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Abstract
Organic waste, which contains essential plant nutrients such as phosphorus, constitutes 30%–50% of
municipal solid waste in developed countries. Unfortunately, much of this resource is buried in land-
fills or incinerated. Many jurisdictions have, therefore, adopted the diversion of organic waste and the
recycling of nutrients as policy goals. We used data sets from Europe and Ontario, Canada, to explore
the impact of socio-economic and management factors on the rates of organic waste diversion and
examined the effect of this diversion on phosphorus recycling. Organic diversion rates were highly
correlated with income in Europe and with infrastructure, such as source-separated organic waste col-
lection, in Ontario. Significant correlations were also observed between diversion rates and the use of
policy instruments such as economic incentives, legislative organic waste bans, and curbside bag lim-
its. We estimated that 39%–63% of the phosphorus in diverted organics is returned to arable land.
Ultimately, we found that although socio-economic factors influence the success of organic waste
diversion, policies, accessible infrastructure, economic incentives, and legislative requirements can
be leveraged to improve the recycling rate of organic waste and the nutrients they contain.
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Introduction
Organic waste constitutes approximately 30%–50% of municipal solid waste streams in developed
countries (Ponsá et al. 2008; Fehr and Arantes 2015; Recyc-Québec 2015). Where conventional waste
management is practiced, much of this organic waste is buried in landfills, incinerated (with the ash
sent to landfill), or stabilized and used as landfill cover (Tsai 2008; Senthilkumar et al. 2014; Metson
and Bennett 2015a; Zabaleta and Rodic 2015). The disposal of organic waste in landfills is associated
with greenhouse gas emissions and nutrient loading to waterways (Augenstein 1992; Bulkeley and
Askins 2009). Landfilling organic waste also contributes to a wasteful one-way flow of nutrients
through the anthropogenic food system (Nilsson 1995; Smil 2000). This paper focuses predominantly
on the organic fraction of municipal solid waste (OFMSW), which includes biodegradable waste
material such as food waste and leaf and yard waste that is produced and disposed of by the public,
and often managed centrally. It is sometimes referred to as bio-waste, green waste, biodegradable
municipal waste (BMW), organic waste, and (or) putrescible waste. A description of OFMSW, as it
pertains to this paper, along with explanations for other relevant terms, can be found in Box 1.

Landfilling and incineration of organic waste, combined with agricultural fertilization using non-
renewable mineral ores, has substantially altered many nutrient cycles, depleting usable stocks of these
nutrients and changing the way they flow through the environment at both global and local scales
(Smil 2000; Schlesinger and Bernhardt 2013). Over the last century, global phosphorus (P) cycles have
seen intense acceleration caused primarily by mining to produce agricultural fertilizer (Tilman et al.
2002; Cordell and White 2011). This acceleration has multiplied P mobilization by up to four-fold
since the Green Revolution resulting in an increase of P delivery to oceans (Bennett et al. 2001;
Childers et al. 2011). At the same time, ever-increasing flows of food and other raw materials into
cities have led to high levels of nutrient accumulation in urban areas and their landfills (Kennedy
et al. 2007; Grimm et al. 2008; Neset and Cordell 2012; Lin et al. 2014).

The acceleration and disruption of the global P cycle results in two principal problems. First, there are
long-term issues of P scarcity because of the non-renewable and geographically concentrated nature
of phosphate rock reserves (Cooper et al. 2011; Scholz and Wellmer 2013). Phosphorus scarcity raises
issues related to food security as P is a non-substitutable plant macronutrient (Cordell et al. 2009;
Childers et al. 2011). The second problem is that P runoff from agriculture and urban systems can
act as a powerful aquatic pollutant, creating widespread issues related to eutrophication (Carpenter
et al. 1998). This can have detrimental consequences for waterways and coastal ecosystems including
declines in coral reef health and loss of communities, increased incidence of fish kills, and reductions
in species diversity (Smith and Schindler 2009).

Although there is no “silver bullet” solution to the current dependence on synthetic fertilizers and the
disruption of biogeochemical cycles, opportunities exist both in agriculture and in waste management;
this paper focuses on the waste management aspect. Some organic waste management strategies facili-
tate the recycling of nutrients back to arable soil and, thus, have the potential to reduce aquatic pollu-
tion and simultaneously alleviate nutrient limitations; this can play a key role in a larger, more
comprehensive solution addressing issues of altered biogeochemical cycles (Burnley 2001; Taşeli
2007; Cordell and White 2013; Mayer et al. 2016). Increased diversion of the OFMSW from landfills
to more sustainable options such as biological processing is a policy goal in many regions, echoed in
municipal, provincial, national, and international waste management plans and policies (Conseil
fédéral Suisse 1990; European Commission 1999; Québec 2011; City of Toronto 2016). These man-
agement plans generally list several reasons for promoting organic waste diversion, including
the potential to turn waste into a valuable resource through the recycling of important nutrients
(e.g., plans from Metro Vancouver (2010) and the Region of Peel (2009)). Increasing the recycling
of nutrients such as P through organic waste diversion can reduce demand for mined P, convert waste
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Box 1. Definitions and terms.

