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Abstract

Current cravings for more are taking a great toll on the Earth and its most vulnerable
communities. The rise in ’fast furniture’ has contributed to this issue, popularizing
the idea that furniture can be cheap, to the point of being disposable. To understand
the size of this issue and how much more damage to the environment might be in
store if these trends continue, we need to measure the current amount of the furniture
stock and project what might be needed in the future. Currently, there is a knowledge
gap in understanding how much furniture is in our homes, especially on a national
scale. This thesis aims to quantify the stock and flows of household furniture materials
in the US, distinguished by income and area type (i.e., urban or rural). To inform
strategies toward circularity in household furniture, a second object of the study is
to investigate the effects of repair and reuse – lifetime extension strategies – on the
behavior of the American household furniture stock. To quantify the stock of furniture
units, the average number of furniture units per m2 of residential floor space was
collected using a bottom-up approach. The results were scaled to the national level
using residential floor space data from the Integrated Model to Assess the Global
Environment (IMAGE), scenario SSP2. Dynamic stocks and flows were calculated
based on projected changes in residential floor space to understand how the stocks
and flows might behave over time. The lifetime extension scenarios were simulated by
extending the lifetime and adding mass (for repair) of a percentage of the furniture in
the stock. Overall, demand for household furniture is not expected to saturate until
the end of the 21st century. The highest-earning quintile owns half of the furniture
stock mass, and material inequality is expected to remain until the end of the century
in the base case. Urban residents own a majority of the household furniture and
are expected to own a larger share as urbanization continues. About three-quarters
of the furniture stock is wood-based, presenting opportunities for carbon storage
but challenges in the volume of hard-to-recycle and low-durability particleboard.
Circularity efforts to decrease furniture demand should target higher-income groups
and separate strategies for lower-income groups should aim to increase affordability
and access to more durable furniture. Urbanization also presents opportunities for
local furniture circularity projects and hubs to attract skilled furniture repairers and
secondhand distributors.

Keywords— furniture, material quantification, dynamic material flow analysis, circular
economy, lifetime extension, industrial ecology
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1
Introduction

1.1. Defining the problem in current household furniture
consumption patterns

Rising trends in material consumption due to industrialization in low- and middle-income
countries and the maintenance of high material consumption rates in higher-income countries
have given rise to the demand for cheap products. The low production cost needed to
create these cheap products has led to the expansion into international labor and commodity
markets and increases in material extraction, pollution, and waste generation. All of these
negative effects are often displaced from the highest-consuming communities so the effects are
disproportionately experienced by lower-income countries and communities.

1.1.1. Waste and pollution caused by increasing consumption
The global estimated total municipal solid waste (MSW) produced each year is 2.24 billion
tonnes (The World Bank, 2022). That is approximately 280 kg per person per year, given a
global population of around 8 billion people (Population Division, 2022). In truth, there is a
large gap between the waste produced in high-income countries and low-income countries.
With a wide range of 0.11 to 4.54 kg of solid waste produced per person per day, 16% of the
world’s population disproportionately produces 34% of the world’s MSW (Kaza et al., 2018).
Lower-income countries and communities tend to suffer the environmental consequences of
the consumerism of others. The consequences, such as toxic pollution and over-extraction
of resources, not to mention the rising rates of illness, loss of biodiversity, and social unrest
that follows, culminating in a phenomenon that Rob Nixon (as cited in Davies, 2022) has
coined “slow violence”. Yet, wealthy countries continue to embrace the take-make-waste,
linear model of consumption (Ellen MacArthur Foundation, 2019) that is responsible for the
bulk of this waste, and the adoption of this economic model is spreading as more nations
accumulate wealth and industrialize. Growth in global waste production is expected to be
twice the increase of the global population by 2050 (Kaza et al., 2018). Given these projections,
improved waste and resource management strategies must be developed to equitably support
and enrich the quality of life around the globe. To achieve this goal, the displacement of the
consequences of consumerism needs to cease, leading to more environmentally sustainable
patterns of consumption. For wealthy nations, this means that material consumption per capita
needs to decrease (Wiedmann et al., 2020).

1.1.2. The environmental and social impacts of furniture
One market on the rise and contributing to this industrial pollution and MSW is the furniture
industry. In 2020, the global furniture market was valued at 509.8 billion USD (€4.67 billion)
and is expected to increase by almost 1.5 billion USD (€1.37 billion) by 2027 (Statista Research
Department, 2022a). There has been a concerning trend in “disposable” furniture, popularized

1



1.1. Defining the problem in current household furniture consumption patterns2

by the Swedish brand IKEA and other affordable furniture retailers. The growth of IKEA due
to innovations in lightweight, flat-packed, and inexpensive furniture has contributed to an
overall trend in what has been termed “fast furniture”. In much the same way that fast fashion
has normalized the consumption of inexpensive products with short lifetimes, fast furniture
companies provide offerings at very competitive costs, and the effect of this business model is
spreading. IKEA’s sales have increased by €5 billion, and the company is steadily increasing
its global presence (IKEA, 2022). Wayfair, another company that is known to provide a large
selection of furnishings at low cost, reported 14.145 billion USD, an increase of 54.98% from
2019 to 2020, although growth has since transformed into a (slower) decline (Wayfair Inc.,
2021, 2023). Furthermore, the popular use of obsolescence in electronics and other durable
goods may have decreased consumer expectations of the lifetimes of durable goods in general
(Cooper, 2020; Cox et al., 2013), causing increased public satisfaction with decreased quality in
durable goods and shortened lifetimes.

