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The hidden economic and environmental 
costs of eliminating kerb-side recycling

Malak Anshassi    1 & Timothy G. Townsend    2 

Local governments provide household collection of garbage and recyclables 
on a routine schedule, and these recycling programmes represent the 
most visible opportunity for everyday citizens to engage in sustainable 
practices. In the face of unprecedented challenges, and citing costs as 
the major driver, many US communities are shrinking or eliminating 
kerb-side recycling. Here we show that when recycling commodity 
markets were most lucrative in 2011, net US recycling costs were as little as 
US$3 per household annually, and when markets reached a minimum (in 
2018–2020), the annual recycling-programme costs ranged from US$34 
to US$42 per household. This investment offsets the greenhouse gas 
emissions from non-recycled household waste buried in landfills. If local 
governments restructure recycling programmes to target higher value 
and embodied carbon-intensive materials, recycling can pay for itself and 
reduce greenhouse gas emissions. Our analysis highlights that kerb-side 
recycling provides communities a return on investment similar to or better 
than climate change mitigation strategies such as voluntary green power 
purchases and transitioning to electric vehicles. Eliminating recycling 
squanders one of the easiest opportunities for communities and citizens to 
mitigate climate change and reduce natural resources demands.

Perhaps the most visible opportunity local governments provide 
citizens to engage in environmentally sustainable behaviour is par-
ticipation in a recycling programme1–4. Residents separate recyclable 
products and packaging from other discards and place them in different 
containers for collection and transport to a materials recovery facility 
(MRF). At the MRF, mechanical equipment and hand sorting extract tar-
get materials for marketing as secondary feedstocks in new products. 
In recent years, local governments providing residential recycling in the 
United States have faced challenges unseen since their inception in the 
1980s and 1990s5,6 and many are reassessing the benefit of providing 
recycling services. Materials historically placed in the kerb-side recy-
cling bin or cart, such as glass and mixed plastics, are increasingly no 
longer accepted, and some communities have eliminated residential 
recycling collection altogether7. These actions respond to multiple driv-
ers, including restrictions on international recycling markets8–10, con-
tamination in the recycling stream11,12 and challenges from the COVID-19 

pandemic13,14, but the overriding factor has been cost. A common refrain 
by government officials is that recycling is too costly compared with 
collecting only garbage for disposal. It is critical to assess how much 
more expensive recycling truly is and whether at any time, historically, 
the resale value of recyclables was sufficiently lucrative for a recycling 
programme to pay for itself.

The troubled times experienced by the recycling industry coincide 
with greater mainstream recognition of the relationship between 
our waste and the global environment. The effects of climate change 
become more visible every year, and targeting improvements in waste 
management has become a favoured mitigation strategy15–18, as the 
waste sector is more easily influenced through government action and 
because recycling reduces upstream carbon emissions from avoided 
materials extraction and consumption19–21. Images of plastic-strewn 
shorelines, islands of ocean plastics and plastic-entangled wildlife22,23, 
however, have done more to raise public awareness of waste-stream 
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typically ranges from 15–30% (refs. 34,35). The net US residential 
waste-management costs when all kerb-side materials are managed as 
garbage comes to US$178 HH−1 yr−1 (2020 recycling commodity-market 
values). When 20% of the materials (by mass) are collected separately 
for recycling, net costs increase to US$218 HH−1 yr−1 (Fig. 1). As illus-
trated in Fig. 1, the greatest system costs result from materials col-
lection (US$89 HH−1 yr−1 for garbage collection and US$45 HH−1 yr−1 
for recyclables collection) and landfill disposal (US$52 HH−1 yr−1). The 
2020 costs reflect a period of relatively poor commodity value, with 
the cost to process recyclables at the MRF (US$115 ton−1) roughly twice 
the market value of the recyclables. The 2020 estimate suggests a US 
local government’s burden to provide a recycling programme under 
challenging market conditions to be on the order of US$40 HH−1 yr−1, 
a value corroborated by existing recycling-programme financial data 
(Methods).

Minimum historic cost of recycling across the United States
Annual household costs for kerb-side recycling services peaked when 
commodity prices were at their lowest after the 2008 Great Reces-
sion and in response to international market restrictions of the 2010s 
(Fig. 2). Our modelling utilizes not only peak recycling markets (for 
example, 2011) but also includes the worst commodity-market con-
ditions (for example, 2019 and 2020) encountered over the past  
15 years. In 2008, recycling costs averaged less than US$14 HH−1 yr−1 but 
surged to over US$26 HH−1 yr−1 when the full force of the recession hit; 
reports from this period cite container ships loaded with recycled US 
commodities turned back at Asian ports after raw material demand 
crashed30,36. Post-recession commodity values recovered by 2011 and 
were sufficiently high that recycling programmes in much of the United 
States paid for themselves. Policies enacted by the Chinese govern-
ment to promote receipt of only the cleanest recycled-commodity 
imports, the 2013 Green Fence and the 2017 National Sword policies, 
contributed to reduced commodity prices over the past decade37. 
Recycling-programme costs peaked during 2019–2020 at about 
US$42 HH−1 yr−1 at the highest, but increased market demand for mixed 
paper, cardboard and plastics occurring in the raw material-starved 
COVID-19 pandemic period dropped recycling-programme costs in 
2021. More recent reports (September 2022) indicate recycling markets 