Dry recyclable materials: non-organic source-separated materials that can be recycled; for
example, glass (e.g., bottles and jars), metal (e.g., aluminum cans), paper, cardboard, and plastics
(e.g., rigid containers, bags, etc.).

European Union Landfill Directive (Directive 1999/31/EC): a regulation passed in 1999 that
directs waste management and landfill disposal in the European Union.

The Directive outlines procedures that must be followed and includes a list of materials that may
not be accepted at landfills. The Directive includes an organic waste to landfill ban that was
phased in over three stages as the diversion restrictions increased from 0% to 65%. As many
countries were granted varying derogation periods, the annual requirements varied across
countries.

Landfill fee: a charge that is set by the operator of a landfill for the disposal of waste at a landfill
site (refers to a typical gate fee or tipping fee).

Landfill tax: a levy charged by a public authority for the disposal of waste (in this study, these
taxes are only assessed in the European Union case study) (Watkins et al. 2012).

Landfill charge: the sum of landfill fee and landfill tax; the total charge for the disposal of waste
in a landfill (Watkins et al. 2012).

Organic fraction of municipal solid waste (OFMSW): includes biodegradable waste material
such as food waste and leaf and yard waste that is produced and disposed of by the public, and
often managed centrally. It is sometimes referred to as bio-waste, green waste, biodegradable
municipal waste (BMW), organic waste, and (or) putrescible waste.

Organic waste ban: a specific type of waste disposal ban that prohibits the disposal of organic
waste (including food waste and leaf and yard waste) to landfills and, in some cases, waste-to-
energy facilities.

Organic waste diversion: management of organic waste so that it is sent to an alternative
processing facility such as a composting plant or an anaerobic digester instead of being buried
in landfills or incinerated.

Organic waste diversion rate: the amount of organic waste diverted to biological treatment
facilities as a fraction of the municipal organic waste generated in the region.

Reapplication: refers to the application of processed organic waste (e.g., compost or digestate) to
arable land.

Recycling: the conversion of waste material into a reusable material.

Source-separated organics (SSO): organic waste that has been separated at the source (e.g., fam-
ily residence, restaurant, or business) from other waste streams by the generator/user prior to any
pre-processing. It does not include human excreta.

Waste disposal ban: legislation or policy that discourages or prohibits the disposal of specific
materials or waste streams at landfills and (or) waste-to-energy facilities (sometimes referred to
as a disposal ban or a waste ban).
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into a resource, and reduce total waste disposal (Nilsson 1995; Eriksson et al. 2005; Childers et al.
2011; Neset and Cordell 2012).

Alternative processes for managing urban organic waste, such as composting and anaerobic digestion
(AD), may help increase the amount of P recycled and reduce pollution (Giusquiani et al.
1995; Childers et al. 2011; Agegnehu et al. 2015; Mayer et al. 2016). Biological processing (e.g., com-
posting and AD) of the OFMSW converts waste material into nutrient-rich, biologically stable end
products such as compost and digestate (Levis et al. 2010; Cordell et al. 2011; Senthilkumar et al.
2014). In the case of anaerobic digestion, biological processing also produces valuable biofuel
(Khalid et al. 2011). The subsequent application of these end products to land recycles residual organ-
ics into useful resources, such as P-rich soil amendment, which can increase soil fertility, enhance
agricultural carbon sinks, decrease methane emissions associated with landfilling organic waste, and
reduce our reliance on chemical fertilizers (Levis et al. 2010; Dorward 2012; Neset and Cordell
2012). There are various barriers to the application of municipal organic amendments to arable land,
such as the proximity of agricultural land, market demand, the presence of contaminants, mineral fer-
tilizer substitutability, and processing and transportation costs. This study, however, focuses primarily
on the factors that drive organic waste diversion and the fate of P in organic waste once it is diverted
and, therefore, the potential for P recycling.

The majority of existing P recovery research has focused on wastewater flows, resulting in a lack of
monitoring and data for P recycling associated with solid waste management (Jaffer et al. 2002;
Elser and Bennett 2011; Cordell et al. 2012; Linderholm et al. 2012). This data gap means that the
effectiveness of organic solid waste processing in real-world contexts is inadequately understood
(Cordell et al. 2012; Senthilkumar et al. 2014). Much urban P research to date ignores the OFMSW
diversion stream (Antikainen et al. 2005; Garnier et al. 2015), explicitly or implicitly assumes all
P contained in diverted OFMSW is returned to arable land (Neset 2005; Neset et al. 2008;
Senthilkumar et al. 2014), or neglects the link between diversion and application, looking solely at
the land application of compost (Cooper and Carliell-Marquet 2013). Solid waste management pro-
vides an important opportunity to increase overall P recycling in a region, given that similar annual
tonnages of P output have been found for solid waste as for wastewater in regional systems
(Kalmykova et al. 2012), and equal per capita P output was found for sewage sludge and solid waste
at a multi-national scale (Ott and Rechberger 2012); however, the flow of P through waste systems
must be better understood if organic waste management is to be used as a means to increase
P recycling and reuse.

