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ABSTRACT
This work is a review of Life Cycle Assessment (LCA) studies dealing with agricultural use of fertilizing residues (FR). The majority of
the studies were dedicated to LCA of waste and wastewater treatment systems and, in few cases, to agricultural productions. In most of
the studies on LCA of waste and wastewater treatment, FR spreading induces toxicity due to heavy metals and global warming and atmospheric pollution because of emissions of nitrogen compounds. When a livestock is studied, FR spreading is generally a minor contributor to the impact compared to livestock building and animal manure stocks. The fertilizing effect of FR is taken into account by substitution of mineral fertilizers. Substitution of mineral fertilizers is the main driver of the environmental assessment result. Unfortunately,
the substitution is not always explained or presented in the different studies, which makes interpretation of the results difficult. This variability of system boundaries also affects the results.
Keywords: Field application, Residues, Waste treatment, Wastewater treatment, Biosolids.

1. Introduction
Human waste and animal manures have always been used for agricultural production, but intensive farming
and the increase of wastewater treatment capacity put this issue forward. Severe environmental burdens are due
to intensive manure production (Mallin and Cahoon 2003), and toxicity of heavy metals contained in biosolids
are often highlighted (Benítez et al. 2001).
Agricultural use of fertilizing residues (FR) is represented in several ways in Life Cycle Assessment (LCA)
studies. This work is a review of LCA studies dealing with agricultural use of FR to show current LCA practices
(key parameters, modeling choices for emissions and substitution) and main results of theses works. The review
is presented per FR type: biosolids, organic part of municipal wastes, animal manures, digestates, and biochars.

2. Methods
The collection of articles for this review has been carried out in two steps. First, two queries have been made
on the Web of Science (Thomson Reuters 2014) and CAB Abstracts (Cabi 2014) :
 Query dedicated to FR terms: “*waste*” or “residu*” or “sludge*” or “sewage*” or “biosolid*” or
“*compost*” or “digestate*” or “anaerobic digest*” or “manure*” or “slurr*” or “effluent*” or “sediment” or
“ash*” or “biochar” or “struvite” or “dredg*” or “by-product*” or “by product*” or “abattoir” or “dairy” or
“whey” or “bone” or “ossein” or “feather” or “exogenous organic matter” or “organic amendment*”.
 Query dedicated to LCA terms: “life cycle analysis” or “life cycle assessment” or “LCA” or “life cycle management” or “LCI” or “life cycle inventor*” or “impact assessment”.
These queries crossed title and abstract fields in the database (FR terms in title field and LCA terms in abstract field, and vice versa) and yielded in 2229 references. To reduce the size of this set, a manual selection has
been performed by scanning the abstracts to remove references
 not dealing with LCA,
 dealing with waste treatment without agricultural use (e.g. biosolid incineration, organic waste landfilling),
 dealing with agricultural production without FR use.
One hundred references have been selected with this approach, which are included in this study.

3. Results
The main part of the article collection is composed of recent articles from the last decade, with an overall
time frame from 1998 to 2013. Figure 1 presents a word cloud built from titles of the articles. It shows that the
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collected articles mainly focused on waste and associated treatment (e.g. words like “waste”, “wastewater”,
“municipal”, “solid”, “treatment” and “composting”). The word cloud underlines also the aim of LCA as environmental assessment of the system (“environmental”, “systems”, “greenhouse”, “emissions”, “evaluation”,
“study” …). Agricultural words (“organic”, “production”, “application” and “farming”) appear, but with low occurrences.

Figure 1. Word cloud from titles of the articles (words of the LCA query have been removed for better readability); The cloud was generated using the Wordle website (www.wordle.net).

4. Discussion
4.1. Overview
Few publications are dedicated only to FR uses. The main part of the literature is composed of environmental
assessment of waste treatment, where agricultural use of FR is only a part of the studied system. Table 1 gives an
overview of the important parameters of these publications.
When a system is multifunctional (several products or several services), substitution is often performed
(avoided impacts due to avoided product). Consequently, in many cases, an agricultural use of FR is represented
by an avoided mineral fertilizer production and use (41/45 references in Table 1). This allows for avoiding impacts due to production (resource consumption, plant pollution, transport …) and emissions after crop fertilization (trace metals to soil, nitrogen compounds emissions).
The key parameter for substitution of mineral fertilizers is the fertilizing effect of the FR, expressed by a
Mineral Fertilize Equivalent (MFE) coefficient. But this parameter is often missing (29 references in Table 1).
Noted by Heijungs and Guinée (2007) and underlined by Winkler and Bilitewski (2007), one of the main reasons
for the variability of LCA results for waste treatment systems is the way how avoided impacts (due to energy or
secondary matter productions) are taken into account in the system. Brockmann et al. (2014) provide a simple
excel tools for MFE computation.
Emissions from spreading are dealt in three ways: (1) emissions are not taken into account (7 publications) or
only partially (e.g. only heavy metals, 4 publications), (2) FR use emissions are represented, but avoided emissions not (13 publications), and (3) the difference between FR use and avoided mineral fertilizer use emissions is
applied (4 publications).
4.2. Biosolids
About twenty articles deal with agricultural use of biosolids. Almost all consider the fertilizer role by substitution, but, unfortunately, the MFE value is sometimes missing, described in an internal report or it is referred to
an author’s country study. When MFE values are provided (see Table 1), an important variability is observed for
nitrogen equivalence, while phosphorus and potassium values are close to one.
Except for some studies (Dennison et al. 1998; Murray et al. 2008), heavy metals emissions to the environment are represented. Several authors underline the importance of this phenomenon and the induced toxicity
(Hospido et al. 2004; Houillon and Jolliet 2005; Johansson et al. 2008; Wenzel et al. 2008).
Hospido and coauthors (Hospido et al. 2010) take into account thirteen drug residues in the toxicity assessment through a new characterization factor for the CML method (Muñoz et al. 2009). In this work and with this
approach, the authors conclude that the drug residues’ impact is negligible compared to the heavy metals burden.
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Table 1. Main characteristics of waste and wastewater treatment LCA studies.
References

