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Abstract
Australia, like most countries worldwide, faces increasing 
issues with burgeoning waste generation and its appropri-
ate disposal. Hence, effective policies and programmes 
are needed to change household waste generation and 
recycling behaviour, thereby reducing waste into landfill. 
To date, however, there has been little academic research 
on the potential effects of various policies on waste gen-
eration. We employ a rare data set and the fixed-effects 
linear regression model with autoregressive disturbances 
to investigate how a variety of public policies (namely 
education campaigns, roll-out of food diversion systems 
and provision of food caddies) influence monthly waste 
generation and diversion in Adelaide, South Australia, 
from 2006 to 2020. The results show that the introduction 
of food waste caddies and diversion systems was associ-
ated with increased diversion rates, saving local coun-
cils the gross equivalent of AUD$4.67 million in reduced 
solid waste landfill levies. However, education campaigns 
regarding food waste and recycling alone were found to 
have no significant association with reduced waste or in-
creased recycling.
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1  |   INTRODUCTION

Waste generation has become a major global environmental issue—with waste diversion re-
ceiving increasing attention over the last decade (United Nations Statistics Division,  2018). 
Food and materials that are not recycled or repurposed often end up in landfill, which is not 
only a waste of economic resources but also environmentally degrading—given this leads to the 
production and release of greenhouse gases (Danthurebandara et al., 2012). Waste generation 
is particularly an issue in developed countries (e.g. the United States, the UK and Australia) 
given they generate far more waste per capita per day than developing countries (Mmereki 
et al., 2016). However, many developing counties are experiencing a rapid growth in landfill 
waste, causing significant environmental and administrative challenges (Tai et al., 2011; Xiao 
et al., 2015).

Reducing waste by 2030 across the world is one of the fundamental Sustainable Development 
Goals (SDG 12) (United Nations Statistics Division, 2018). Specifically, SDG12.3 aims to halve 
global per capita food waste, while SDG 12.5 aims to substantially reduce waste generation. 
Such a reduction in waste has many potential benefits, including the following: a more effective 
distribution of food (and an associated reduction in hunger); a lower demand for raw materi-
als through recycled products; reduced energy costs in manufacturing; lower landfill dump-
ing costs; and reduced environmental impacts (Arıkan et al., 2017; Ferrara & Missios, 2005; 
Fiorillo, 2013; Monavari et al., 2012; Xu et al., 2016). Therefore, the focus of waste management 
in many countries is increasingly on reducing waste production, promoting waste recycling 
and minimising waste sent to landfills (Ferrara & Missios, 2005; Lee & Paik, 2011). The US 
Environmental Protection Agency (EPA) listed source reduction as the most preferred waste 
management method, followed by recycling and composting—with disposal in combustion fa-
cilities and landfills as the least preferred method (Lee & Paik, 2011; Mazzanti & Zoboli, 2008).

Australia provides a salient example of a developed country facing significant waste man-
agement problems. Australia's average amount of waste per capita per day is 7.40 kg, while 
its waste generation ranks in the top 10 in OECD countries (He et al., 2020; OECD, 2023). In 
2016–2017, Australia generated around 67 million tonnes of waste, with this volume forecast 
to increase by approximately 60% by 2050 (Big Australia, 2018). Hence, the development of 
the National Waste Policy Action Plan aims to reduce waste by 10% per person by 2030, com-
pared with the 2019 baseline (Australian Government Department of the Environment and 
Energy, 2019).

Organic waste is one of the main waste types sent to landfill (The Food and Agribusiness 
Growth Centre, 2021). Halving the amount of organic waste sent to landfill for disposal by 
2030 is another target under the National Waste Policy Action Plan (Australian Government 
Department of the Environment and Energy,  2019). Over 500 local governments across 
Australia are also taking steps to develop a variety of programmes and interventions to re-
duce waste into landfill (i.e. information and education on food storing and home composting; 
grants, subsidies and rebates for households to purchase food caddies, which are hard contain-
ers used to collect food scraps to add directly to the green organics bin; food diversion systems; 
compost bags, which can be placed into the organic bin to produce materials for compost; 
worm farms; and bottle deposits) (Australian Government Department of the Environment 
and Energy, 2017).

Among Australian states, South Australia (SA) is often argued to be at the forefront of 
innovation in waste, recycling and resource recovery. South Australia has reduced its waste 
into landfill by one-third since 2003 and leads Australia in organic recycling (Department of 
Agriculture, Water and the Environment Australian Government, 2020). In SA, food waste 
is also one of the largest components of household waste sent to landfill. The current aim 
of the state government is to aim for zero avoidable waste sent to landfill by 2030 (Green 
Industries, 2020). Several food waste policies and programmes have been implemented across 
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       |  543POLICY IMPACTS ON WASTE GENERATION AND DIVERSION

various locations in Adelaide—the capital of SA—in an effort to reduce food waste and in-
crease diversion from landfill (more detail regarding these initiatives can be found in the case 
study section). These policies have been implemented at differing times across various council 
locations over the past two decades in SA (and indeed across Australia). However, although 
food waste remains one of the largest components of household waste, how food waste policies 
contribute to waste reduction and diversion behaviour has not been directly quantified to date.