Organic solid waste diversion management and policy: Europe and
Canada
Policy and management instruments used to promote OFMSW diversion from landfills and inciner-
ators include landfill taxes (Bulkeley and Askins 2009; Watkins et al. 2012), organic waste bans
(Burnley 2001; Metro Vancouver 2015), and the development of sophisticated organic solid waste col-
lection systems and infrastructure (Metcalfe et al. 2013). The success of diversion programs varies
across regions, yet little is known about what makes some regions more successful than others.
Although several authors have examined the impact of policy and socio-economic factors on the
diversion of general waste (Watkins et al. 2012; Mueller 2013) or dry recyclable materials (i.e., glass,
paper, cardboard, metal, and plastic; Ferrara and Missios 2005; Sidique et al. 2010; Gellynck et al.
2011), there is limited quantitative research on how such factors influence OFMSW diversion
(Williams and Kelly 2003; Refsgaard and Magnussen 2009; Metson et al. 2015). Research examining
the reapplication of processed organic waste and nutrients to arable land is even more sparse, espe-
cially in North America (Eriksson et al. 2005).
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Studies of the diversion of general waste and dry recyclable materials found that a combination of vari-
ous socio-economic and management factors are likely to play a role in waste diversion (Hornik et al.
1995; Sterner and Bartelings 1999; Nicolli et al. 2012; Watkins et al. 2012; Barr et al. 2013;
Miafodzyeva and Brandt 2013; Mueller 2013; Miliute-Plepiene and Plepys 2014). Many studies, includ-
ing two meta-analyses (Hornik et al. 1995; Miafodzyeva and Brandt 2013), point to infrastructure and
convenience as important facilitators with high correlations with overall diversion rates (Hornik et al.
1995; Sterner and Bartelings 1999; Miafodzyeva and Brandt 2013; Miliute-Plepiene and Plepys 2014).
Several studies also noted that fee structures (Sterner and Bartelings 1999), monetary rewards (Hornik
et al. 1995), and economic disincentives, particularly pay-as-you-throw schemes, may increase diversion
and reduce total waste generation, but that results are highly variable across regions (Watkins et al. 2012;
Miliute-Plepiene and Plepys 2014). Socio-economic factors such as income, population density, and
household size can also be important factors for predicting the recycling behaviour of households
(Sterner and Bartelings 1999; Nicolli et al. 2012; Barr et al. 2013; Miafodzyeva and Brandt 2013),
whereas some studies found that education, attitudes, and existing social norms may play important
roles (Hornik et al. 1995; Sterner and Bartelings 1999; Watkins et al. 2012; Miafodzyeva and Brandt
2013). Finally, legislation and policies such as curbside bag limits and waste disposal bans are expected
to increase diversion rates (Nicolli et al. 2012; Mueller 2013). However, it is unclear how these findings
from general waste and dry recyclable material diversion translate for OFMSW diversion. More infor-
mation is required to understand the factors that may impact the feasibility of organic waste manage-
ment solutions in different locations, and how those solutions might be best implemented (Neset and
Cordell 2012; Cordell and White 2013; Metson 2014).

Organic solid waste diversion and policy: European Union
Organic solid waste management strategies have been implemented across the globe, but European
countries have historically been at the forefront of centralized organic waste diversion and processing.
In 1999, the European Union (EU) passed the EU Landfill Directive (hereinafter referred to as the
Directive) (European Commission 1999; European Environment Agency 2013). This legislation required
member states to reduce the proportion of organic waste sent to landfill and was phased in over three
stages where the diversion restrictions increased at each stage. The first phase of the Directive came into
effect in 2006, when most EU countries were required to reduce their biodegradable municipal waste to
75% by weight compared with base year (1995) values. This value decreased to 50% by 2009, and to 35%
by 2016. Some countries with a high dependence on landfill disposal (as of 1995) were given additional
time (i.e., derogation periods); thus, annual requirements varied across countries. Table S1 describes the
diversion target years. Beyond the Directive, several countries and municipalities within the EU have
implemented additional taxes, legislation, and policies to encourage organic waste diversion.

Organic solid waste diversion and policy: Ontario, Canada
Organic solid waste management in Canada lags behind that of Europe. Although some cities have
recently implemented legislation and policies on organic waste diversion, there is no national legisla-
tion, and the only province-wide legislation banning the disposal of organic waste to landfill is in
Nova Scotia (Wagner and Arnold 2008). Other provinces such as Quebec and Ontario have plans
to implement province-wide bans on the disposal of organic waste to landfill. Ontario is the most
populated province and largest waste producer in Canada. Although there is currently no province-
wide legislation on the treatment of organic waste, some jurisdictions have introduced policies, waste
management plans, and infrastructure to promote the diversion of organic waste (e.g., Guelph (City of
Guelph 2014), Toronto (City of Toronto 2016), and Peel (Region of Peel 2009)).