FR
typea

Impactsb

Fertilizer substitution

Mineral Fertilizer
Equivalent

Carbon
storage /
organic
matter

Field emission (FR Field emission
use)
substitution
(avoided fertilizer)

(Dennison et al. 1998)
(Murray et al. 2008)
(Hospido et al. 2004)
(Houillon and Jolliet
2005)
(Wenzel et al. 2008)
(Johansson et al. 2008)

USS
USS
USS
USS

ND
cc + inventory
CML
eb; cc

ND
No
Yes (HM)
No

No
No
No
No

EDIP
cc, acid. eut

No
No

ND
Yes (N2O, CH4,
NH3, NO3-)

ND
Yes (N2O, CH4,
NH3, NO3-)

(Beavis and Lundie 2003)

ISS

Yes (N, P)

No

ND

No

(Hospido et al. 2005)
(Tarantini et al. 2007)
(Peters and Rowley 2009)

USS
CUSS
CUSS

No
No
Yes

Yes (CH4, HM)
Yes (HM)
Yes (HM)

No
No
No

(Hong et al. 2009)
(Liu et al. 2013)
(McDevitt et al. 2013)

CUSS
USS
USS

No
No
No

Yes (HM)
No
No
No
Yes (N2O, leaching) No

(Lundin et al. 2000)
(Pasqualino et al. 2009)
(Foley et al. 2010)

USS
USS
USS

eut, cc, ph ox,
acid, ecotox
CML
CLM+ tox
eeb, cc, tox,
ecotox
cc, acid, tox, lu
cc
CML + USETOX
inventory
CML
inventory

NA
N: 1 / P: 1
ND
N: 0.61 / P: 0.7 / K
ND
ND
N: USS 0.42; CUSS
0.3 / P: USS 0.7
CUSS 0.035
Yes
(Substituted value)
ND
NA
Yes
(Substituted value)
ND
ND
ND

No
No
No
No

USS
USS –
CUSS

No
Yes (N, P)
Yes (N, P)
Yes (N, P, K,
lime)
ND
Yes (N, P)

No
No
Yes

(Hospido et al. 2010)

USS

CML

Yes (N, P)

N: 0.5 / P: 0.7 – 1
ND
N: 0.25 – 0.75 / P:
0.25 – 0.75
N 0.5 / P 0.7

No
No
Yes
(N2O, NH3, HM)
No

(Sablayrolles et al. 2010)

USS

Yes
(Substituted value)

No

ORWAREc

ND

No

ND

Yes

(Jury et al. 2010)

DCE

No (allocation)

DPS

Yes (N: 0.54 – 0.83 /
P: ND / K: ND)
N: 0.65 / P: 1 / K: 1

No

(De Vries et al. 2012)

ECOINDICATOR 99, cc, eb
RECIPE (m)

(Poeschl et al. 2012b;
Poeschl et al. 2012a)

DC

RECIPE (m, e)

Yes (N, P, K)

N: DFB 0.45; DC
0.65 / P: 1 / K: 1

No

(Hamelin et al. 2011)

DPS DCS

EDIP

Yes (N, P, K)

N: PS 0.7; CS 0.75;
CM 0.85/ P: 0.81 / K:
0.97

Yes

Yes (N2O, NH3,
NO3-, NOx, P, HM)
Yes
(N, P, ETM, TOC)
Yes (N2O, NH3,
NOx, NO3-, PO43--)
Yes
(CH4, NH3, NO,
N2O, NO3-, PO43-)
Yes
(CH4, NH3, NO,
N2O, NO3-, PO43-)
Yes
(CH4, NH3, NO,
N2O, NO3-, PO43-)

No

EASYWASTEd

USS –
COW
COW

acid, eut, cc, oz Yes (N, P)
dep, ph ox,
ecotox, tox
ph ox, eut, ac- Yes (N, P)
id, cc
EDIP
Yes (N, P, K,)

No
Yes (ND)
Yes
(N2O, NH3, HM)
Yes (N2O, NH3,
PO43-, HM, TOC)
Yes
(N2O, HM, TOC)

Yes (N, P)
No
Yes (N, P,
lime)
Yes (ND)
Yes (N, P)
Yes (ND)
Yes (N, P)
Yes (N, P)
Yes (N, P)

Yes (N, P, K)

No

Yes

Yes
(N2O, HM, TOC)

No
NA
No

No

No

Yes: included; No: not included or not presented; NA: non applicable; ND: not documented; HM: heavy metals; TOC: trace organics
compounds
a CM: cattle manure; CS: cattle slurry; PS: pig slurry; USS: urban sewage sludge; CUSS: compost of urban sewage sludge; ISS: industrial sewage sludge; COW: compost of organic waste; DEC: digestate of energetic crop production; DC: digestate from codigestion
(animal manures, agricultural residues, dedicated crop productions…); DPS: digestate of pig slurry; DCM: digestate from cattle manure;
LF: leachate (liquid fraction) separated from digestate.
b Impact assessment method: CML, ECOINDICATOR 99, EDIP, RECIPE (m midpoint ; e endpoint), USETOX (ILCD handbook
(European Commission - Joint Research Centre - Institute for Environment and Sustainability 2010) lists and describes the impact assessment method, see this document for details) / impacts of a method: cc climate change ; oz dep: ozone depletion; eb energetic balance :
acid acidification ; eut eutrophication ; ph ox photochemical oxidation; tox human toxicity; ecotox ecotoxicity ; lu land uses / inventory:
references without impact assessment.
c ORWARE model references: USS: (Kärrman and Jönsson 2001; Lundin et al. 2004; Tidåker et al. 2006) – COW: (Dalemo et al. 1997; Sonesson
et al. 1997; Dalemo et al. 1998; Thomsson 1999; Sonesson et al. 2000; Eriksson et al. 2002; Mendes et al. 2003; Eriksson et al. 2005)
d EASEWASTE model references: (Kirkeby et al. 2006a; Kirkeby et al. 2006b; Christensen et al. 2007; Bhander et al. 2008; Boldrin and ThomasHojlund 2008; Bhander et al. 2010; Boldrin et al. 2010; Bernstad and la Cour Jansen 2011; Manfredi et al. 2011; Andersen et al. 2012)