This study aims to narrow these knowledge gaps. To do this, it employs aggregated monthly 
data from eight councils in the Adelaide Metropolitan Area of SA, from July 2006 to June 
2020, to investigate the impacts of three key food waste policies (e.g. education campaigns, 
provision of food waste caddies and the roll-out of food diversion systems under which food 
waste is allowed to put into the green bin). The outbreak of Coronavirus (COVID-19) is also 
examined, along with other socio-economic influences on waste generation, recycling weights 
and diversion rates. The study makes a twofold contribution to the current literature. First, 
we use a rare information data set of waste volumes and diversion rates across eight South 
Australian councils, to identify the effectiveness of various food waste policies—and apply a 
fixed-effects linear model with an AR(1) disturbance to categorise the data and verify the re-
sults. Secondly, we examine unobservable regional time-invariant heterogeneity across waste 
volumes and quantitatively explore the role of heterogeneity in waste recycling and diversion—
thereby extending the scope of existing knowledge and providing robust evidence around pol-
icy effectiveness.

2  |   BACKGROU N D

Given the growing social costs of waste generation, it has been receiving increasing schol-
arly attention (e.g. Alacevich et al., 2021; Johnstone & Labonne, 2004; Kirakozian, 2016). The 
majority of the literature has focussed upon understanding individual drivers of waste, usu-
ally through stated personal views regarding household waste (Cecere et al., 2014; Monavari 
et al., 2012; Nainggolan et al., 2019; Pirani et al., 2015; Xiao et al., 2015), with less emphasis on 
analysing actual bin waste patterns. Due to difficulties and confidentiality in obtaining local 
waste collection data, to date, there has been a limited focus on the analysis of waste patterns 
over time, along with potential policy influences on waste diversion patterns.

2.1  |  Waste policy literature

Waste management policies can be generally categorised as: (a) structural changes to waste 
collection (e.g. providing increased collection services for different types of waste/recycla-
bles); (b) economic instruments (e.g. ‘Pay-as-you-throw’ PAYT schemes, incentive fees and 
landfill tax); and (c) information and education campaigns. Regarding the impact of policy 
structural changes on waste collection, various findings have been found. Several studies have 
identified that source separation and kerbside collection increased household recycling—
Barr and Gilg  (2005), Cole et al.  (2014) (UK); Dahlén and Lagerkvist  (2010) (Sweden); and 
Jenkins et al. (2003) (US). Furthermore, reducing the collection of residual waste from weekly 
to fortnightly resulted in more recycling in the UK (LGA, 2007; WRAP, 2009). Others have 
questioned the positive structural impact of separating waste, given the need to rely on the 
participation of households (Barr & Gilg, 2005; Watson & Bulkeley, 2005); while Oom do Valle 
et al. (2009) found an increased variety of collection services resulted in lower participation 
rates in Portugal, due to greater confusion among households.

Regarding economic policy instruments, many studies have found that the introduction of 
user fees or incentive pricing (based on weight, volume, bag or subscription) reduced waste 
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and increased recycling (Dijkgraaf & Gradus,  2004; Ferrara & Missios,  2012; Fullerton & 
Kinnaman, 1996; Lakhan, 2015; Linderhof et al., 2001; Miranda et al., 1994). However, other 
studies have highlighted that individuals who are taxed according to the amount of waste 
they produce are more likely to dump their waste illegally to avoid payment—and the re-
duction in collected waste might result from antisocial behaviour (Bartelings et al.,  2004; 
Kirakozian, 2016).

Information and education policy campaigns aim to educate people and change their be-
haviours (Kirakozian, 2016). Some have highlighted the success of such campaigns in improv-
ing recycling and separation (e.g. Saladié & Santos-Lacueva, 2016 [Spain]). Lee et al.  (2017) 
revealed that pro-environmental behaviours such as waste sorting are not widely practised, 
due to high inconvenience costs, and that education programmes should be considered for 
people who report high inconvenience costs. However, others have argued that information 
and education campaigns are not effective if other strategies are not implemented at the same 
time (Knussen et al., 2004).

2.2  |  Socio-economic, demographics, location and seasonal influences on 
waste generation

There is considerable evidence that household waste generation is strongly influenced by 
socio-economic and demographic attributes such as household income, household size, family 
structure, age and education level (Abdallah et al., 2020; Lebersorger & Beigl, 2011; Monavari 
et al., 2012; Pirani et al., 2015; Torrente-Velásquez et al., 2020). Household income has often 
been found to be positively associated with increased waste generation (Monavari et al., 2012; 
Pirani et al., 2015), although Bruvoll (2001) found that income did not influence total munici-
pal waste.