practices than anything else. The challenged recycling enterprise 
and the important relationship of waste and our environment require 
thoughtful examination of the true costs and benefits of current 
waste-collection and disposition practices, especially the potential 
environmental benefits from recycling. The role that residential 
recycling plays in mitigating climate change is often overlooked and 
not included in numerous climate policy and consumption studies  
(refs. 24–27), yet evidence from waste-management life-cycle assess-
ments (LCA) demonstrates recycling can avoid large magnitudes of 
greenhouse gas (GHG) emissions and reduce the need for virgin natural 
resources19,28,29. As global policies continue to target sustainable con-
sumption and production (for example, Sustainable Development Goal 
12, extended producer responsibility, circular economy), prioritizing 
recycling at the household level becomes a crucial strategy.

Here we develop a model to simulate the mass flows, costs and 
GHG emissions associated with a typical US household’s waste man-
agement. We focus on the household level as this is the segment of 
the waste stream that local governments hold responsibility for. The 
model was developed in lieu of available environmentally extended 
input–output/multi-regional input–output models because there 
lacks a single existing model that focuses on the economic flows of 
a US household’s waste-management system while combining their 
associated LCA-based GHG emissions. The robust data necessary to 
map the interconnected flows of products, environmental footprints 
and economic indicators for the waste-management sector are limited 
in many parts of the United States and across the world. Therefore, we 
employ a modelling framework to estimate the following: (1) the mass 
flows for the separate collection of garbage and recyclables, process-
ing of recyclables at a sorting facility, sale of recovered recyclables for 
remanufacture, disposal of residuals from sorting facility and disposal 
of garbage; (2) the monthly household cost of waste management 
for seven US regions for a time series from April 2005 to June 2021; 
(3) the corresponding annual GHG emissions footprint associated 
with household waste management and (4) the mass, costs and GHG 
emissions impacts when the model was imposed with hypothetical 
changes to the recycling programme. For context, we contrast our 
results with the GHG emissions-reduction return on investment from 
other sustainable practices, namely purchasing green utility power 
at a higher rate and transitioning from gasoline to hybrid or electric 
vehicles. Finally, we explore how a community’s recycling system can be 
adapted to become more cost effective while maintaining the desired 
conservation outcomes.

Results
Estimation of kerb-side recycling costs
The degree to which a recycling programme provides an economic 
boost or drain depends upon the prevailing market values for recovered 
commodities. Like any traded commodity, market values for recovered 
recyclables fluctuate in response to economic health, product demand 
and price and availability of competing resources30,31. The United States 
and much of the developed world historically relied on other nations 
as consumers of recycled commodities, and recent policy changes in 
receiving countries have dramatically disrupted markets and reduced 
commodity values32,33. Revenues from the sale of recovered commodi-
ties represent only one cost element of a recycling programme, as 
investments in separate collection containers, specialized collection 
vehicles and processing at the MRF are also necessary. We quantify 
the cost and GHG emissions (for a US household; HH) of a generalized 
residential garbage and recycling system using a modelling framework 
that assesses changing waste commodity prices over 15 years (from 
April 2005 to June 2021) (Methods).

We modelled net system costs of two waste-collection scenarios, 
one where everything placed on the kerb (of a household) is managed 
as garbage and one where 20% of this waste is collected separately 
for recycling; the average recycling rate for single-family households 

94

17

65

–40

0

40

80

120

160

200

240

Re
si

de
nt

ia
l w

as
te

 m
an

ag
em

en
t (

U
S$

 H
H

−1
 y

r−1
)

US$177 HH−1 yr−1

89

45

14

52

37

–17 Recyclables
revenue

Garbage
collection

Recyclables
collection

Combustion disposal

Landfill
disposal

Recyclables
processing

With
recycling

System

Without
recycling

US$218 HH−1 yr−1
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have again fluctuated to a lower-value market, further illustrating the 
volatility of the market.

Our analysis finds that in nearly all cases, it has always been more 
expensive for local governments to provide kerb-side recycling than 
to collect and manage all household discards as garbage. The expense 
of collecting and separating bottles, cans and paper products exceeds 
the resale value of the recovered materials. Commodity prices, subject 
to change in response to the same stimuli as other traded goods and 
services, heavily influence net system cost. It is false to suggest that 
only in recent years has recycling been a cost to local government. The 
cost is arguably not large in comparison to overall waste-management 
system costs. Under the worst market conditions of the past 15 years, 
a waste-management system with recycling was 24% more expensive 
than collection for disposal only and under the best conditions, the 
system roughly paid for itself.