Some works do not deal with nitrogen and phosphorus emissions to the environment due to FR spreading
(Beavis and Lundie 2003; Hospido et al. 2005; Houillon and Jolliet 2005; Tarantini et al. 2007; Murray et al.
2008; Hong et al. 2009; Peters and Rowley 2009; Liu et al. 2013; McDevitt et al. 2013) and deal only with the
benefit of avoided fertilizer. Other works present agricultural field emissions without description (Pasqualino et
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al. 2009), according to the ORWARE model (Kärrman and Jönsson 2001; Lundin et al. 2004; Tidåker et al.
2006), partially without nitrate leaching (Lundin et al. 2000), according to experimental data (Johansson et al.
2008) or determined according to models (Nemececk and Schnetzer 2012) proposed by Ecoinvent guidelines
(Foley et al. 2010; Hospido et al. 2010). To finish, few works (Sablayrolles et al. 2010) consider both FR emissions and avoided emissions due to avoided mineral fertilizer use. Recently, Yoshida et al. (2013) reviewed 35
LCA studies dedicated to sewage sludge treatment (28 with agricultural use). This work shows the variability of
the perimeters: 11 references with emissions to air during biosolids spreading, 11 with heavy metals emissions to
soil, and 2 with carbon storage. A substitution of mineral fertilizer is done in 25 of them.
4.3. Organic fraction of municipal wastes
The use of LCA to assess waste treatment scenarios leads to dedicated simulation models. About 10 models
can be found (Gentil et al. 2010), but only two have been used and take into account FR use.
ORWARE (ORganic WAste REsearch) (Dalemo et al. 1997; Eriksson et al. 2002) is a Swedish model, which
has been used for real cases of waste management (Sonesson et al. 1997; Sonesson et al. 2000; Mendes et al.
2003; Eriksson et al. 2005). The model focuses mainly on climate change, acidification and eutrophication; toxicity is not addressed. FR spreading is represented with a substitution and field emissions: a simplified model of
the nitrogen cycle allows determining nitrogen emissions (N2O, NH3, NO3-) and the nitrogen content replacing
mineral nitrogen in the first year and the long-term. Ammonia losses are determined by Swedish experimental
values, nitrate leaching by a simulation model with soil features, and nitrous oxide emissions according to IPPC
recommendations. Phosphorus dynamics are assumed analogous for FR and mineral fertilizer. Dalemo et al.
(1998) discuss the importance of nitrogen emissions due to FR use for the assessment of waste management scenarios. Thomsson (1999) uses ORWARE and mentions heavy metals, but without assessment because of complexity of the soil-plant mass balance.
EASEWASTE (Environmental Assessment of Solid Waste Systems and Technologies) (Kirkeby et al. 2006a;
Bhander et al. 2008; Bhander et al. 2010) is a Danish model and is probably the most used LCA waste treatment
tool. Assessment is carried out with the EDIP method (Wenzel et al. 1997). The model includes mineral fertilizer
substitution and nitrogen, phosphorus, heavy metals and trace organic compounds emissions. Carbon storage is
also modeled. However, the FR use module of the EASEWASTE model is only described in a Danish document
(Hansen 2004). Effects of FR use on soil quality are not represented because of the complexity of the relation.
This model shows the consequences of heavy metal emissions from agricultural residues (Kirkeby et al. 2006b)
and underlines the major role of final waste destination to waste treatment assessment (Christensen et al. 2007).
EASEWASTE has been used to compare incineration, landfilling and composting of individual waste fractions (Manfredi et al. 2011). The authors observe a benefit for the composting scenario on ecotoxicity because of
avoided emissions of mineral fertilizer production (chromium and mercury). EASEWASTE has been used to assess commercial compost from food waste and garden waste, which is used as growth media preparation instead
of peat (Boldrin and Thomas-Hojlund 2008; Boldrin et al. 2010). The benefit of this compost on climate change
(because of biogenic carbon) and eutrophication (avoided nitrogen emissions of mineral fertilizer production) is
shown, but it is tempered by heavy metals emissions to soil.
Some authors (Bernstad and la Cour Jansen 2011; Andersen et al. 2012) represent the organic matter supply
effect of the use of compost from household food waste by a peat substitution (substitution according to volume,
1 m3 of peat for 1 m3 of compost). They consider that the environmental burden is mainly determined by greenhouse gases emissions from the composting process and the benefit from the substitution (climate change, eutrophication, toxicity and ecotoxicity). Andersen et al. (2010) investigated substitution practices for compost use
in gardening in two Danish towns (Aarhus and Copenhagen). This work shows a substitution only for 22 and
24% of the situations for peat, 12 and 24% for fertilizer, and 7 and 15% for manure.
Bernstad and la Cour Jansen (2012) reviewed LCAs for food waste management, mainly with respect to climate change. They reveal a large variability of the results and that the use of compost and digestate is profitable
from an environmental point of view in some works, but negligible in other ones. The variability of the results is
explained by the MFE value, the environmental impact of substituted fertilizer and carbon storage. The authors
advise to consider nitrogen emissions from fertilizers in accordance with international recommendations (as
ILCD) for impact assessment. But variability and lack of knowledge are again underlined. Only one reference
with FR and avoided emissions is cited (Møller et al. 2009).
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While most publications deal with waste treatment scenarios, Martinez Blanco et al. (2009) compare mineral
fertilization to the use of compost from municipal organic waste for tomato crops. In this case, the use of compost avoids landfilling and landfill impacts are subtracted to the system: this substitution drives the environmental impacts and sets compost as best solution. A similar work, yielding in the same conclusions has been done for