Understanding the role of existing waste disposal bans, infrastructure, and organic waste diversion pol-
icies will provide insight at a time when such policies are gaining prevalence and momentum (Levis et al.
2010). In this study, we explore the role of socio-economic factors, policy, management, and
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infrastructure on OFMSW diversion rates across Europe and the province of Ontario, Canada, as well as
the impact of organic waste diversion and processing on the potential and realized reapplication of P.

Methods

Data collection and synthesis
We collected information on the rates of OFMSW diversion as well as the various factors that we
hypothesized might explain the differences in those rates. Using factor analysis and regression models,
we explored key factors that influence these diversion rates. Subsequently, we reviewed the existing lit-
erature on waste and P flows through centralized organics processing facilities, as well as information
on the distribution of end products. This information was used to give a more comprehensive picture
of P flows through urban systems.

Waste diversion in Europe
To analyze organic waste diversion rates (i.e., the amount of organic waste diverted to biological
treatment facilities as a fraction of the municipal organic waste generated in the region), we used
two existing databases containing information on organic waste diversion in Europe between 1995
and 2013 (Eurostat 2014a) and in Ontario, Canada, between 2006 and 2013 (Waste Diversion
Ontario 2016). The European data set included annual national values for municipal organic waste
(tonnes) sent to biological treatment plants as well as total municipal waste generation (tonnes) for
32 countries in Europe (European Economic Area (EEA) countries, plus Switzerland) from 1995 to
2013. We coded each country based on its Directive derogation period (Table S1) and noted when
each phase of the Directive was implemented. For simplicity, we will use the term Year 1 to refer
to the base year—annual data from before the policy waste announced (1995 for most cases), and
we will use the term Year 2 to refer to the second diversion target year (2009 for most non-deroga-
tion countries; further details are provided in Table S1). National waste composition statistics
(Hogg et al. 2002; European Environment Agency 2013) were used to convert Eurostat total waste
generation tonnages to organic waste generation tonnages to determine OFMSW diversion rates.
Percentage data were used as they allowed for a simplified comparison across regions producing
varying amounts of waste. The original data were checked for plausibility and corrected when neces-
sary (Tables S5–S9).

Waste diversion in Ontario
In Canada, data are available from Waste Diversion Ontario (now the Resource Productivity and
Recovery Authority; rpra.ca/datacall/about-the-datacall/) that include annual values for total residential
waste generation (tonnes), as well as the proportion of total residential waste sent to biological treatment
for over 100 jurisdictions in Ontario (including municipalities, counties, cities, and townships) from
2006 to 2013. Waste from industry and commerce are not included. Source-separated organics and leaf
and yard waste are included in the calculations for organic waste diversion. The Waste Diversion
Ontario data was used to determine the organic waste diversion rate assuming an average municipal
waste composition of 40% organics (Statistics Canada 2005; Region of Waterloo and Golder
Associates 2013). For ease of analysis, for Ontario we use the term Year 1 to represent 2006 and Year
2 to represent 2013.

Waste diversion factors
We examined two socio-economic factors and three management factors (Table 1). Socio-economic
data were collected from 2004 and 2011 for population and income, respectively, in Europe; 2004
represents the median of the time period being examined (1995–2014), whereas 2011 had the most
comprehensive income data for all EU countries (Eurostat 2014a). Socio-economic data were
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collected from 2011 for Ontario, as it was the most comprehensive census year available during the
study period (2006–2013; Statistics Canada 2011a, 2011b). Management factor data were drawn
from published reports for Europe (Sahlin et al. 2007; World Bank 2011; Confederation of
European Waste-to-Energy Plants (CEWEP) 2012; Watkins et al. 2012; European Environment
Agency 2013) and additional Waste Diversion Ontario data sets, as well as regional websites and
municipal government contacts for Ontario (Tables S10–S11). Data for management factors in
Europe was limited primarily to 2012, whereas we predominantly used 2011 data for Ontario.
Missing values were filled with the nearest available value from the same jurisdiction from either
the prior or following years. Missing values that remained were estimated from regional means
and grey literature values (Tables S5–S12).

P recycling in diverted organics
Organic solid waste diversion does not necessitate nutrient and P recycling; however, higher rates of
diversion do facilitate better nutrient recycling. Although diversion of the OFMSW facilitates P recy-
cling, it is not guaranteed, as P recycling from organic waste only occurs when that organic waste is
reapplied to arable land; therefore, we also examined the fate of P after organic waste diversion.
Through a literature analysis, we explored both peer-reviewed and grey literature to find data for
P flows through centralized organic waste processing facilities and the distribution of end products.
This analysis used a specified search string (see Supplementary Material 1), the snowball method
using reference lists (Greenhalgh and Peacock 2005), Google™ searches (for grey literature), and per-
sonal communication. Based on relevance, we selected 11 (Field et al. 1984; Tiquia et al. 2002; Michel
et al. 2004; Massé et al. 2007; Marcato et al. 2008; Andersen et al. 2010; Banks et al. 2011; Schievano
et al. 2011; Möller and Müller 2012; Pognani et al. 2012; Zabaleta and Rodic 2015) existing peer-
reviewed studies, including one meta-analysis (Zabaleta and Rodic 2015) of nutrients and organic
waste management processing, for information on losses of P within the biological treatment process.
Additional grey literature studies were found for both Europe (Barth et al. 2008) and Ontario (van der
Werf 2013) concerning the distribution of end products.