If recycling has always cost more than disposal alone, why have 
many local governments only recently begun to consider eliminating 
these services? This stems from recycling programmes having suffered 
through the longest duration of depressed commodity markets since 
their inception, a timespan extending beyond the typical contract 
cycle. MRF operators, needing to balance processing charges with 
their share of commodity sale prices, have renegotiated contracts to 
provide more stable pricing, placing the cost of recycling programmes 
in the eyes of local government decisionmakers more than ever. MRF 
operators report a growing degree of contamination in the recycling 
stream—non-marketable materials in the recycling bin requiring sepa-
ration and disposal12—a result of several factors. In the United States, 
most kerb-side recycling programmes have migrated to single-stream 
collection, providing large carts for all recyclables, encouraging 
well-meaning residents to place anything they deem recyclable into 
the bin and at times to use the spacious containers as second garbage 
cans. The non-uniformity of materials accepted for recycling among 

local programmes and the ever-increasing diversity of composite and 
light-weight packaging materials add to resident confusion as to what 
belongs in the recycling bin. Thus, when the international end markets 
tightened purity requirements, MRF operators found it necessary 
to remove even more contaminants, reducing the mass of materials 
destined for reuse and increasing the amount for disposal.

GHG emissions reduction from recycling
Kerb-side recycling must be understood for what it is: a government 
service provided to residents, akin to providing energy and water, 
managing garbage and wastewater and maintaining roads and public 
spaces. Recycling comes at a cost, but more challenging for recycling 
compared with other community services is defining the benefit. Rec-
ognized benefits of recycling—reduced landfill reliance and resource 
conservation—can be difficult to meaningfully quantify, but methods 
for tracking recycling advantages such as GHG emissions reduction 
are more widely accepted in today’s carbon-counting environment38. 
Other environmental benefits are realized when materials recovered 
through recycling programmes substitute virgin resources, including 
conserving abiotic and biotic resources, reducing water usage and 
nutrient loading and offsetting toxic emissions, but we examined only 
GHG emissions given their more robust life-cycle inventory data and 
more common use in materials sustainability assessments.

Using our modelled waste-management scenarios along with 
waste-management-focused LCA tools, we estimate that over the past 
15 years, the average annual GHG emissions footprint associated with 
waste management for a US household was 0.046 metric tons of CO2 
equivalents (t CO2eq HH−1 yr−1) (Fig. 3). Methane emissions from decom-
posing garbage in landfills contribute the most (0.27 t CO2eq HH−1 yr−1 
based on a 100-year time horizon for global warming potential, and 
this value will increase if using a 20-year time horizon), but these 
are largely offset by recycling (approximately 0.24 t CO2eq HH−1 yr−1, 
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Fig. 2 | The costs associated with separately collecting, processing and 
marketing recyclables compared to the total costs of collecting and 
managing household waste for the United States and four regions. The costs 
fluctuate from April 2005–June 2021 because of differences in regional data 
(for example, disposal fees, percentage of waste disposed of through landfill or 
combustion treatment, recyclables commodity prices). Regions are shaded for 
Southeast (region 1), Midwest (region 2), Northeast (region 3) and California/
Nevada (region 4). Total costs included six waste-management economic 
parameters: recyclables and garbage collection, landfill and combustion disposal 

and recyclables processing and revenue. Regional data did not impact collection 
costs. Recyclables-processing costs were assumed to be a constant US$115 per 
ton of recyclables sorted at a recovery facility for all years. While recyclables 
commodity prices were month specific for each region and for the national 
average, each region’s landfill and combustion disposal costs were assumed to be 
constant for all years. Results for two regions not included here are shown in the 
Supplementary Information. Highlighted here are four critical historic events, 
two of which relate to Chinese recycling policies.
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counteracting nearly all emissions sources)39,40. On the basis of our 
results, recycling drives the household waste GHG emissions footprint 
to nearly neutral (0.046 t CO2eq HH−1 yr−1), suggesting that investments 
in better capture technology for sorting and processing recyclables 
may provide even larger benefits.

Parameters incorporated in these life-cycle results include popula-
tion density, energy grid mixture, landfill gas management, remanu-
facturing mechanisms (for example, amount of recycled material used 
in place of virgin sources) and material transport distances. Each of 
these parameters has an influence on the net footprint, and we evalu-
ated the potential impact to each material type and its management 
through a Monte Carlo sensitivity analysis. The parameter assumptions 
used as part of our waste-management LCA originate from robust 
life-cycle inventories pertaining to the US recycling industry, landfills 
and municipal solid waste incinerators (Methods). For some param-
eters, such as remanufacturing mechanisms, the datasets have not 
been recently updated41 and assume high substitution ratios (many 
nearing a one-to-one ratio, ref. 42), which may overestimate the climate 
change mitigation potential. In contrast, our results may also be an 
underestimate for certain materials given recent manufacturers’ and 
national policy interest in increasing the recycled content of products 
(for example, plastics)43. Additional research is needed to update the 
remanufacturing life-cycle inventories to reflect current substitution 
ratios and to understand the potential impact on GHG emissions off-
sets when the recycled-content usage increases during new product 
manufacture. We attempted to consider these impacts as part of the 
recycling sensitivity analysis (Supplementary Information Section 2.7 
provides the methodology and results).