compost from wine shoot and sewage sludge (Ruggieri et al. 2009).
4.4. Animal manures
About twenty articles dedicated to cattle and pig productions have been found. Manure and slurry spreading
is commonly represented. FR use impacts are usually negligible in comparison to emissions from livestock
building and animal manure storage (Beauchemin et al. 2010; O’Brien et al. 2011) (and also for poultry production (Leinonen et al. 2012)). Animal manure storage and spreading are also often merged in a single step
(Sonesson 2005; Thomassen et al. 2009).
First works on livestock LCA (Cederberg and Mattsson 2000; Cederberg and Flysjo 2004; Sonesson 2005)
used a Swedish model for nitrate leaching (Aronsson and Torstensson 2003). Recent works (Fantin et al. 2012;
Jan et al. 2012) follow EcoInvent guidelines (Nemecek and Kägi 2007; Nemececk and Schnetzer 2012) for all
emissions. When EcoInvent is not used, emissions are usually computed by national references and models
(Anton et al. 2005; Antón et al. 2005; Cooper et al. 2011; Leinonen et al. 2012; Uchida and Hayashi 2012). But
nitrous oxide and methane emissions are determined in most of cases by IPCC guidelines (Cederberg and
Mattsson 2000; Beauchemin et al. 2010; Hörtenhuber et al. 2010; Rotz et al. 2010; O’Brien et al. 2011; Yan et
al. 2011; Fantin et al. 2012; Mc Geough et al. 2012; O’Brien et al. 2012; Bonesmo et al. 2013). The use of IPCC
guidelines is also found for crop production studies (Mattsson and Wallen 2003; Cooper et al. 2011; Kimming et
al. 2011; Nemecek et al. 2011a; Nemecek et al. 2011b; Hakala et al. 2012). Langevin et al. (2010) work on nitrogen emissions from slurry spreading. From a literature review, they show that pedoclimatic conditions imply a
variability of LCA results that can be larger than the variability resulting from spreading technics.
Nemecek and coauthors (Nemecek et al. 2011b) underline the interest of animal manure use as fertilizer with
regard to resource depletion (fossil and mineral) and soil quality. This benefit is tempered by nutrient leaching
due to management complexity of the organic fertilization.
4.5. Digestates
Recently, several environmental studies of anaerobic digestion plants with agricultural use of the digestate
have been published. Here, again, emissions are often computed according to EcoInvent guidelines (Jury et al.
2010; De Vries et al. 2012; Poeschl et al. 2012b; Poeschl et al. 2012a). Jury et al. (2010) used an allocation approach instead of substitution to represent digestate use. A monetary value of the avoided mineral fertilizer was
used. Hamelin et al. (2011) compared slurry spreading to anaerobic digestion and digestate spreading. The MFE
value followed Danish legislation. Nitrous oxide emissions were calculated according to IPCC guidelines, and
other nitrogen emissions were determined with a Danish model. Carbon storage was represented according to
(Petersen et al. 2002). This work incorporates crop yield variations according to fertilizer type (mineralization
process of the anaerobic digestion step; the nitrogen of digestate is more available for plants than nitrogen from
slurry; an increase of 9 kg of wheat per kg of nitrogen was considered). Crop yield variations are represented by
avoided wheat production. However, the assessments are mainly driven by avoided fertilizer, with the yield increase effect being negligible.
4.6. Biochars
Recent works focused on agricultural use of biochar (Kameyama et al. 2010; Roberts et al. 2010; Hammond
et al. 2011; Ahmed et al. 2012; Mattila et al. 2012; Cao and Pawlowski 2013; Sparrevik et al. 2013). Carbon
storage is usually the driver of the study and biochar use appears as an interesting solution. Cao and Pawlowski
(2013) underline also the benefit on climate change and the energetic balance because of avoided mineral fertilization (They assume that biochar soil-enrichment implies a decrease of 10% of mineral nitrogen, phosphorus and
potassium fertilizer use because of better nutrient bioavailability).
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5. Conclusion
Agricultural use of residues is a common way for waste valorization and the fertilizing function is often represented in LCA of waste treatment systems. The use of residues as fertilizer induces usually significant impacts
on the ecosystems due to heavy metals and on climate change and atmospheric pollution because of nitrogen
compounds emissions. The benefit from the avoided mineral fertilizer production can counter balance the impacts from spreading emissions, but, unfortunately, this substitution is often misdescribed or only partially documented. Because MFE is a key parameter for LCA of agricultural use of residues, it should be clearly presented
in the studies.
Field emissions of FR differ from mineral fertilizer emissions because of management practices and nitrogen
forms. In LCA works, the variety of the system limit (no emissions, FR emission only or FR and mineral fertilizer balance) implies a variability of the results, which should be integrated in the interpretation of the results.
An LCA study dealing with agricultural use of residues should be carried out notably with:
 the references, the rules and/or the models and their parameters used to determine field emissions,
 the value used as MFE, supplemented with references and sensitivity analysis,
 a description of the system limit, which has to include the whole substituted system (mineral fertilizer emission from the production to the field emission).
Some aspects are not represented in LCA. Pathogens and health consequences are not assessed in LCA,
which has to be highlighted for human waste and animal manure uses. LCA works start to deal with this
(Motoshita et al. 2010), but methods are not operational. Even if methods have been developed (Milà i Canals et
al. 2007; Garrigues et al. 2012), the effects of the FR organic matter on soil quality is not taken into account. Recent publications deal with carbon storage and the consequences on climate change (this can be observed in publications dedicated to biochar, for example). This should be generalized in the next years.