Data analysis: organic solid waste diversion
We conducted our analyses at the country level for the European data set (29 countries) using data
from the second Directive diversion target year (e.g., 2009 for countries with no derogation period).

Table 1. Factors used in analysis for Europe and Ontario.

Category Group Measurement

Socio-economic Income Mean income per capita

Population Total population

Population density

Management Economic incentives/disincentives Landfill taxes and fees

Incineration taxes and fees

Pay-as-you-throw schemes

Legislation and policy Regional waste management regulations

Curbside bag limits

Mandatory source separation of waste streams

Centralized infrastructure Presence of centralized infrastructure for residential
source-separated organics
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The same analysis was completed at the jurisdictional level for the Ontario data set (98 jurisdictions)
using waste diversion data from 2013.

We performed univariate linear regression analysis between each explanatory variable and the response
variables (Table S2) to explore correlations between individual factors and organic waste diversion.
Data were tested for assumptions of linear regression and, when these assumptions were not met, data
were successfully transformed using the most suitable method, as detailed in Table S2. Paired t tests
were performed on the European data to test for a significant difference in organic waste diversion
pre- and post-Directive. For the European data, univariate regression and t tests were also completed
for the change in OFMSW diversion between the second diversion year (generally 2009) and the base
year (generally 1995). As historical data prior to 2006 were unavailable for Ontario, the number of
years since the implementation of policy or infrastructure was included as an explanatory variable.

We performed a factor analysis to reduce the number of potential input variables for the regression
model and assess which factors were significant indicators for OFMSW diversion rates. As this study
contained continuous, categorical, and binary data, conventional variable clustering and reduction
techniques such as principal component analysis (PCA) were not appropriate; instead, we used factor
analysis on mixed data (FAMD; Husson et al. 2006). FAMD is a principal component method capable
of analyzing data sets with both continuous and categorical variables (Pagès 2004). It is often
described as a mix between principal component analysis (PCA) and multiple correspondence analy-
sis (MCA), and FAMD results are frequently presented as a “correlation circle”. The primary purpose
for our use of the FAMD model was to assess variables that were closely related and likely to explain
similar variance within our regression analyses.

We used multiple regression models to determine the combination of explanatory variables that best
explained organic waste diversion rates, optimizing both model fit and complexity. Response variables
were transformed using the logit function to satisfy model assumptions of linear regression. We used
exploratory building to develop models based on the FAMD results, literature review, variable signifi-
cance, and univariate regression models (Table 2 and Table S2). Final model selection was based on
results of the FAMD analysis, Akaike information criterion (AIC), and log-likelihood ratios. For val-
idation purposes, backward stepwise regression models were also calculated, first using all of the var-
iables listed in Table 2 and Table S2 and subsequently using several subsets of the variables
(Lebersorger and Beigl 2011).

Results
Although various trends existed in solid waste diversion over time across countries and jurisdictions, in
general, organic waste diversion increased with time (Figs. 1 and 2). We found a significant difference
between the base year (generally 1995) and both the first (t = −3.83, p = 6.42e−04) and second
(t =−5.62, p = 5.097e−06) diversion target years for European countries. Although there was a general
increase in OFMSW diversion over the study period for both Europe and Ontario, diversion rates var-
ied substantially between and within these two regions; in fact, some countries and jurisdictions expe-
rienced a decrease in organic waste diversion over the length of the study period (e.g., Malta; Fig. 1).

Along with the OFMSW diversion rate in Years 1 and 2 (i.e., 2006 and 2013 for Ontario, and base
year—generally 1995—and Diversion Year 2 for Europe, see Table S1), Figs. 1 and 2 also show per
capita waste generation and per capita waste diversion (in kg) for Years 1 and 2. Together, this infor-
mation gives a more holistic picture of how these systems changed over the study period. Including
the per capita waste values provides valuable context; for example, the figures allow us to see not only
which countries have increased their diversion of OFMSW over the study period but also those that
have managed to reduce their per capita waste generation at the same time—or vice versa.
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Table 2. Analysis of explanatory variables for Europe and Ontario; selected and analyzed socio-economic and
waste management indicators and individual relationships with OFMSW diversion.

