertheless, part of this trans-
port cost is already implicitly included in the model. Transport to
Zealandic Flanders mainly consists of (unhygienised) raw manure,
while transport to Northern France mainly constitutes the hygienised,
composted thick fraction. In theMAM,we assume, firstly, that the entire
thick fraction of processedmanure is transported to a composting facil-
ity at an average distance of 50 km from the farm, and then transported
to France as a hygienised compost, over an average distance of 300 km.
These costs are already included in the model, but were not mentioned
explicitly. As the statistics from the Flemish Land Agency indicate that
the majority of cross-border manure transport is directed to France,
we believe we have, to a large extent, already incorporated these addi-
tional costs. There would, however, be no difference in the S_CF scenar-
io, as all manure would be separated by default to minimize the CF.

Secondly, in our choice of three manure management strategies we
did not include anaerobic digestion as only about 1% of manure is
currently digested in Flanders (De Geest et al., 2014; Vlaamse
Landmaatschappij, 2014b). However, Prapaspongsa et al. (2010)
found that combining anaerobic digestionwith natural crust slurry stor-
age produced the lowest impacts in terms of global warming potential,
and McAuliffe et al. (2016) concluded that, when it comes to waste
management for pig production, anaerobic digestion has many benefits
overmanure spreading.Moreover, Clemens et al. (2006) concluded that
biogas production is a very efficient way to reduce the GHG emissions,
both through the production of renewable energy and the avoidance
of uncontrolled GHG emissions into the atmosphere during manure
management. Finally, Anderson-Glenna and Morken (2013) observed
that CH4 emissions from digestate are much lower in comparison to
raw manure slurry.

Anaerobic digestion could prove a good solution for manure man-
agement, as our results indicate that over one third of total emissions
are caused by CH4 emissions from storage (see Fig. 3). The difference
in storage emission quantity between both scenarios lies in the fact
that we assumed a much shorter storage time for manure processing
than for raw manure transport. Changing these assumptions could
hence alter the outcome of the exercise. For instance, due to the current
pig meat crisis in Europe, Flemish manure processors have noticed that
pig farmers store their manure for a longer period before processing to
hold off payments for this service.

Besides anaerobic digestion, a number of solutions have been pro-
posed in the literature to reduce the CFduringmanure storage.Methane
production from slurry could be reduced by the addition of inhibiting
compounds and acids (Amon et al., 2001; Berg and Pazsiczki, 2006).
From the assessments carried out by Petersen et al. (2012) and Hou et
al. (2015), it could be derived that slurry acidification significantly
lowers CH4 emission. Slurry acidification is already approved as Best
Available Technology andwidely applied in Denmark as a cost-effective
GHGmitigation measure (Petersen et al., 2012). Slurry cooling can also
reduce CH4 emissions, since lowered indoor temperatures and a re-
duced air exchange rate reduce CH4 emissions (Monteny et al., 2001).
However, the most effective measure for CH4 emission inhibition is to
prevent formation of bacteria inoculumby frequent and complete slurry
removal (Monteny et al., 2001; Osada et al., 1998; Van denWeghe et al.,
2005).

Finally, according to the Flemish Environmental Agency, in 2014, an-
imal husbandry was responsible for 63% of the total CH4 emissions in
Flanders and pig manure storage accounted for 64% of all CH4 emissions
from manure storage (Vlaamse Milieumaatschappij, 2014). Therefore,
for further research, it might be interesting to look at the economic
and environmental effects of imposing a CO2 tax on manure
management.

5. Conclusion

In European regions with concentrated livestock production, ma-
nure management creates major environmental problems. As the
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existing literature reports conflicting results for optimal solutions for
pig waste management, this paper investigates the effect of reduced
manure pressure through spatial distribution of CO2 eq. emissions and
the impact on the CF, verified through a consequential LCA. While, in
the past, transport distance was assumed to be an important parameter
in the determination of the total CF, our study shows that rearrange-
ment of the spatial distribution of livestock production in Belgium will
not substantially decrease CO2 emissions. This article contributes to
the methodology of consequential LCA by linking the CF analysis with
an economic model that simulates manure disposal decisions driven
by legal constraints and market forces.

This approach makes possible both an economic and environmental
optimization through mathematical linear programming. The main dif-
ferences between the environmental and economic optima were also
determined. The results of the model simulations show that, while the
economic optimum is achieved bymaximizing the transport of rawma-
nure until fertilization standards are fulfilled and subsequently process-
ing the excess manure, the environmental optimum, from a CF
viewpoint, is achieved by separating all manure, as this strategy creates
the lowest CO2 emissions, mainly due to the limited manure storage
time. As manure storage is the main contributor to the CF, solutions
for GHG reduction from manure management should lie in changing
these storage systems, rather than in a spatial reallocation of intensive
livestock production.
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