Age has also often been identified to be significantly associated with waste generation 
(Bandara et al., 2007; Bartelings & Sterner, 1999; Beigl et al., 2008; Jenkins, 1993), although 
other studies have found inconclusive findings (Lebersorger & Beigl,  2011; Mazzanti & 
Zoboli, 2008). Bandara et al.  (2007) found that education level was significantly associated 
with household solid waste generation, and Fiorillo  (2013) suggested that being female in-
creased the likelihood to recycle for all materials in Italy.

Other locational variables such as temperature, precipitation and humidity have also been 
shown to play a role in household waste generation (Abdoli et al.,  2011; Azadi & Karimi-
Jashni,  2016; Chung,  2010; Cubillos,  2020; Dayal et al.,  1993; Gómez et al.,  2009; Thanh 
et al., 2010; Vu et al., 2019). Household waste generation in Vietnam was higher during wet 
seasons than dry seasons (Thanh et al., 2010), while Gómez et al. (2009) found less waste was 
generated in Mexico during the winter season.

To the best of our knowledge, there have only been a few studies examining seasonal and 
time impacts on waste generation. Cole et al. (2014) used a time-series intervention model to 
analyse monthly recyclable and residual waste volumes, while other studies have used time-
series analysis to predict future waste (e.g. Chang & Lin, 1997; Matsuto & Tanaka, 1993). 
More recently, authors have started investigating the impact of COVID-19 on waste genera-
tion (e.g. Burlea-Schiopoiu et al., 2021; Vu et al., 2021) and have found varying effects on dif-
ferent waste streams. Movement restrictions are linked with an increase in the global plastic 
waste footprint (Benson et al.,  2021), along with increased household waste (Leal Filho 
et al., 2021). Kasim et al. (2021) found that 61% of respondents in Nigeria and 63% of respon-
dents in Guyana noticed increased general waste during the COVID-19 pandemic. Laila 
et al. (2021) found that the total per capita unavoidable food waste significantly increased 
during the COVID-19 pandemic in Canada. Alacevich et al. (2021) used a household-level 
data-set on residential waste from a Swedish municipality and found that the introduction 
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       |  545POLICY IMPACTS ON WASTE GENERATION AND DIVERSION

of organic waste sorting bins induced a reduction in generated waste by up to 9%, an effect 
that vanished over time.

Previous research has concentrated mainly on cross-sectional household survey analy-
sis (Abdallah et al., 2020; Xiao et al., 2015), with little analysis of policy drivers or seasonal/
time factors. Indeed, the number of studies attempting to disentangle policy drivers from ac-
tual waste patterns is limited (e.g. Alacevich et al., 2021; Cole et al., 2014; Kirakozian, 2016). 
These knowledge gaps, together with the policy importance of waste recycling in Australia 
and around the world, jointly motivate this current research. We aim to better understand 
the determinants of waste generation and recycling through a fixed-effects linear model with 
an AR(1) disturbance, using a unique panel data-set of actual monthly waste across eight SA 
councils, from July 2006 to June 2020.

3  |   DATA A N D M ETHODS

3.1  |  Case study area and data

In SA, most households have three council bins, which as at 2020 included: (1) a red (landfill) 
bin for general waste; (2) a green (organics) bin for food scraps, paper towel and tissues and 
garden cuttings etc; and (3) a yellow (recycle) bin for recyclables. Our study covers eight out 
of 19 metropolitan councils in SA, including Prospect, Walkerville, Campbelltown, Burnside, 
Unley, Mitcham, Adelaide Hills and Norwood, Payneham and St Peters. This study uses 
consolidated data obtained from multiple sources. The main data-set of monthly volumes of 
waste by three bin streams—organics (green), recycling (yellow) and general (red) waste—was 
provided by the Eastern Waste Management Authority (East Waste), which provides waste 
removal services to eight councils in the Adelaide Metropolitan Area. Monthly data were 
available from July 2006 to June 2020, and included weight information from the three bin 
streams, and the diversion rate, which was defined as the rate of monthly waste diverted from 
landfill (i.e. [monthly waste in green bin + monthly waste in recycle bin]/[monthly total waste 
in three bins]). The diversion rate measures the level of diversion of both organic and recyclable 
waste. The monthly waste volumes in the three bins and the diversion rate were used as our 
four dependant variables within the modelling. For each model, 1144 observations were avail-
able during this time period.