6. Acknowledgments
This work is a part of a collective scientific expert assessment dedicated to agricultural use of residues (escMAFOR), which is led by the French National Institute of Agronomic Research (INRA), the French National
Centre for Scientific Research (CNRS) and the French National Research Institute of Science and Technology
for Environment and Agriculture (IRSTEA). The authors would like to thank M. Pradel for the valuable exchanges about this review.

7. References
Ahmed S, Hammond J, Ibarrola R, et al. (2012) The potential role of biochar in combating climate change in
Scotland: an analysis of feedstocks, life cycle assessment and spatial dimensions. J Environ Plan Manag 55:487–
505. doi: 10.1080/09640568.2011.608890
Andersen JK, Boldrin A, Christensen TH, Scheutz C (2012) Home composting as an alternative treatment option for
organic household waste in Denmark: An environmental assessment using life cycle assessment-modelling. Waste
Manag 32:31–40. doi: 10.1016/j.wasman.2011.09.014
Andersen JK, Christensen TH, Scheutz C (2010) Substitution of peat, fertiliser and manure by compost in hobby
gardening: User surveys and case studies. Waste Manag 30:2483–2489.
Anton A, Montero JI, Munoz P, Castells F (2005) LCA and tomato production in Mediterranean greenhouses. Int J
Agric Resour Gov Ecol 4:102. doi: 10.1504/IJARGE.2005.007192
Antón MA, Muñoz P, Castells F, et al. (2005) Improving waste management in protected horticulture. Agron Sustain
Dev 25:447–453. doi: 10.1051/agro:2005045
Aronsson H, Torstensson G (2003) Teknisk beskrivning av utlakningsberäkning I kalkylprogrammet STANK
(Description of the leaching calculations in the computer program STANK, in Swedish).
Beauchemin KA, Henry Janzen H, Little SM, et al. (2010) Life cycle assessment of greenhouse gas emissions from
beef production in western Canada: A case study. Agric Syst 103:371–379. doi: 10.1016/j.agsy.2010.03.008
Beavis P, Lundie S (2003) Integrated environmental assessment of tertiary and residuals treatment - LCA in the
wastewater industry. Water Sci Technol 47:109–116.
Benítez E, Romero E, Gómez M, Nogales R (2001) Biosolids and Biosolids-ash as Sources of Heavy Metals in a
Plant-Soil System. Water Air Soil Pollut 132:75–87. doi: 10.1023/A:1012012924151
528

Proceedings of the 9th International Conference on Life Cycle Assessment in the Agri-Food Sector

Bernstad A, la Cour Jansen J (2011) A life cycle approach to the management of household food waste - A Swedish
full-scale case study. Waste Manag 31:1879–1896. doi: 10.1016/j.wasman.2011.02.026
Bernstad A, la Cour Jansen J (2012) Review of comparative LCAs of food waste management systems--current status
and potential improvements. Waste Manag 32:2439–55. doi: 10.1016/j.wasman.2012.07.023
Bhander GS, Christensen TH, Hauschild MZ (2010) EASEWASTE-life cycle modeling capabilities for waste
management technologies. Int J Life Cycle Assess 15:403–416. doi: 10.1007/s11367-010-0156-7
Bhander GS, Hauschild MZ, Christensen TH (2008) Waste management modeling with PC-based model EASEWASTE. Environ Prog 27:133–142. doi: 10.1002/ep.10250
Boldrin A, Hartling KR, Laugen M, Christensen TH (2010) Environmental inventory modelling of the use of compost
and
peat
in
growth
media
preparation.
Resour
Conserv
Recycl
54:1250–1260.
doi:
10.1016/j.resconrec.2010.04.003
Boldrin A, Thomas-Hojlund C (2008) Substitution of peat with garden waste compost in growth media preparation: a
comparison from a LCA-modelling (EASEWASTE) perspective. In: Fuchs JG, Kupper T, Tamm L, Schenk K
(eds) Compost Dig. Sustain. benefits, impacts Environ. plant Prod. Proc. Int. Congr. CODIS 2008, Solothurn,
Switzerland, 27-29 February, 2008. pp 157–159
Bonesmo H, Beauchemin KA, Harstad OM, Skjelvåg AO (2013) Greenhouse gas emission intensities of grass silage
based dairy and beef production: A systems analysis of Norwegian farms. Livest Sci 152:239–252. doi:
10.1016/j.livsci.2012.12.016
Brockmann D, Négri O, Hélias A (2014) Agricultural valorization of organic residues: Operational tool for
determining the nitrogen mineral fertilizer equivalent, In: Schenck R, Huizenga D (Eds.), Proceedings of the 9th
International Conference on Life Cycle Assessment in the Agri-Food Sector (LCA Food 2014), 8-10 October
2014, San Francisco, USA. ACLCA, Vashon, WA, USA, p. 176-184.
Cabi (2014) Cab Abstract. In: 2014. http://www.cabi.org/publishing-products/online-information-resources/cababstracts/ . Accessed 22 Apr 2014
Cao Y, Pawlowski A (2013) Life cycle assessment of two emerging sewage sludge-to-energy systems: Evaluating
energy
and
greenhouse
gas
emissions
implications.
Bioresour
Technol
127:81–91.
doi:
10.1016/j.biortech.2012.09.135
Cederberg C, Flysjo A (2004) Life cycle inventory of 23 dairy farms in South-Western Sweden. SIK Rapp 59 pp.–59
pp.
Cederberg C, Mattsson B (2000) Life cycle assessment of milk production — a comparison of conventional and
organic farming. J Clean Prod 8:49–60.
Christensen TH, Bhander G, Lindvall H, et al. (2007) Experience with the use of LCA-modelling (EASEWASTE) in
waste management. Waste Manag Res 25:257–262. doi: 10.1177/0734242X07079184
Cooper JM, Butler G, Leifert C (2011) Life cycle analysis of greenhouse gas emissions from organic and conventional
food production systems, with and without bio-energy options. NJAS - Wageningen J Life Sci 58:185–192. doi:
10.1016/j.njas.2011.05.002
Dalemo M, Sonesson U, Björklund A, et al. (1997) ORWARE – A simulation model for organic waste handling
systems. Part 1: Model description. Resour Conserv Recycl 21:17–37. doi: 10.1016/S0921-3449(97)00020-7
Dalemo M, Sonesson U, Jonsson H, Bjorklund A (1998) Effects of including nitrogen emissions from soil in
environmental systems analysis of waste management strategies. Resour Conserv Recycl 24:363–381. doi:
10.1016/s0921-3449(98)00064-0
Dennison FJ, Azapagic A, Clift R, Colbourne JS (1998) Assessing management options for wastewater treatment
works in the context of life cycle assessment. Water Sci Technol 38:23–30. doi: 10.1016/s0273-1223(98)00636-2
Eriksson O, Carlsson Reich M, Frostell B, et al. (2005) Municipal solid waste management from a systems
perspective. J Clean Prod 13:241–252. doi: 10.1016/j.jclepro.2004.02.018
Eriksson O, Frostell B, Bjorklund A, et al. (2002) ORWARE - a simulation tool for waste management. Resour
Conserv Recycl 36:287–307. doi: 10.1016/s0921-3449(02)00031-9
European Commission - Joint Research Centre - Institute for Environment and Sustainability (2010) International
Reference Life Cycle Data System (ILCD) Handbook: Analysing of existing Environmental Impact Assessment
methodologies for use in Life Cycle Assessment, First Edit. Eur Comm 115.
Fantin V, Buttol P, Pergreffi R, Masoni P (2012) Life cycle assessment of Italian high quality milk production. A
comparison with an EPD study. J Clean Prod 28:150–159. doi: 10.1016/j.jclepro.2011.10.017
Foley J, de Haas D, Hartley K, Lant P (2010) Comprehensive life cycle inventories of alternative wastewater
treatment systems. Water Res 44:1654–1666. doi: 10.1016/j.watres.2009.11.031
Garrigues E, Corson MS, Angers D a., et al. (2012) Soil quality in Life Cycle Assessment: Towards development of
an indicator. Ecol Indic 18:434–442. doi: 10.1016/j.ecolind.2011.12.014
529