A local government’s investment in recycling provides GHG emis-
sions reduction, but as most government officials do not routinely 
budget resources or make decisions based on metric tons of carbon 
dioxide equivalents, we provide additional context. Using the results 
above, we calculated an environmental return on investment (ROI) by 
normalizing reduction in GHG emissions associated with household 
recycling to corresponding cost. Under poor market conditions, such 
as those encountered in 2020, 0.0058 t CO2eq is offset for every US 
dollar spent on recycling, and under the best market conditions (for 
example, 2011), the ROI increases to 0.081 t CO2eq offset per US dollar. 

To provide a comparison to the ROI achieved through recycling, we also 
estimated ROI for a household that: (1) replaces their internal combus-
tion engine vehicles with either a hybrid electric vehicle or an electric 
vehicle and (2) switches from a traditional electricity grid utility to a 
green utility service.

For the first ROI activity, we calculated for a household the average 
costs of purchasing and operating a vehicle and the average GHG emis-
sions associated with the manufacture and operation of a vehicle. Data 
on the economic costs (in units of US$ km−1) and the GHG emissions 
impacts (in units of g CO2eq km−1) were compiled from literature44–51 to 
estimate an average economic cost and GHG emissions factor (Supple-
mentary Table 20 and Methods). Then we estimated the average annual 
km travelled by car per household using data from the US Department 
of Transportation, which reports 1.88 vehicles per household52 and 
data from the Annual Vehicle Functional System Travel report, which 
estimates 16,741 km per person (ref. 53) (Methods). Using those two 
sources, the total average annual km travelled by a household in the 
United States was estimated as 31,000 km HH−1 yr−1. The economic 
cost and GHG emissions factors were applied to this value to estimate 
the ROI. The average ROI was calculated as ranging from an offset of 
0.007 to 0.016 t CO2eq US$−1 spent switching from internal combus-
tion engine vehicles to electric vehicles and for an offset of 0.0038 to 
0.023 t CO2eq US$−1 spent switching from internal combustion engine 
vehicles to hybrid electric vehicles (Methods).

In the second ROI, we evaluated the benefits associated with a prac-
tice where some US utilities offer customers an option to pay an addi-
tional fee to receive electricity from predominantly renewable sources 
instead of the traditional fossil and non-fossil mixed sources. Using 
US Energy Information Administration data on the average monthly 
consumption (in kWh) and average price (cents kWh−1) for all 50 US 
states in 202054, we calculated the average household annual costs 
(US$963–1,952 HH−1 yr−1), and using regional GHG emissions intensity 
factors from the US Environmental Protection Agency eGRID database 
(Supplementary Table 23 and Methods) for electricity generation, 
we estimated the average annual household GHG emissions (2,885–
14,095 kg CO2eq HH−1 yr−1). Assuming renewable energy will have no 
associated emissions (that is, zero GHG emissions intensity) and using 
the Energy Information Administration data, the environmental ROI 
ranged from an offset of 0.011 to 0.045 t CO2eq US$−1 spent, depending 
on location and provider costs (additional cost of 2.4–3.8 cents kWh−1 
for green energy).

The recycling environmental ROI is similar to or greater than both 
the ROI of switching to electric and hybrid vehicles and the ROI for 
voluntary green power purchase programmes. Even in the worst mar-
kets, the climate change mitigation benefits of recycling are on par 
with these other common climate change mitigation initiatives, and 
during the best markets, the investment in recycling pays out more. 
These results highlight that an investment in kerb-side recycling, an 
added cost in most cases compared with not offering such services, 
is indeed a financially sound strategy for achieving desired sustain-
ability outcomes.

Opportunities to optimize recycling systems
Our results support that providing households with kerb-side recycling 
service (when assuming average US conditions over the past 15 years and 
20% recycling rate) costs roughly 13% more than a system with no recy-
cling (Fig. 4a,b) but decreases GHG emissions sixfold. If a community 
were to hypothetically double its recycling rate to 40% (Fig. 4c), overall 
system costs decrease and the net emissions footprint flips from a GHG 
emissions source when no recycling is practised (0.29 t CO2eq HH−1 yr−1) 
to GHG emissions offset (−0.21 t CO2eq HH−1 yr−1). In this hypothetical 
approach, our modelling does not anticipate the impacts on market 
or commodity prices when additional sources of secondary materials 
are introduced from existing recycling infrastructure (for example, 
current kerb-side programmes and recycling processing facilities). 
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Increasing kerb-side recycling rates in the United States, especially to 
levels as high as 40%, however, has proven impractical because of the 
necessary level of participation and the less-than-lucrative commodi-
ties that must be added to the bin to reach this level of recovery. Local 
governments have instead focused on removing materials with poor 
commodity value, with the most common being glass55. When glass is 
removed from the original recycling scenario, modest cost savings are 
achieved (US$4 HH−1 yr−1), but GHG emissions increase (from 0.05 to 
0.06 t CO2eq HH−1 yr−1; Fig. 4b,d).