The eight councils in question have implemented different food waste and recycling policies 
over the study time period. Some of the policies included the following: roll-out of food diver-
sion systems—allowing food waste to go directly into the organics bin (differing times from 
2008 onwards); distributing opt-in food waste caddies under which households can request 
kitchen caddies for free through their councils, and roll-out of food waste caddies under which 
the council sent caddies for free to all households in their area (from various times from 2010 
onwards); and implementing large educational campaigns (from 2019 onwards). The education 
campaigns aimed to increase awareness and knowledge about waste disposal (e.g. knowledge 
about which bin should be used for disposal of common contaminants and how items should 
be prepared for recycling). Information on the extent and dates of various policy implementa-
tions were provided by East Waste, Green Industries SA (GISA) and private waste consultants 
(Rawtec) in SA. All council areas faced the same economic incentives, in that: waste was levied 
the same way through all councils; disposal waste into landfill cost the same; and all faced sim-
ilar deposit schemes for recycling. These policies were similar over time. Hence, unfortunately, 
no economic incentive waste policies could be assessed from our data.

Other data employed include the council-level data set from the Australian Population 
Census by the Agriculture Bureau of Statistics (ABS), collected every 5 years. For the study time 
period, there were three waves (2006, 2011 and 2016) available at council levels. The variables 
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from the Population Census include total council population, average household size, aver-
age total household income, average age, percentage of people married, percentage of people 
born in Australia and the index of Relative Socio-economic Advantage and Disadvantage 
(IRSAD)—where higher scores indicate higher incidence of advantage and lower scores imply 
lower incidence of disadvantage. The IRSAD scores are constructed from a wide range of 
socio-economic dimensions: variables of income, education, occupation, housing and others 
(e.g. cars, Internet and disability). The five-year census data were transferred into monthly 
data from 2006 to 2016, using linear interpolation.

Furthermore, climate data including monthly average maximum temperature and 
monthly total rainfall were collected from the Australian Bureau of Meteorology (BOM). 
The vegetation density of council areas was measured according to the Normalised 
Difference Vegetation Index (NDVI)—obtained from Copernicus Global Land service. 
The NDVI is an indicator of the greenness of the biomes, which measures green space 
coverage in various councils. It was hypothesised that higher green space coverage would 
increase green organic bin volumes.

A dummy variable for the impact of COVID-19 on waste volumes (from April 2020 on-
wards) was also included to test for the presence of widespread working-from-home changes 
on council household waste volumes. Table S1 in Appendix S1 reports the descriptive statistics 
and variable definitions.

3.2  |  Empirical specification

We consider the following fixed-effects linear model with AR(1) disturbances:

where W
it
 represents the natural logarithmic of the waste variable (e.g. weight of waste in 

three bins and diversion rate) in council i  at time t; P
it
 is the presence of waste policies (in-

cluding the Recycle Right education campaign, opt-in or roll-out of food waste caddies and 
roll-out of food diversion systems) of council i  at time t; X ′

it
 is a vector of time-variant co-

variates (e.g. post-COVID-19, IRSAD, average household size in council, average resident 
age in council, monthly average daily maximum temperature and monthly total rainfall); �

it
 

is the error term, which is assumed to follow a first-order autoregressive process; v
i
 and �

t
 

are council and time fixed effects (FE), respectively; and finally, a, �,B and � are unknown 
parameters to be estimated. The parameter � captures the policy effect on the dependent 
variable. The AR(1) structure of the errors is important to account for as the presence of 
serial correlation will bias the parameter estimates if standard panel data estimation tech-
niques are applied. In this perspective, we implement the method proposed by Baltagi and 
Wu (1999) for unequally spaced panel data regression models with AR(1) error structure. 
This model is applied because unit-root test showed that our data are stationary (Table S4 
in Appendix S2) and the optimal dependence memory the time-series choosen by BIC is 
one, which indicates that AR(1) model is sufficient.

In the empirical analysis, the Hausman test was conducted to choose the appropriate spec-
ification between the fixed-effects and random-effects models. The result indicated that the 
fixed-effects specification was more efficient. As such, the fixed-effects results are reported 
here. Several alternative specifications were generated to check the robustness of results. These 
specifications included controlling for seasonal variation and region fixed-effects in the base-
line fixed-effects model.

W
it
= a + P

it
� +X

’
it
B + v

i
+ �

t
+ �

it
i = 1, … ,N ; t = 1, … ,T

(1)where �
it
= ��

i,t−1 + �
it
, i = 1, … ,N ; t = 1, … ,T
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4  |   RESU LTS

The descriptive statistics under Table S1 in Appendix S1 illustrate that waste in general bins is 
greatest among the three bins. On average, 52% of waste was recycled via the organics or recycle 
bin, and hence diverted from landfill. Figure 1 provides an overview of the total monthly waste 
across general, organic and recycle bins for eight SA councils, from 2006 to 2020. Although 
there is volatility in monthly waste across the three bins, monthly waste in the general bins 
slightly decreased over time—while organic bin volumes increased. No significant change in 
recycle bin volumes can be discerned.