Relationship with organic
waste diversion rate

Variable name Variable labela adjusted R2 Significance

Europe (OFMSW diversion)

Income (International $/capitab) IN 0.506 <0.001

Population density (No. inhabitants/km2) PD 0.011 <1

Landfill charge (€/tonne) LF 0.435 <0.001

Pay-as-you-throw PAYT 0.238 <0.01

Legislation LEG (0) 0.232 <0.05

LEG (1)

LEG (2)

Mandatory separation MS 0.097 <0.1

Incineration tax IT 0.182 <0.05

Incineration ban IB −0.028 <1

Europe (Δ OFMSW diversion)

Income (International $/capitab) IN 0.132 <0.05

Population density (No. inhabitants/km2) PD −0.008 <1

Landfill charge (€/tonne) LF 0.209 <0.01

Pay-as-you-throw PAYT 0.09 <0.1

Legislation LEG (0) −0.038 —

LEG (1) −0.038 <1

LEG (2) −0.038 —

Mandatory separation MS −0.01 <1

Incineration tax IT −0.036 <1

Incineration ban IB 0.034 <1

Ontario (OFMSW diversion)

Income (CAD $/capita) IN 0.006 <1

Population density (No. inhabitants/km2) PD 0.236 <0.001

Population (inhabitants) POP 0.257 <0.001

Landfill charge (CAD $/tonne) LF 0.065 <0.01

Pay-as-you-throw PAYT 0.096 <0.01

Bag limit BL 0.0145 <1

Leaf and yard waste LY 0.211 <0.001

Green bin GB 0.38 <0.001

Infrastructure INF (0) 0.461 <0.001

(continued )
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Table 2. (concluded )

Relationship with organic
waste diversion rate

Variable name Variable labela adjusted R2 Significance

INF (1) 0.461 <0.001

INF (2) 0.461 <0.001

INF (3) 0.461 <0.001

Implementation (No. years since implementation) IMP 0.358 <0.001

Note: OFMSW, organic fraction of municipal solid waste.
aNumbers in parentheses represent the scale level for the categorical variables (e.g., a significant dif-
ference between infrastructure levels 1 and 2 would be represented as INF (2)); see Table S2 for
details regarding categorical scale values.
bInternational dollars (International $) was based on conversion from local currency using UN
Purchasing Power parties (PPP) conversion factors for 2011.
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Fig. 1. European organic solid waste diversion by country. Bars show percent organic waste diversion in Year 1 (base year; BY) and Year 2 (second diversion
year; DY2), whereas lines indicate per capita organic waste diversion and per capita total waste generation for both Year 1 and Year 2.
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Fig. 2. Ontario organic solid waste diversion by jurisdiction. Bars show percent organic waste diversion in Year 1 (2006) and Year 2 (2013), whereas lines indi-
cate per capita organic waste diversion and per capita total waste generation for both 2006 and 2013.
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Regression analyses and key factors for organic waste
diversion rates
Regression analyses showed evidence of significant relationships between OFMSW diversion and sev-
eral explanatory variables for both Europe and Ontario (Table 2 and Table S2). Table 2 shows the
univariate regression analysis of explanatory variables for Europe and Ontario. Table 2 includes the
variable name and label (individual code used to distinguish categorical variables) for each indepen-
dent variable. It also includes the coefficient of determination (adjusted R2) and significance (p value
indicator) for each regression. The coefficient of determination indicates how much variance of the
dependent variable (diversion of OFMSW) is predicted by its relationship to each of the explanatory
factors. Using univariate regression, significant correlations were found between explanatory variables
(e.g., income, landfill charge, and infrastructure) and OFMSW diversion (Table S2). In Europe, less
significant relationships were observed for the change in OFMSW diversion (between the second
diversion year and the base year values) and explanatory variables.

Table 3 presents the results of multiple regression analysis for three models: Europe OFMSW diver-
sion (in Year 2 or Diversion Year 2), Europe change in OFMSW diversion (from Year 1 to Year 2;
i.e., before and after the implementation of the Directive), and Ontario OFMSW diversion (in
2013). The table includes the dependent variable (OFMSW diversion) in each of those models as well
as the adjusted R2 and significance for each multiple regression analysis model. The adjusted R2

represents the percentage of the response variable variation that is explained by the model.

For each final model, Table 3 also lists the explanatory variables that were included in that model
based on FAMD, AIC, and log-likelihood ratios. We have included standard coefficient outputs for
each explanatory variable. The coefficient estimate represents the mean change in the dependent var-
iable for every one unit of change in the explanatory variable while holding the other variables in the
model constant—the larger coefficient estimates indicate that a larger change is observed in the rate
of organic waste diversion for every unit increase in the explanatory variable. The t value is the value
of the t statistic, which measures how far away the coefficient estimate is (in standard deviations)
from 0. In Table 3, we can see that the t values differ from 0, which indicates that there is a relation-
ship between the response variable (OFMSW diversion) and each of the explanatory variables.
Finally, the low p values for explanatory variables indicate that they are meaningful additions to
the model.

Multiple regression analysis for Europe indicated that income and incineration tax were key factors
in the rate of OFMSW diversion (adjusted R2 = 0.58; Table 3), whereas key factors related to change
in organic waste diversion were income, population density, and legislation (adjusted
R2 = 0.23). In Europe, FAMD showed a strong positive correlation between income, landfill charge,
and pay-as-you-throw (PAYT; Fig. 3), indicating that because income is considered in the final
model, landfill charge and PAYT are likely to be key factors as well. Figure 3 shows the “correlation
circle” from FAMD. The names in the circle represent explanatory variables, whereas the arrows and
their positioning indicate (a) their relationship to other variables (e.g., if two variables are closely
related, they are likely to explain similar variance within a regression model; if they are set at
90 degrees, they likely have little to no relationship, and if two variables are set at 180 degrees, they
are likely to have a negative relationship); and (b) how much of the variance is accounted for through
the first and second dimensions (as represented by the percentages on the y- and x-axes,
respectively).