The approach providing the best ROI does not emphasize plac-
ing the greatest amount of material in the recycling bin but instead 
on capturing those commodities with the greatest market value and 
highest GHG emissions-offset potential when they are remanufactured. 
Consider materials such as newspaper, cardboard, aluminium and steel 
cans and high density polyethylene (HDPE) and polyethylene tereph-
thalate (PET) plastic bottles. If we eliminate all materials except these 
from our baseline of 20% recycling and increase the recycling rate for 
these higher value commodities to 75%, the overall recycling rate drops 
to 14%; however, the net system cost decreases (from US$201 yr−1 to 
US$184 yr−1) and GHG emissions decreases (from 0.05 t CO2eq HH−1 yr−1 
to 0.003 t CO2eq HH−1 yr−1; Supplementary Fig. 5). At 100% recovery 
of the high-value materials (Fig. 4e), costs drop to a point where 

having a recycling programme saves money in nearly all market con-
ditions and still provides a sizable GHG emissions-reduction benefit  
(Supplementary Fig. 5).

Discussion
We believe our findings provide needed insight to decisionmakers faced 
with restructuring or eliminating kerb-side recycling programmes as a 
community service. Yes, kerb-side recycling programmes cost money 
compared with collection of garbage for disposal alone. But this has 
always been the case—it is not new. In times of poor market conditions 
for recycled commodities, annual costs in the range of US$37–42 per 
household should be expected. On the other hand, strong recycling 
markets should result in costs as low as US$3 per household per year, 
though the challenges of maintaining robust markets should not be 
dismissed. Our analysis highlights that the GHG emissions-reduction 
benefit derived from recycling compares well or better than  
other citizen sustainability-based actions, even under times of  
challenging markets.

Among the actions needed to buttress local recycling programmes 
from the inevitable vagaries of recovered material markets, two emerge 
from our analysis. First, policies to support more resilient markets 
for the resources extracted from our waste are needed. Such policies 
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include promoting extended producer responsibility, which require 
manufacturers to be responsible—financially and/or operationally—for 
the recycling and disposal of their own products. Since 2021, Maine, 
Oregon, Colorado and California promulgated packaging producer 
responsibility laws, which will require manufacturers to provide finan-
cial support for each state’s recycling infrastructure. Other policies, 
such as recycled-content mandates require manufacturers to use a 
certain percentage of post-consumer materials in new product manu-
facture. US states such as California and Washington have enacted 
recycled-content mandates in 2020–2021 for plastic packaging; the 
goals begin at 15% post-consumer content and increase to 50% by 
2030–2031. Some US product manufacturers also established targets 
for integration of secondary materials into their packing or products 
(for example, the Coca-Cola Company’s World Without Waste target 
of manufacturing bottles using 50% recycled content by 2030). In 
some cases, insufficient recovery rates impede widespread integration 
of secondary materials even when manufacturing practices exist to 
produce products with substantial quantities of recycled content. For 
2021, the California Department of Resources Recycling and Recovery 
reported that 8 of 81 PET bottled beverage manufacturers used more 
than 15% post-consumer PET resin in their products56.

Second, kerb-side recycling programmes can benefit from target-
ing a smaller number of higher value commodities. We understand a 
reduction in the types of material allowed in the kerb-side recycling 
bin may not be popular with avid recyclers, but too many of the wrong 
materials in the recycling bin hinders optimization of the recycling 
system. Prioritizing higher value materials (both from economic and 
sustainability perspectives), especially if embraced in a more uniform 
manner across political boundaries, would probably result in less mate-
rial collected because they represent approximately 18% of the total 
waste stream. Such prioritization would result in greater amounts of 
the remaining materials reaching landfills or combustion facilities, 
and this might possibly suppress market innovations for less-coveted 
secondary materials, but this must be balanced with the risk of drop-
ping recycling programmes altogether.

Methods
Overall modelling approach
We formulated a model to calculate the costs and greenhouse gas (GHG) 
emissions associated with municipal solid waste (MSW) management 
for a typical US single-family residential home. Using this model, we 
estimated the collected, recycled, landfilled and combusted mass 
flows of 19 products (four paper products, three plastic products, two 
metal products, glass, food waste, yard trash and seven other products; 
Supplementary Table 1). In addition, we estimated the cost and GHG 
emissions of each waste-management process on a per household basis 
for seven US regions and the US national average for a monthly time 
series from April 2005 to June 2021. We designed the model to provide 
results for six waste-management processes: the separate collection of 
garbage and recyclables, processing of recyclables at a sorting facility, 
sale of recovered recyclables for remanufacture, disposal of residuals 
from sorting facility and disposal of garbage. The model’s estimated 
costs were verified by comparing to actual reported household costs 
for several US communities (Supplementary Information Section 5). 
An illustration of the general data used and outputs of the model is 
provided in Supplementary Fig. 11.