Table 1 presents the empirical results with region, year and seasonal fixed effects (FE). The 
effects of policies are of our primary interest—therefore, policy variables are displayed first, 
followed by the impact of the other covariates.

4.1  |  Effects of various waste policies on waste diversion

Our studied waste policies were found to have various associations with waste generation and 
diversion (Figure S2 in Appendix S1 and Table 1). Providing food waste caddies by councils 
(by either opt-in food waste caddies or area-wide roll-out) was significantly associated with a 
reduction in general landfill waste bin volumes. In addition, providing food waste caddies was 
significantly associated with the increase in diversion rates (Column 5 in Table 1).

Specifically, caddy provision was associated with a 5.1% reduction in the amount of monthly 
waste in general bins and an increase in household waste diversion rates by 0.018 (Figure 2).

The roll-out of food waste diversion systems (e.g. food waste diversion allowed in or-
ganic/green bins) was also found to be significantly associated with the increase in the 
household diversion rate, and the monthly green bin volumes. Specifically, the roll-out of 
food waste diversion systems was associated with a 79% increase in the amount of monthly 
waste in organic bins and a slightly higher diversion rate as food caddies—a 0.021 differ-
ence. However, the association between education campaigns and monthly waste volumes 

F I G U R E  1   Total monthly waste in general, organic and recycle bin (tonnes) in eight councils in South 
Australia, July 2006–June 2016. Source: East Waste Monthly Tonnage Data (July 2006–June 2020). Authors' 
estimates and mapping.

 14678489, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1467-8489.12529 by U

N
IV

E
R

SIT
Y

 O
F M

IN
N

E
SO

T
A

 170 W
IL

SO
N

 L
IB

R
A

R
Y

, W
iley O

nline L
ibrary on [16/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



548  |      XU et al.

T
A

B
L

E
 1

 
D

et
er

m
in

an
ts

 o
f 

co
u

nc
il

s' 
d

iv
er

si
on

 r
at

es
 a

nd
 w

as
te

 v
ol

u
m

es
 (

X
tr

eg
ar

, r
eg

io
n,

 y
ea

r 
an

d 
se

as
on

al
 f

ix
ed

 e
ff

ec
ts

).

V
ar

ia
bl

e 
de

fi
ni

ti
on

G
en

er
al

 b
in

 w
as

te
 (i

n 
to

nn
es

 
lo

gg
ed

)
O

rg
an

ic
 b

in
 v

ol
um

es
 (i

n 
to

nn
es

 
lo

gg
ed

)
R

ec
yc

le
 b

in
 v

ol
um

es
 (i

n 
to

nn
es

 
lo

gg
ed

)
D

iv
er

si
on

 r
at

e

P
ol

ic
y 

va
ri

ab
le

s

R
ec

yc
le

 R
ig

ht
 e

du
ca

ti
on

 c
am

pa
ig

n
0.

02
 (0

.0
3)

0.
03

 (0
.0

8)
0.

04
 (0

.0
4)

0 
(0

.0
1)

O
pt

-i
n 

or
 r

ol
l-

ou
t 

of
 fo

od
 w

as
te

 c
ad

d
ie

s
−

0.
05

**
*(

0.
01

)
0.

01
 (0

.0
7)

0.
02

 (0
.0

2)
0.

01
8*

**
 (0

.0
1)

R
ol

l-
ou

t 
of

 fo
od

 d
iv

er
si

on
 s

ys
te

m
s

0.
02

 (0
.0

2)
0.

58
**

* 
(0

.0
7)

0.
01

 (0
.0

2)
0.

02
1*

**
 (0

.0
1)

C
li

m
at

e 
va

ri
ab

le
s

M
on

th
ly

 a
ve

ra
ge

 d
ai

ly
 m

ax
im

u
m

 
te

m
p

er
at

u
re

0.
00

**
 (0

.0
0)

−
0.

01
**

*(
0.

00
)

0.
00

**
 (0

.0
0)

−
0.

00
**

 (0
.0

0)

M
on

th
ly

 t
ot

al
 r

ai
n

fa
ll

 (m
m

)
0.

00
**

* 
(0

.0
0)

−
0.

00
**

* 
(0

.0
0)

0.
00

 (0
.0

0)
−

0.
00

**
* 

(0
.0

0)

C
om

m
u

n
it

y 
so

ci
od

em
og

ra
ph

ic
s 

va
ri

ab
le

s

M
on

th
ly

 t
ot

al
 p

op
u

la
ti

on
 in

 c
ou

nc
il

 
(t

ho
u

sa
nd

 p
eo

pl
e)

0.
04

**
* 

(0
.0

0)
0.

05
**

* 
(0

.0
0)

0.
03

**
* 

(0
.0

0)
0.

00
* 

(0
.0

0)

A
ve

ra
ge

 h
ou

se
ho

ld
 s

iz
e 

in
 c

ou
nc

il
0.