Proceedings of the 9th International Conference on Life Cycle Assessment in the Agri-Food Sector

Gentil EC, Damgaard A, Hauschild M, et al. (2010) Models for waste life cycle assessment: review of technical
assumptions. Waste Manag 30:2636–2648. doi: 10.1016/j.wasman.2010.06.004
Hakala K, Nikunen HM, Sinkko T, Niemelainen O (2012) Yields and greenhouse gas emissions of cultivation of red
clover-grass leys as assessed by LCA when fertilised with organic or mineral fertilisers. Biomass Bioenergy
46:111–124. doi: 10.1016/j.biombioe.2012.09.021
Hamelin L, Wesnæs M, Wenzel H, Petersen BM (2011) Environmental consequences of future biogas technologies
based on separated slurry. Environ Sci Technol 45:5869–5877. doi: 10.1021/es200273j
Hammond J, Shackley S, Sohi S, Brownsort P (2011) Prospective life cycle carbon abatement for pyrolysis biochar
systems in the UK. Energy Policy 39:2646–2655. doi: 10.1016/j.enpol.2011.02.033
Hansen E (2004) Livscyklusvurdering af deponeret affald. Copenhagen, Denmark
Heijungs R, Guinée JB (2007) Allocation and “what-if” scenarios in life cycle assessment of waste management
systems. Waste Manag 27:997–1005. doi: 10.1016/j.wasman.2007.02.013
Hong J, Hong J, Otaki M, Jolliet O (2009) Environmental and economic life cycle assessment for sewage sludge
treatment processes in Japan. Waste Manag 29:696–703. doi: 10.1016/j.wasman.2008.03.026
Hörtenhuber S, Lindenthal T, Amon B, et al. (2010) Greenhouse gas emissions from selected Austrian dairy
production systems—model calculations considering the effects of land use change. Renew Agric Food Syst
25:316–329. doi: 10.1017/S1742170510000025
Hospido A, Carballa M, Moreira M, et al. (2010) Environmental assessment of anaerobically digested sludge reuse in
agriculture: potential impacts of emerging micropollutants. Water Res 44:3225–3233. doi:
10.1016/j.watres.2010.03.004
Hospido A, Moreira MT, Fernández-Couto M, Feijoo G (2004) Environmental performance of a municipal
wastewater treatment plant. Int J Life Cycle Assess 9:261–271. doi: 10.1007/BF02978602
Hospido A, Moreira T, Martín M, et al. (2005) Environmental Evaluation of Different Treatment Processes for Sludge
from Urban Wastewater Treatments: Anaerobic Digestion versus Thermal Processes (10 pp). Int J Life Cycle
Assess 10:336–345. doi: 10.1065/lca2005.05.210
Houillon G, Jolliet O (2005) Life cycle assessment of processes for the treatment of wastewater urban sludge: energy
and global warming analysis. J Clean Prod 13:287–299. doi: 10.1016/j.jclepro.2004.02.022
Jan P, Dux D, Lips M, et al. (2012) On the link between economic and environmental performance of Swiss dairy
farms of the alpine area. Int J Life Cycle Assess 17:706–719. doi: 10.1007/s11367-012-0405-z
Johansson K, Perzon M, Fröling M, et al. (2008) Sewage sludge handling with phosphorus utilization – life cycle
assessment of four alternatives. J Clean Prod 16:135–151. doi: 10.1016/j.jclepro.2006.12.004
Jury C, Benetto E, Koster D, et al. (2010) Life Cycle Assessment of biogas production by monofermentation of
energy crops and injection into the natural gas grid. Biomass and Bioenergy 34:54–66. doi:
10.1016/j.biombioe.2009.09.011
Kameyama K, Shinogi Y, Miyamoto T, Agarie K (2010) Estimation of net carbon sequestration potential with
farmland application of bagasse charcoal: life cycle inventory analysis through a pilot sugarcane bagasse
carbonisation plant. Aust J Soil Res 48:586. doi: 10.1071/SR10008
Kärrman E, Jönsson H (2001) Normalising impacts in an environmental systems analysis of wastewater systems.
Water Sci Technol 43:293–300.
Kimming M, Sundberg C, Nordberg Å, et al. (2011) Biomass from agriculture in small-scale combined heat and
power plants – A comparative life cycle assessment. Biomass and Bioenergy 35:1572–1581. doi:
10.1016/j.biombioe.2010.12.027
Kirkeby JT, Birgisdottir H, Hansen TL, et al. (2006a) Environmental assessment of solid waste systems and
technologies: EASEWASTE. Waste Manag Res 24:3–15. doi: 10.1177/0734242X06062580
Kirkeby JT, Birgisdottir H, Hansen TL, et al. (2006b) Evaluation of environmental impacts from municipal solid
waste management in the municipality of Aarhus, Denmark (EASEWASTE). Waste Manag Res 24:16–26. doi:
10.1177/0734242X06062598
Langevin B, Basset-Mens C, Lardon L (2010) Inclusion of the variability of diffuse pollutions in LCA for agriculture:
the case of slurry application techniques. J Clean Prod 18:747–755. doi: 10.1016/j.jclepro.2009.12.015
Leinonen I, Williams AG, Wiseman J, et al. (2012) Predicting the environmental impacts of chicken systems in the
United Kingdom through a life cycle assessment: Broiler production systems. Poult Sci 91:8–25. doi:
10.3382/ps.2011-01634
Liu B, Wei Q, Zhang B, Bi J (2013) Life cycle GHG emissions of sewage sludge treatment and disposal options in
Tai Lake Watershed, China. Sci Total Environ 447:361–369. doi: 10.1016/j.scitotenv.2013.01.019