Then we evaluated the mass, cost and GHG emissions impacts 
when the model was imposed with hypothetical changes to the recy-
cling programme. These changes included eliminating the recycling 
programme, doubling the collected recycled mass, eliminating glass 
from the recycling programme and optimizing the recycling pro-
gramme. For these evaluations, our model was not designed to be inher-
ently dependent on adding new recycling infrastructure (for example, 
new kerb-side recycling programmes or recycling process facilities). 
Instead, the objective was to understand the impact to existing 

communities. Furthermore, we evaluated the recycling-programme 
alternatives for the same monthly time series, whereby 15 years of vary-
ing commodity price data were used. Because the variable commodity 
price data were used, the impact to commodity prices and recovered 
market capacity (for example, lower prices due to increased supply) 
were not evaluated. The Methods section here provides a brief overview 
of key steps used to develop the model, beginning with a review of the 
waste mass generation, composition and disposition data used, fol-
lowed by the GHG emissions modelling approach, the cost-modelling 
approach and how the alternative waste-management scenarios were 
implemented in the model.

Data
The annual total waste (garbage and recyclables) generated for a typical 
US single-family residential home was estimated using daily household 
waste-generation rates, population statistics and household density. 
The total waste generated per household was modelled for 2005–2021 
based on an assumed daily household waste-generation rate of 1.13 kg 
per person per day in 2005 that increased annually based on a growth 
rate estimated for each year using US Environmental Protection Agency 
MSW generation statistics for 2005–201757. The initial waste-generation 
rate was determined by assuming that approximately 60% (ref. 58) of 
the average US total waste generated per person (2 kg per person per 
day (ref. 57)) was associated with single-family residents. For each year 
relative to 2005, the population was assumed to increase based on a 
growth rate estimated for each year using US population statistics 
for 2005–202159. The household density (in persons per house) was 
provided for each year from 2005–2019 by the US Census Bureau60. In 
cases where data sources were not available for recent years, we used 
the most recent data available (for example, the household density for 
2020 was used for 2021 as well). For each year, the annual total waste 
generated was divided by 52 to estimate the weekly total waste gener-
ated per household.

The weekly total waste generated per household was divided 
into garbage and recyclables generated per household for each year 
assuming a 23% recycling diversion rate or 20% recycling rate. The 
recycling rate is less than the recycling diversion rate because materi-
als that cannot be marketed for sale (called residuals) are not included 
in this metric; the same value was used for 2005–2021. We selected 
a conservative recycling diversion rate, for example, the residential 
recycling rate in Ontario, Canada, was 62.8% (ref. 61), the average rate 
for the five New York City boroughs ranged from 14.6–20.7% (ref. 62), 
the rate for Seattle was 62.7% (ref. 63) and the Washington, D.C., rate was 
20.8% (ref. 64). Data on the garbage and recyclables composition, and 
the dispositions of the disposed of garbage that were used are found 
in Supplementary Tables 1 and 2.

GHG emissions modelling
For each of the 19 products, we measured the GHG emissions associated 
with collecting them as waste, processing of the recyclables at a sorting 
facility, remanufacturing and disposal via landfilling and combustion. 
The approach used to estimate the GHG emissions for waste manage-
ment followed previously established methods in which GHG emissions 
impact factors (in units of metric tons of carbon dioxide emissions per 
Mg of material managed) were developed for each material and its 
management (for example, collection, processing at a sorting facility, 
remanufacturing, combustion and landfilling)42.

The process of estimating a representative impact factor was 
iterative and began with first developing impact factors using three 
waste-specific life-cycle assessment (LCA) models (or tools) (that 
is, Waste Reduction Model (WARM) v15 (accessed June 2020)65, 
MSW-Decision Support Tool (MSW-DST) v1 (accessed June 2020)66 
and Solid Waste Optimization Life-cycle Framework (SWOLF) v0.9.5 
(accessed June 2020)40). The input assumptions used in these models 
are provided in detail in Supplementary Information Section 2. Changes 
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that departed from the default assumptions were based on expert 
discussions with US recyclers, sorting operators, landfill operators, 
landfill gas data reported by the US Environmental Protection Agency, 
MSW incinerators (MSWI) operators and previous research findings. 
The main goal of the first iteration was to determine which LCA tool to 
utilize as part of the model used to estimate GHG emissions for a typical 
US single-family residential household. Ultimately, the SWOLF model 
was selected because it has the greatest user flexibility (for example, 
users can change every input assumption); WARM and MSW-DST v1 
limit the user’s input changes. Note, the updated MSW-DST v2 (2021) 
has adopted most of the same input assumptions as SWOLF but still 
limits the user-input changes.