64
**

* 
(0

.1
5)

1.
10

 (0
.7

3)
0.

82
**

* 
(0

.2
0)

0.
08

 (0
.0

6)

A
ve

ra
ge

 r
es

id
en

t 
ag

e 
in

 c
ou

nc
il

0.
05

**
* 

(0
.0

1)
0.

29
**

* 
(0

.0
3)

0.
05

**
* 

(0
.0

1)
0.

02
**

* 
(0

.0
0)

P
er

ce
nt

ag
e 

of
 p

eo
pl

e 
m

ar
ri

ed
 in

 c
ou

nc
il

−
0.

01
 (0

.0
1)

−
0.

10
**

* 
(0

.0
2)

−
0.

01
 (0

.0
1)

−
0.

01
**

* 
(0

.0
0)

P
er

ce
nt

ag
e 

of
 p

eo
pl

e 
bo

rn
 in

 A
u

st
ra

li
a 

in
 

co
u

nc
il

0.
01

 (0
.0

1)
−

0.
01

 (0
.0

1)
−

0.
00

 (0
.0

1)
0.

00
 (0

.0
0)

IR
SA

D
0.

00
**

* 
(0

.0
0)

−
0.

00
**

* 
(0

.0
0)

0.
00

**
* 

(0
.0

0)
0.

00
 (0

.0
0)

O
th

er
 v

ar
ia

bl
es

N
D

V
I

0.
06

* 
(0

.0
3)

0.
18

**
* 

(0
.0

6)
0.

02
 (0

.0
4)

0.
79

 (0
.7

5)

P
os

t-
C

O
V

ID
-1

9
0.

06
**

 (0
.0

3)
0.

19
**

 (0
.0

8)
0.

06
 (0

.0
4)

1.
45

 (0
.8

9)

R
ho

0.
31

0.
85

0.
32

0.
65

O
ve

ra
ll

 R
2

0.
80

0.
75

0.
80

0.
55

O
bs

er
va

ti
on

11
44

11
08

11
44

11
44

N
ot

e:
 R

ob
u

st
 s

ta
nd

ar
d 

er
ro

rs
 a

re
 r

ep
or

te
d 

in
 p

ar
en

th
es

es
. *

, *
* 

an
d 

**
* 

re
pr

es
en

t 
st

at
is

ti
ca

l s
ig

n
if

ic
an

ce
 a

t 
10

%
, 5

%
 a

nd
 1

%
 le

ve
ls

, r
es

p
ec

ti
ve

ly
.

A
bb

re
vi

at
io

n
s:

 I
R

SA
D

, i
nd

ex
 o

f 
R

el
at

iv
e 

So
ci

o
-e

co
no

m
ic

 A
dv

an
ta

ge
 a

nd
 D

is
ad

va
nt

ag
e;

 N
D

V
I,

 N
or

m
al

is
ed

 D
if

fe
re

nc
e 

V
eg

et
at

io
n 

In
de

x.

 14678489, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1467-8489.12529 by U

N
IV

E
R

SIT
Y

 O
F M

IN
N

E
SO

T
A

 170 W
IL

SO
N

 L
IB

R
A

R
Y

, W
iley O

nline L
ibrary on [16/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



       |  549POLICY IMPACTS ON WASTE GENERATION AND DIVERSION

in any of the three bins or indeed the overall diversion rate was insignificant (Figure S2 in 
Appendix S1 and Table 1).

4.2  |  Effects of COVID-19 and other covariates on waste 
generation and diversion

On average, the period after the outbreak of COVID-19 (which signalled more time spent work-
ing from home) was associated with a 6.2% increase in household monthly general waste—and 
a 20.9% increase in organic waste volumes. However, recyclable waste volumes and the overall 
diversion rate were not significantly associated with the COVID-19 outbreak.

Climate conditions and green space coverage were also found to be significantly associ-
ated with waste generation and diversion. Increased monthly average daily maximum tem-
perature was associated with decreased diversion rate, due to significantly decreased organic 
waste volumes. Similarly, increases in monthly total rainfall was also associated with the 
reduction of the overall diversion rate and decreased organic waste volumes. However, an in-
crease in monthly average daily maximum temperature was also significantly associated with 
the increased general waste and recycle waste volumes. Green space coverage, as measured 
by the NDVI, significantly increased green organic waste volumes. These results illustrate 
that both the middle of summer (namely Australia's Christmas holiday period) and middle 
of winter were associated with increased general waste volumes and decreased organic waste 
volumes, while periods of higher vegetation growth were associated with increased organic 
waste volumes.