530

Proceedings of the 9th International Conference on Life Cycle Assessment in the Agri-Food Sector

Lundin M, Bengtsson M, Molander S (2000) Life Cycle Assessment of Wastewater Systems: Influence of System
Boundaries and Scale on Calculated Environmental Loads. Environ Sci Technol 34:180–186. doi:
10.1021/es990003f
Lundin M, Olofsson M, Pettersson GJJ, Zetterlund H (2004) Environmental and economic assessment of sewage
sludge handling options. Resour Conserv Recycl 41:255–278. doi: 10.1016/j.resconrec.2003.10.006
Mallin MA, Cahoon LB (2003) Industrialized Animal Production — A Major Source of Nutrient and Microbial
Pollution to Aquatic Ecosystems. Popul Environ 24:369–385. doi: 10.1023/A:1023690824045
Manfredi S, Tonini D, Christensen TH (2011) Environmental assessment of different management options for
individual waste fractions by means of life-cycle assessment modelling. Resour Conserv Recycl 55:995–1004. doi:
10.1016/j.resconrec.2011.05.009
Martínez-Blanco J, Muñoz P, Antón A, Rieradevall J (2009) Life cycle assessment of the use of compost from
municipal organic waste for fertilization of tomato crops. Resour Conserv Recycl 53:340–351. doi:
10.1016/j.resconrec.2009.02.003
Mattila T, Grönroos J, Judl J, Korhonen M-R (2012) Is biochar or straw-bale construction a better carbon storage from
a life cycle perspective? Process Saf Environ Prot 90:452–458. doi: 10.1016/j.psep.2012.10.006
Mattsson B, Wallen E (2003) Environmental Life Cycle Assessment (LCA) of organic potatoes. In: Yada RY (ed)
Potatoes - Heal. Food Humanit. Int. Dev. Breeding, Prod. Prot. Util. International Society Horticultural Science,
Leuven 1, pp 427–435
Mc Geough EJ, Little SM, Janzen HH, et al. (2012) Life-cycle assessment of greenhouse gas emissions from dairy
production in Eastern Canada: a case study. J Dairy Sci 95:5164–5175. doi: 10.3168/jds.2011-5229
McDevitt JE, Langer ER, Leckie AC (2013) Community engagement and environmental life cycle assessment of
Kaikoura’s biosolid reuse options. Sustainability 5:242–255. doi: 10.3390/su5010242
Mendes MR, Aramaki T, Hanaki K (2003) Assessment of the environmental impact of management measures for the
biodegradable fraction of municipal solid waste in Sao Paulo City. Waste Manag 23:403–409. doi: 10.1016/s0956053x(03)00058-8
Milà i Canals L, Romanyà J, Cowell SJ (2007) Method for assessing impacts on life support functions (LSF) related
to the use of “fertile land” in Life Cycle Assessment (LCA). J Clean Prod 15:1426–1440. doi:
10.1016/j.jclepro.2006.05.005
Møller J, Boldrin A, Christensen TH (2009) Anaerobic digestion and digestate use: accounting of greenhouse gases
and global warming contribution. Waste Manag Res 27:813–24. doi: 10.1177/0734242X09344876
Motoshita M, Itsubo N, Inaba A (2010) Development of impact factors on damage to health by infectious diseases
caused by domestic water scarcity. Int J Life Cycle Assess 16:65–73. doi: 10.1007/s11367-010-0236-8
Muñoz I, Rodríguez A, Rosal R, Fernández-Alba AR (2009) Life Cycle Assessment of urban wastewater reuse with
ozonation as tertiary treatment: a focus on toxicity-related impacts. Sci Total Environ 407:1245–56. doi:
10.1016/j.scitotenv.2008.09.029
Murray A, Horvath A, Nelson KL (2008) Hybrid Life-Cycle Environmental and Cost Inventory of Sewage Sludge
Treatment and End-Use Scenarios: A Case Study from China. Environ Sci Technol 42:3163–3169. doi:
10.1021/es702256w
Nemececk T, Schnetzer J (2012) Methods of assessment of direct field emissions for LCIs of agricultural production
systems. Dübendorf
Nemecek T, Dubois D, Huguenin-Elie O, Gaillard G (2011a) Life cycle assessment of Swiss farming systems: I.
Integrated and organic farming. Agric Syst 104:217–232. doi: 10.1016/j.agsy.2010.10.002
Nemecek T, Huguenin-Elie O, Dubois D, et al. (2011b) Life cycle assessment of Swiss farming systems: II. Extensive
and intensive production. Agric Syst 104:233–245. doi: 10.1016/j.agsy.2010.07.007
Nemecek T, Kägi T (2007) Life Cycle Inventories of Agricultural Production Systems - Ecoinvent v2.0 Final report.
Dübendorf
O’Brien D, Shalloo L, Buckley F, et al. (2011) The effect of methodology on estimates of greenhouse gas emissions
from grass-based dairy systems. Agric Ecosyst Environ 141:39–48. doi: 10.1016/j.agee.2011.02.008
O’Brien D, Shalloo L, Patton J, et al. (2012) Evaluation of the effect of accounting method, IPCC v. LCA, on grassbased and confinement dairy systems’ greenhouse gas emissions. Animal 6:1512–1527. doi:
10.1017/s1751731112000316
Pasqualino JC, Meneses M, Abella M, Castells F (2009) LCA as a Decision Support Tool for the Environmental
Improvement of the Operation of a Municipal Wastewater Treatment Plant. Environ Sci Technol 43:3300–3307.
doi: 10.1021/es802056r
Peters GM, Rowley H V (2009) Environmental Comparison of Biosolids Management Systems Using Life Cycle
Assessment. Environ Sci Technol 43:2674–2679. doi: 10.1021/es802677t
531