As part of the second iteration, a second set of impact factors were 
developed using default input assumptions for SWOLF. Two goals were 
associated with this iteration: (1) to compare the results of the net GHG 
emissions impacts for the baseline 20% recycling-rate scenario and the 
four hypothetical alternative scenarios when using the default impact 
factors (from the second iteration) to when using the first iteration 
SWOLF impact factors and (2) to use the default impact factors as a 
baseline and compare it to results of a Monte Carlo sensitivity analysis 
of the key input assumptions to the recycling, landfilling and combus-
tion systems. The final impact factors that were used to generate the 
results in the manuscript were those created during the first iteration 
for SWOLF (those created when changing defaults). Supplementary 
Information Section 2.5 provides the baseline SWOLF impact factors, 
the input parameters that were altered for the sensitivity analysis, the 
results of how the net GHG emissions compare when using baseline 
SWOLF impact factors to the first iteration factors and the results of 
the 1,000-iteration Monte Carlo sensitivity analysis (per material, 
management and input assumption).

Supplementary Information Section 2 also describes, in detail, 
the specific LCA parameters included in the recycling, landfilling and 
combustion waste-management system boundaries, the material com-
ponents and their characteristics, the life-cycle inventories and the 
life-cycle impact-assessment method. In general, the functional unit was 
1 Mg of product (for example, 1 Mg of newspaper) disposed of by a typi-
cal US single-family residential home. All the models except for WARM 
rely on a reasonable mass of waste to model the emissions associated 
with individually constructing and operating a waste-treatment facility. 
Therefore, the functional unit will remain one short ton. However, to 
estimate the emissions associated with one ton, the modelled mass (or 
reference flow) was 100,000 Mg. This value was chosen to represent a 
hypothetical community of 50,000 people generating waste at 2.04 kg 
per person per day (equivalent to the reported mass of waste gener-
ated by a US resident57). In brief, the three waste-management systems 
included (1) a single-stream materials recovery facility (MRF) in which 
paper, plastic, metal and glass are sent to their respective remanufac-
turers, (2) a traditional non-bioreactor mixed-waste landfill and (3) a 
mass-burn mixed-waste municipal solid waste incinerator. Under the 
zero-burden assumption, the waste entering any of these processes is 
considered to carry none of the emissions associated with the extraction, 
processing, manufacture and use (with some exception); these life stages 
are referred to as upstream67–69. This assumption is commonly adopted 
because the emissions associated with the upstream stages are not 
typically considered with respect to solid waste decisionmaking; how-
ever, certain processes, such as recycling, do account for the upstream 
emissions by assuming that the recycled material offsets the emissions 
associated with using a virgin material42. Similarly, when electricity is 
generated from landfill gas or combustion, that electricity offsets the use 
of fossil fuels used to produce electricity70. Supplementary Information 
Section 2 provides more on the possible GHG emissions-offset sources.

Cost modelling
Several waste LCA models account for the costs of collecting  
garbage and recyclables from single-family homes40,66. The SWOLF and 

MSW-DST models estimate collection costs based on a mechanistic 
modelling approach in which numerous interdependent user-defined 
parameters are used to estimate the number of collection vehicles, 
the vehicle fuel consumption and the vehicle distance travelled. For 
this study, we created a simplified mechanistic model to estimate col-
lection costs based on reviewing the SWOLF and MSW-DST collection 
cost-modelling technical assumptions and underlying equations and 
directly communicating with private and public waste haulers to survey 
current collection cost practices.

The collections costs per household were calculated as the sum of 
the annual vehicle fuel costs, the annual operating and maintenance 
costs of a collection vehicle and the annualized capital costs of a col-
lection vehicle and storage bin. The collection costs were estimated 
based on determining the collection schedule, collection operation 
times, labour requirements, vehicle operational parameters, travel 
speeds, travel distances, fuel-usage rates and household waste stor-
age systems. Specific parameter data used in the model are presented 
in Supplementary Table 9, and more details on the equations used to 
calculate the collection costs are detailed in Supplementary Informa-
tion Section 3.

We determined for each of the seven regions an average landfill 
and MSWI disposal fee by aggregating state-specific disposal fee data 
into their respective regions (Supplementary Tables 10 and 11). For 
example, Region 1 landfill and MSWI disposal fees were estimated as the 
average of the fees associated with the states included in that region. 
The disposal fees were applied to the mass of garbage collected for 
disposal and to the residual mass from a recycling sorting facility. We 
identified the mass of garbage/residual landfilled and combusted (sent 
to a MSWI) based on aggregating state-specific disposal disposition 
data (percent of total waste disposed of landfilled or combusted)71 
into their respective regions.

We estimated the annual revenue associated with recycling by a 
single-family residential home by using the composition of recyclables 
sorted and each material’s commodity price. The commodity prices 
were either reported directly or forecasted, and historical prices were 
inflated to 2020 US dollars prices based on gross domestic product and 
a 2012 deflator (commodity price data are provided in Supplementary 
Data). The annual revenue was estimated for the seven regions based 
on region-specific data and Supplementary Table 12, Supplementary 
Information presents the annual household revenue. Data for the fore-
casted commodity prices are available in the Supplementary Informa-
tion Section 3 methods as well.