F I G U R E  2   Effects of policies on councils' waste generation and diversion rates. Note: The dots are point 
estimates of the effects of different variables on monthly waste in three bins and the diversion rate. The lines 
are 95% CIs. Xtregar with region, year and seasonal fixed effects are used. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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4.2.1  |  Socio-economic and demographic features

As expected, an increase in the council area population within our time period was associated 
with higher waste volumes across all three bins. Similarly, a council resident population that 
was older on average was also related to increased waste volumes across general, organic and 
recycle bins—as well a higher diversion rate. This positive role of age on diversion rates was 
consistent with previous findings (Saphores et al., 2006; Zhang & Wen, 2014). Another expected 
result was that an increase in a council's average household size was associated with increased 
general and recycle waste volumes. Many previous studies have also identified the significant 
effect of household size on household waste generation (Abdallah et al., 2020; Beigl et al., 2008; 
Benítez et al., 2008; Lebersorger & Beigl, 2011; Miller et al., 2009; Monavari et al., 2012), while 
further studies have found that families with more members generate a larger quantity of solid 
waste (Monavari et al., 2012).

Finally, the increased percentage of people married within a council area was significantly 
associated with the reduced organic waste volumes and therefore observed negative associ-
ation with overall diversion rates. This result is consistent with Katajajuuri et al. (2014) and 
Koivupuro et al. (2012).

4.3  |  Council-level time-invariant heterogeneity

Our study includes eight councils, which may manifest varying features that could have in-
fluenced waste recycling outcomes. In addition to the controlled factors, there could also be 
unobserved council-level characteristics that may systematically be associated with aggregate 
waste recycling behaviour at this level. For example, certain features, such as public awareness 
of environmental protection and recycling facility accessibility, may manifest regional pat-
terns. Also, neighbourhood peer-effects in pro-environmental behaviour may occur, poten-
tially associated with aggregate-level waste recycling behavioural changes. Admittedly, while 
these features cannot be precisely measured, their consistent estimates can be obtained within 
the fixed-effects specification setting, provided that the time dimension is reasonable large. 
In our application, monthly data covering the period 2006–2016, provides 120 data points 
to estimate the FE after the within estimation. While this time-series dimension may still be 
considered moderately large, it represents a unique setting within a panel data context, where 
the time dimension is often small (2–10 years). The estimated FE help to uncover the extent 
to which regional time-invariant regularities that are intrinsic to councils influence the waste 
generation and recycling in SA.

To investigate these potential heterogeneities, council-level FE were predicted and plotted 
in Figure 3. It can be observed that inner-city suburbs typically have higher estimated FE—
suggesting households in urban areas (left of the map, except for Burnside) generally have 
higher diversion rates, once the observed covariates are controlled for. Conversely, outlying 
councils such as Burnside and Adelaide Hills have the lowest estimated FE, where people 
divert less waste. This may be because of other socio-economic or geographical locational 
factors that have not been controlled for (such as more opportunities for composting in larger 
properties, accessibility of council resources to support people or the ability of council staff to 
implement policies).

4.4  |  Robustness checks

Several alternative specifications were run to check the robustness of results. This included 
employing various year and seasonal FE and using a variety of variables. First, models with 
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       |  551POLICY IMPACTS ON WASTE GENERATION AND DIVERSION

less-restrictive FE (regional and year FE) were used for robustness checks. Our results showed 
that changes in model specifications, using less-restrictive FE, did not significantly alter the 
significance or magnitude of key policy variables and the COVID-19 pandemic on waste gen-
eration (Figure S1 and Table S2 in Appendix S1). Nor did the specification changes impact the 

F I G U R E  3   Estimated council fixed effects. Source: Authors' estimates and mapping. [Colour figure can be 
viewed at wileyonlinelibrary.com]
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overall diversion rate (Figure S1 and Table S3 in Appendix S1). When applying standard fixed-
effects specification, the significance and magnitude of most variables did not change—other 
than the impact of deploying food kitchen caddies on monthly waste in the organic bin. This 
result indicates that when serial autocorrelation exists, the standard fixed-effects model is li-
able to lead to biased estimation.

Second, models with only policy and climate variables, excluding sociodemographic vari-
ables, were also estimated. The results indicated the policy associations were quite robust, 
while only the significance of opt-in or roll-out of caddies policy on diversion rate changed. 
These results suggested the estimations were subject to potential omitted variable bias due to 
the missing socio-economic and demographic variables (Figure S2 in Appendix S1).

5  |   DISCUSSION

How best to address the environmental and economic challenges presented by increasing 
waste volumes, and to encourage household behaviour to adapt towards a more circular 
economy, are pressing issues faced by many countries. Our study has provided quantita-
tive findings on the association between various structural and educational waste policies 
with reduced waste volumes and increased diversion rates in SA. Estimates of the fixed-
effects linear model with an AR(1) disturbance show that food waste policies such as opt-in 
and roll-out of food waste caddies, and roll-out of food diversion systems, were associated 
with increases in the total waste diverted from landfill. Specifically, the implementation of 
opt-in and roll-out of food waste caddies was associated with an additional 23.86 monthly 
tonnes of waste diverted from landfill for each council—saving on average $3484 dollars 
per council per month.