Multiple regression analysis for OFMSW diversion in Ontario indicated that infrastructure, PAYT,
and population density were driving factors (adjusted R2 = 0.52; Table 3). PAYT and bag limits, as
well as infrastructure and landfill fees, were closely correlated in Ontario (Fig. 3); therefore, landfill
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fees and bag limits should also be considered key factors. FAMD results from Europe, and especially
Ontario, also showed clustering among the factor levels for the categorical variables of legislation and
infrastructure, respectively (Fig. S1).

The fate of P through centralized organic waste processing
The literature analysis on P flows through centralized waste systems suggested significant P losses dur-
ing both processing and the distribution of the final product. An average of 21% of P entering biological
treatment facilities is lost as a result of rejected waste, leaching, and refining of finished product
(Table S3; Fig. 4). This loss can vary anywhere from 1% to 100% depending on feedstock, treatment
process, and extenuating circumstances (e.g., plant malfunction). A literature review completed in
2015 (Zabaleta and Rodic 2015) found that AD typically sees P losses of <10%, whereas losses from
composting may range from 1% to 38%. Significant amounts of P can be lost through leachate and run-
off in open systems such as windrow composting (Tiquia et al. 2002), whereas the predominant losses of
P in more closed systems such as AD occur during sorting and rejection in the pre-treatment and refin-
ing stages (Pognani et al. 2012). Of the total compost produced, an average of 65%
(59%–70%) is applied to land used for food production; the remainder (30%–41%) is predominantly
used in landscaping or remediation (Table S3). This also varied drastically by location, where the
amount of finished product sent to arable land ranged from 0% to 100% (Table S3). Therefore, from
the total P available in diverted organics, approximately 50% (40%–63%) is reapplied to arable land,
whereas the remaining 50% is lost during processing (11%–33%) or used on non-arable land
(20%–36%).

Table 3. Final regression models for Europe (n = 29) and Ontario (n = 98) for organic waste diversion.

Coefficient values

Dependent variable Adjusted R2 Model significance Explanatory variablea Coefficient estimate t p

Europe

OFMSW Diversion (DY2) 0.5841 <0.001 Constant −3.38 −7.85 <0.001

Income 1.08E−4 5.25 <0.001

Incineration tax 0.78 2.11 <0.05

Change in OFMSW Diversion 0.2282 <0.001 Constant −3.19 −5.84 <0.001

Income 7.64E−5 −5.84 <0.01

Incineration ban 1.40 1.95 <0.1

Legislation (2) −1.09 −1.73 <0.1

Ontario

OFMSW Diversion (2013) 0.5214 <0.001 Constant −3.51 −12.1 <0.001

Population density 5.46E−4 2.81 <0.01

Pay-as-you-throw 0.50 2.06 <0.05

Infrastructure (1) 1.11 3.68 <0.01

Infrastructure (2) 1.00 2.60 <0.05

Infrastructure (3) 2.72 7.65 <0.001

Note: DY2, second diversion year; OFMSW, organic fraction of municipal solid waste.
aNumbers in parentheses represent the scale level for the categorical variables (e.g., a significant difference between infrastructure levels 1 and 2
would be represented as Infrastructure (2)); see Table S2 and for details regarding categorical scale values.
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Data availability and limitations
This study was limited by data availability. For example, results from Ontario and existing literature
(Sterner and Bartelings 1999; Bernstad 2014), indicate that infrastructure may play a significant role
in OFMSW diversion rates; however, we were unable to analyze this in Europe because such data were
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Fig. 3. (a) Factor analysis of mixed data (FAMD) results for Europe, illustrating the relationships between
explanatory variables for continuous and binary variables (solid teal arrows) as well as categorical data (dashed
blue arrow; overlaid using interclass correlation). (b) FAMD results for Ontario jurisdictions, showing explana-
tory variables for continuous and binary variables (solid maroon arrows) and categorical data (dashed purple
arrow; overlaid using interclass correlation). Variables that are closely related are likely to explain similar variance
within a regression model. Percentages on the y- and x-axes represent how much of the model variance is
accounted for by the first and second dimensions, respectively, of the FAMD model (33.58% and 15.63% for
Europe; 30.67% and 16.07% for Ontario).
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unavailable at the national level. Further research of the role of infrastructure in Europe may provide
additional insight into diversion rates. Scale might also affect which factors appear to most strongly
influence organic waste diversion and recycling; however, multi-scale data were generally not avail-
able. Additionally, the European data set used for this study was not well-suited to making strong
inferences outside Europe or the national scale on which it was studied. When looking at national
and municipal level data, behaviours that exist at a household level and that might strongly affect
diversion and reapplication rates can be missed. There are existing studies related to household
behaviour for recycling and some that include organics (Sterner and Bartelings 1999; Martin et al.
2006; Bulkeley and Askins 2009), but future research integrating national and municipal data with
household behavioural findings could prove extremely valuable. Despite these limitations, we feel that
this study still has significant value in acting as a guide for future studies of factors influencing organic
waste diversion, for acknowledging the factors that played significant roles in the areas that were stud-
ied, and for bringing to attention to issues associated with data availability. Furthermore, as the
Ontario data set was much larger, it is possible to make stronger generalizations from the results of
that analysis, which we consider valuable, especially in the North American context.