We also estimated the added cost for residential single-family recy-
cling for all seven regions in US$ per household per month. The costs 
were estimated using region-specific disposal fees, disposal disposition 
and recycling commodity prices for April 2005–June 2021. Independ-
ent of time or region, we applied the same assumptions previously 
describing the garbage and recyclables-generation rate, material stream 
compositions, 20% recycling rate, collection costs for garbage and 
recyclables and recyclables-processing costs. The model developed for 
the study relies on robust US national datasets for each state; therefore, 
we validated the model results by compiling solid waste-management 
cost data from across a region (Florida) and comparing the actual costs 
incurred by residents to those estimated by the model.

Alternative waste-management scenarios
We evaluated the annual net residential costs and GHG emissions 
impacts (in units US$ per household per year and t CO2eq per house-
hold per year) of increasing the recycling rate from 20% to 40%, elimi-
nating recycling, eliminating mixed-plastic recycling, eliminating glass 
recycling, eliminating mixed-paper recycling and eliminating certain 
materials while increasing the recycling rate of others (referred to as 
a hybrid approach). The evaluation was conducted using US national 
average data on costs and using the GHG emissions impact factors 
developed for 2005–2021.
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The recycling rate was increased from 20% to 40% by identifying 
the total additional recycled mass needed to meet a 40% recycling rate 
and distributing that mass among the ten recyclables products for 
each year. The additional recycled mass was assumed to be transferred 
from the original collected garbage mass to the collected recyclables 
mass. The additional recycled mass was distributed according to the 
material composition of the collected garbage stream to ensure that 
the additional mass did not exceed the available transferable mass. 
The additional recycled mass ranged from 4.5–4.9 kg per household 
per week for 2005–2019, and the composition used (independent of 
time) to distribute that mass among PET, HDPE, mixed plastics, alu-
minium, steel, glass, mixed paper, newspaper, corrugated containers 
and aseptic cartons was 4%, 2%, 26%, 2%, 3%, 9%, 40%, 5%, 10% and 
1%, respectively. The net costs accounted for the increase in recy-
clables collection vehicles, decrease in garbage collection vehicles, 
increase in recyclables revenue and processing costs and decrease in 
disposal costs. The GHG emissions accounted for a greater avoidance 
due to increased recycling and a decrease in emissions from reduced 
landfilling/combustion.

For the eliminate recycling, eliminate mixed plastic, eliminate 
glass and eliminate mixed-paper scenarios, the net costs and GHG 
emissions were modelled using the same assumptions for a system 
with a 20% recycling rate, including the previously used garbage and 
recyclables-generation rate, material stream compositions, collec-
tion costs for garbage and recyclables and recyclables-processing 
costs. However, for each scenario, the garbage/recyclable generation 
rate and material stream composition assumptions were modified. 
For the eliminate recycling scenario, we assumed that all the origi-
nally recycled mass would be collected as garbage and no recycla-
bles revenue, processing costs or GHG emissions avoidances were 
included. In the scenarios where a material was eliminated from 
recycling, we assumed that the originally recycled mass for that 
material would be collected as garbage and it would not contribute 
to recyclables revenue, processing costs or GHG emissions avoid-
ances. Note that in the eliminate mixed-paper recycling scenario, 
both mixed paper and aseptic cartons were assumed to be eliminated  
as well.

In the optimized approach scenario, we used the same 
waste-generation rate as the system with a 20% recycling rate; but 
here we modelled the net costs and GHG emissions assuming only news-
paper, glass, steel, aluminium, corrugated containers, PET and HDPE 
were recycled, and when recycled, each individual material reached a 
100% recycling rate for a total recycling rate of 18%. The same collec-
tion, disposal and recyclables-processing costs as the other scenarios 
were applied. The recyclables revenue and GHG emissions recycling 
avoidance were estimated for only the seven products.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
All data used to produce the results of our analysis are available in the 
Supplementary Information.

Code availability
The custom computer code used to generate the missing recycling 
market value prices in this study can be made available to researchers 
upon request.
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Study description We employed a modeling framework to estimate the following: (1) the mass flows for the separate collection of garbage and 
recyclables, processing of recyclables at a sorting facility, sale of recovered recyclables for remanufacture, disposal of residuals from 
sorting facility, and disposal of garbage; (2) the monthly household cost of waste management for seven US regions for a time series 
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2021 were extracted from an industry standard index price database managed by Recycling Markets Limited (RML).  Four main data 
components were used as part of the mass flow estimates: waste generation, recycling rate, recyclables and garbage composition, 
and disposal disposition. The waste generation rate per capita for the US was based on US EPA estimates. The recycling rate was 
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Data collection All data were collected online through publicly available datasets and reports or through communications with industry experts. 
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