Similarly, the implementation of the roll-out of food waste diversion systems was associated 
with 28.43 tonnes diverted monthly from landfill for each council—saving on average $4151 
per council per month. Between 2006 and 2020, we estimate that 32,014 tonnes of solid waste 
was diverted across eight SA councils, saving those councils over $4.67 million dollars in re-
duced landfill levies.1 Similar associations from roll-out of food diversion systems have been 
demonstrated in other locations, including Italy, Germany and San Francisco (Green 
Industries, 2021). It is important to note that these dollar values do not include any estimation 
of reduced carbon emissions or other circular economy benefits, hence they should be consid-
ered a conservative estimate of social benefits.

However, no significant benefits were found from the widespread education campaign that 
was conducted during studied time period, which aimed to improve awareness and knowl-
edge of waste diversion. Such lack of impact from an education programme does accord 
with previous studies, which find awareness campaigns are ineffective when implemented 
alone (Quested et al., 2013; Secondi et al., 2015). In our study setting, the same null finding 
occurred, even when the Recycle Right campaign was implemented along with other food 
waste reducing policies—although it is entirely possible that if the information had not been 
available, people may not have diverted as effectively. Other studies have proposed strategies 
to improve educational food waste and recycling campaigns, by using information-education 
tools combined with other strategies (Bernstad et al., 2013; Dai et al., 2016).

Another interesting finding from this study was the continuing impact of COVID-19 on 
disrupting work and household patterns, and changing the way households live. Enforced 

 1This is a proxy estimate only of gross savings. Currently, the solid waste levy for metropolitan Adelaide is $146 a tonne in landfill 
(EPA, 2022). Therefore, the total saving is calculated by multiplying annual savings of opt-in/roll-out of food waste caddies and 
food diversion system by the number of councils and number of years in which the interventions were operating. This does not 
include the costs of caddies to councils, or any other associated costs.
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lockdown and more working at home were associated with 6.2% and 20.9% increases in house-
hold general and organic waste, respectively, consistent with international studies (Kasim 
et al., 2021; Laila et al., 2021). Cooking more often at home, shopping less frequently and pur-
chasing more per trip have all probably contributed to an increase in household food waste 
(Laila et al., 2021).

One limitation of this study is that, while a significantly long time period at the monthly 
level allowed us to capture seasonal variations and changes that many other studies were un-
able to, it included only eight councils within SA in urban areas. As the waste policies and 
settings in rural areas might be entirely dissimilar, the impacts of policies in rural areas need 
further investigation in future studies. It would also be beneficial in future to include: (a) more 
councils across SA and Australia in general; and (b) model individual bin weights by house-
holds over time. A larger data set across different jurisdictions may also allow for the assess-
ment of various economic policies on waste diversion (such as deposit schemes, landfill tonne 
charges and differing council charges on household waste collection). There is also a need to 
employ household-level data, given its future availability within systems such as RFID col-
lecting (Radio Frequency Identification Device—to accurately track and report on individ-
ual kerbside bin collections), which could allow for greater understanding of household-level 
behaviour (e.g. gardening and food waste activities). Finally, having access to individual bin 
volumes would allow future research to investigate the effectiveness of various waste policies 
on the exact measure of household waste.

6  |   CONCLUSION

Given the goal of SA to achieve zero avoidable waste sent to landfill by 2030, understanding 
the relationship of various policies and influences with diversion and food waste behaviour is 
critical in ensuring the implementation of effective and efficient policies. Using a rare com-
prehensive monthly data set covering eight councils in SA, we employed a fixed-effects linear 
model with an AR(1) disturbance to examine the influence of structural food waste diversion 
and education campaigns on waste generation and diversion.

The main findings are threefold. First, food waste structural policies (e.g. opt-in or roll-out 
of food waste caddies and roll-out of food diversion systems) were highly associated with in-
creased total waste diverting from landfill. We estimated that over 32,000 tonnes of waste was 
potentially diverted during the study time period, saving the councils in question over $4.67 
million dollars. On the contrary, a widespread education campaign was found to neither be as-
sociated with reduction of monthly waste volumes across the three bins nor be associated with 
the diversion rate. Furthermore, the outbreak of Coronavirus in SA is linked with increases 
in monthly waste in the general and organic bins in our area of study, signifying the ongoing 
impact of COVID-19 on everyday household lives. Given these findings, and the desire to in-
crease diversion rates around the world, understanding the effectiveness of various recycling 
and food waste intervention policies is essential. Although we found that some food waste 
policies were signficantly associated with increasing in waste diversion, there is clearly a need 
for better-targeted interventions and policies going forward.
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