Discussion
We showed that although existing socio-economic factors are likely to play a role in OFMSW diver-
sion and reapplication, management options such as economic incentives and infrastructure can be
leveraged to increase organic waste diversion. We also found that many regions have low P reapplica-
tion associated with organic waste management, with significant room for improvement. Information
from this research can be used in conjunction with pre-existing qualitative urban- (Bulkeley and
Askins 2009; Metson and Bennett 2015b) and household-level studies (Sterner and Bartelings 1999;
Martin et al. 2006; Refsgaard and Magnussen 2009; Bernstad 2014; Parizeau et al. 2015) to assess
organic waste diversion potential in specific regions or case studies.

compost

pre-processing processing
curing & final 

product

agriculture

horticulture & 
hobby farming

P = 15-22%
P = 22-43%

diverted 
organics

biological processing

non-arable land
refiningleachingsorting & rejection

P
 = 20-36%

P = 11-33% 

Fig. 4. Typical phosphorus (P) flow through organic solid waste processing streams. Losses of P in centralized
biological processing are estimated at 11%–33% (see Tables S2 and S3). An additional 30%–41% of the final com-
post product (containing 20%–36% of the original P) is sent to non-arable land. Therefore, 40%–63% of the P in
diverted organics is recycled to arable land.
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Although OFMSW diversion generally increases over time, our study showed that there is broad
variation between regions, and that most countries and jurisdictions recycle only a fraction of their
potential P from solid waste. For example, Germany—a region with a relatively successful organic
solid waste diversion program and high reapplication rates—diverted 50% of their organic solid waste
in 2013 (Eurostat 2014a), and has an expected reapplication rate of 69% (Barth et al. 2008). This
means that approximately 34% of the P in organic waste in Germany is recycled back to arable land.
There are considerable opportunities for diverting and recycling significantly more P from organic
solid waste.

Our work also leads to a better understanding of why OFMSW diversion programs in some regions
may be more successful than others. Countries such as Austria or cities such as Guelph have high
diversion rates (Figs. 1 and 2) and can act as models for other locations. Although Austria has a high
income, they also use PAYT systems to discourage waste disposal, have high taxes on
landfill and incineration disposal, and have strong legislation on the disposal of organic waste to land-
fill (Table S5). In line with key factors in Ontario, Guelph has sophisticated infrastructure for the col-
lection of source-separated organics and imposes a PAYT economic incentive program (Table S10).
It is also important to investigate countries such as Lithuania which, despite having the second lowest
income of European countries in this study (Eurostat 2014b; UNData 2014, Table S5), had a relatively
high diversion rate of 37% in 2013 (Fig. 1, Table S5). Our research indicates that the use of landfill
taxes and PAYT economic incentives are likely to have contributed to this admirable diversion rate.
Alternatively, some regions such as Iceland have moderate to high incomes, but relatively low diver-
sion rates (20%) (Table S5), corroborating existing literature that suggests that economic prosperity
alone does not guarantee greater waste diversion, and that diversion must also be a policy and man-
agement priority (Mazzanti et al. 2009). Research regarding the influence of the EU Landfill
Directive was inconclusive. The t tests indicated a significant difference between means before and
after the implementation of the Directive; however, analysis of the change in OFSMW diversion
was inconclusive and lacked significant relationships. It is possible that countries with high diversion
prior to the Directive continued to do well or, as evidenced by some of the individual country trends,
that there is a saturation level or plateau in diversion rates.

Conclusions
Urban P recycling can play an important role in ensuring a lasting supply of this crucial nutrient and
non-renewable resource. However, unless urban P flows are returned to arable land, many of their
potential benefits are lost; thus, a clear understanding of the use and reapplication of organic waste
end products is critical. Although most existing literature on P recovery focuses on flows associated
with wastewater treatment (Morse et al. 1998; Jaffer et al. 2002; Antikainen et al. 2005; Elser and
Bennett 2011; Cordell et al. 2012; Linderholm et al. 2012), solid waste management provides an
important opportunity to recycle more P than wastewater alone, given that similar levels of P output
have been found for solid waste as for wastewater (Kalmykova et al. 2012; Ott and Rechberger 2012).
Here, we have demonstrated that economic incentives, local legislation, and accessible infrastructure
can be effective ways to increase OFMSW diversion and P recycling to move beyond waste and
toward valuable resource recovery.
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