Proceedings of the 9th International Conference on Life Cycle Assessment in the Agri-Food Sector

Petersen BM, Olesen JE, Heidmann T (2002) A flexible tool for simulation of soil carbon turnover. Ecol Modell
151:1–14. doi: 10.1016/S0304-3800(02)00034-0
Poeschl M, Ward S, Owende P (2012b) Environmental impacts of biogas deployment – Part II: life cycle assessment
of multiple production and utilization pathways. J Clean Prod 24:184–201. doi: 10.1016/j.jclepro.2011.10.030
Poeschl M, Ward S, Owende P (2012a) Environmental impacts of biogas deployment – Part I: life cycle inventory for
evaluation of production process emissions to air. J Clean Prod 24:168–183. doi: 10.1016/j.jclepro.2011.10.039
Roberts KG, Gloy BA, Joseph S, et al. (2010) Life cycle assessment of biochar systems: estimating the energetic,
economic, and climate change potential. Environ Sci Technol 44:827–833. doi: 10.1021/es902266r
Rotz CA, Montes F, Chianese DS (2010) The carbon footprint of dairy production systems through partial life cycle
assessment. J Dairy Sci 93:1266–1282. doi: 10.3168/jds.2009-2162
Ruggieri L, Cadena E, Martinez-Blanco J, et al. (2009) Recovery of organic wastes in the Spanish wine industry.
Technical, economic and environmental analyses of the composting process. J Clean Prod 17:830–838. doi:
10.1016/j.jclepro.2008.12.005
Sablayrolles C, Gabrielle B, Montrejaud-Vignoles M (2010) Life Cycle Assessment of Biosolids Land Application
and Evaluation of the Factors Impacting Human Toxicity through Plant Uptake. J Ind Ecol 14:231–241. doi:
10.1111/j.1530-9290.2010.00222.x
Sonesson U (2005) Environmental assessment of future dairy farming systems - quantifications of two scenarios from
the FOOD 21 synthesis work. SIK Rapp 35 pp.–35 pp.
Sonesson U, Björklund A, Carlsson M, Dalemo M (2000) Environmental and economic analysis of management
systems for biodegradable waste. Resour Conserv Recycl 28:29–53. doi: 10.1016/S0921-3449(99)00029-4
Sonesson U, Dalemo M, Mingarini K, Jönsson H (1997) ORWARE – A simulation model for organic waste handling
systems. Part 2: Case study and simulation results. Resour Conserv Recycl 21:39–54. doi: 10.1016/S09213449(97)00021-9
Sparrevik M, Field JL, Martinsen V, et al. (2013) Life cycle assessment to evaluate the environmental impact of
biochar implementation in conservation agriculture in Zambia. Environ Sci Technol 47:1206–1215. doi:
10.1021/es302720k
Tarantini M, Butol P, Marorino L (2007) An environmental LCA of alternative scenarios of urban sewage sludge
treatment and disposal. Therm Sci 11:153–164. doi: 10.2298/tsci0703153t
Thomassen MA, Dolman MA, van Calker KJ, de Boer IJM (2009) Relating life cycle assessment indicators to gross
value added for Dutch dairy farms. Ecol Econ 68:2278–2284. doi: 10.1016/j.ecolecon.2009.02.011
Thomson Reuters (2014) Web of Science Core Collection. http://thomsonreuters.com/web-of-science-core-collection/.
Accessed 22 Apr 2014
Thomsson O (1999) Systems analysis of small-scale systems for food supply and organic waste management. Acta
Univ Agric Sueciae - Agrar 190 pp.–190 pp.
Tidåker P, Kärrman E, Baky a., Jönsson H (2006) Wastewater management integrated with farming –an
environmental systems analysis of a Swedish country town. Resour Conserv Recycl 47:295–315. doi:
10.1016/j.resconrec.2005.12.003
Uchida S, Hayashi K (2012) Comparative life cycle assessment of improved and conventional cultivation practices for
energy crops in Japan. Biomass Bioenergy 36:302–315. doi: 10.1016/j.biombioe.2011.10.043
De Vries JW, Vinken T, Hamelin L, De Boer IJM (2012) Comparing environmental consequences of anaerobic
mono- and co-digestion of pig manure to produce bio-energy - A life cycle perspective. Bioresour Technol
125:239–248. doi: 10.1016/j.biortech.2012.08.124
Wenzel H, Hauschild MZ, Alting L (1997) Environmental assessment of products. Vol. 1 - Methodology, tools,
techniques and case studies. 544.
Wenzel H, Larsen HF, Clauson-Kaas J, et al. (2008) Weighing environmental advantages and disadvantages of
advanced wastewater treatment of micro-pollutants using environmental life cycle assessment. Water Sci Technol
57:27–32. doi: 10.2166/wst.2008.819
Winkler J, Bilitewski B (2007) Comparative evaluation of life cycle assessment models for solid waste management.
Waste Manag 27:1021–1031. doi: 10.1016/j.wasman.2007.02.023
Yan M-J, Humphreys J, Holden NM (2011) An evaluation of life cycle assessment of European milk production. J
Environ Manage 92:372–379. doi: 10.1016/j.jenvman.2010.10.025
Yoshida H, Christensen TH, Scheutz C (2013) Life cycle assessment of sewage sludge management: a review. Waste
Manag Res 31:1083–101. doi: 10.1177/0734242X13504446

532

This paper is from:

Proceedings of the 9th International Conference on
Life Cycle Assessment in the Agri-Food Sector

8-10 October 2014 - San Francisco

Rita Schenck and Douglas Huizenga, Editors
American Center for Life Cycle Assessment

The full proceedings document can be found here:
http://lcacenter.org/lcafood2014/proceedings/LCA_Food_2014_Proceedings.pdf
It should be cited as:
Schenck, R., Huizenga, D. (Eds.), 2014. Proceedings of the 9th International Conference on Life
Cycle Assessment in the Agri-Food Sector (LCA Food 2014), 8-10 October 2014, San Francisco,
USA. ACLCA, Vashon, WA, USA.
Questions and comments can be addressed to: staff@lcacenter.org

ISBN: 978-0-9882145-7-6