The trend in low-cost furniture and higher furniture turnover is problematic because
it increases demands for materials, puts more strain on waste management systems, and
consequently causes pollution and over-extraction of natural resources. In a phenomenon
called “telecoupling”, (Liu, 2013, as cited in Fuller et al., 2019) many of the environmental
impacts stemming from the furniture industry are displaced to countries that are vulnerable
to extraction and pollution from environmentally damaging industries. Their vulnerability
due to corruption, trade conditions, and population dynamics (Geist & Lambin, 2002) is often
taken advantage of by large companies to extract resources and produce at the lowest possible
cost to themselves. However, the “externalities,” or the environmental and social costs that are
not usually reflected in economic terms, are incurred by the locals that live and work in the
environments that are affected by the businesses’ activities.

One of the biggest challenges the world faces today is climate change, and land use change,
which is primarily deforestation, is estimated to contribute 12-20% of the world’s greenhouse gas
emissions (The OECD, 2013). Wood products, which includes wood-based furniture products,
are within the top four drivers of deforestation. In particular, demand for wooden furnishings
contributes to forest degradation by increasing the economic incentives for harvesting tree
species, leading to selective logging (Sanford et al., 2011). Selectively cutting down some species
causes depletion in forest biodiversity and harm to the health of remaining trees as habitats
and tree-interaction networks are disturbed (Addo-Fordjour et al., 2022; Magrach et al., 2016).
A snow-balling effect then ensures, as degraded forests are more likely to be targets for future
land use conversion (e.g., deforestation in preparation for agricultural activities) (Sanford
et al., 2011). While these impacts are being driven by consumer demands for wood-based
consumer products in wealthier countries such as the US, Germany, and Japan (OEC, 2021),
the environmental effects are often distributed unevenly. In a study by Fuller et al. Fuller et al.
(2019), furniture produced in China was found to be linked to deforestation in central Africa
(namely Cameroon, the Central African Republic, the Republic of the Congo, and Gabon). The
US is a top importer of Chinese wood-based products, contributing 40% of the demand for
wood-based products from China in 2006-2016, more than even Chinese domestic demand.
American consumer demand for wood-based products, therefore, is a driver of deforestation
in the central African region.

In addition to contributing significantly to climate change, deforestation also causes and
drives other forms of environmental harm such as biodiversity loss, desertification, changes
in rainfall, higher frequency of flooding, land erosion, and water pollution (Becerril-Piña
& Mastachi-Loza, 2020; Bradshaw et al., 2007; Duku & Hein, 2021; Karamage et al., 2016).
These affect local residents’ living conditions and food security, driving the prevalence of
social problems, as well. In the case of Indonesia, where timber harvesting has been found



1.1. Defining the problem in current household furniture consumption patterns3

to be a main driver of deforestation (Austin et al., 2019; Hartini et al., 2019), the demand for
wood-based products has a particularly large effect on living and working conditions. A social
life cycle analysis (s-LCA) of the furniture industry in Indonesia concluded that the worker
impact can be categorized as “poor”, according to impacts on work hours, working pressure,
and work health and safety (Wicaksono & Kadafi, 2020).

Plastics and ferrous metals such as steel, which are also major components of modern
furniture products, contribute unique and negative environmental and social impacts. Steel
production is estimated to have contributed about 9% of greenhouse gas emissions from 1900 to
2015 (P. Wang et al., 2021). While steel is recycled at a high rate, the production of recycled steel
has not been able to match the demand, which is projected to continue its growth. An analysis
of the steel industry by P. Wang et al. (2021) predicts the demand for steel will be enough to
derail the industry from achieving Paris climate goals. Plastics are derived from crude oil and
are categorically also carbon-intensive to extract, refine, and manufacture. Polypropylene (PP),
which is a plastic commonly found in furniture items, is recycled globally at a rate of about
9% at the post-consumer stage, with everything else contributing to plastic pollution, being
landfilled, or incinerated (OECD, 2022). Demand for both steel and plastics needs to be curbed
to reduce the environmental impacts of these materials. Furthermore, binders (for engineered
wood), paints/varnishes, and adhesives are chemicals that are often used in home furnishing
products. While present in relatively smaller amounts than wood, steel, and plastic, these
compounds can be very damaging to human and environmental health. Studies of the impacts
of furnishings on human health found that the indoor emissions from furniture products
from volatile organic compounds (VOCs) are more harmful during the in-use stage than in
the production and disposal stages combined and that these emissions wane over time (Skaar
& Jørgensen, 2013). This means that the use phase of household furniture is an important
consideration in terms of the product category’s impacts on human health and safety. This is
a strong argument in favor of achieving longer furniture service lifetimes and less frequent
replacement of household furniture products.

1.1.3. Furniture waste in the US
In the US, the increase in turnover of furniture stock is said to be due to the rising inability to
afford necessities such as housing, and cultural norms. Some consumers turn to cheap furniture
out of need. On the other hand, fast-tracking trends, disposable income, and low-quality
construction of furniture can overlap to contribute to the idea that furniture can now be simply
trendy, affordable, and replaced or purged when there is an opportunity to "upgrade" (Kamin,
2022). In 2018, American consumers reportedly produced 12.1 million tonnes of furniture waste,
80% of which was landfilled and 20% combusted for energy (US EPA, 2021). These methods
for disposing of furniture in the US add to the persisting issues of environmental classism
and racism, where communities of non-white (particularly Black Americans and American
Indians/Alaska Natives) and low-income residents are more likely to be exposed to unsafe
environmental conditions (Kaufman & Hajat, 2021; Martuzzi et al., 2010). Although no new
incinerators have been built in the US since the 2000s, existing incinerators are guaranteed to
run continuously due to contracts with local municipalities that have cemented quotas for waste
that is to be provided by the municipalities and fed into the incinerators (Peischel, 2022). The
toxicity from incineration of fabrics in furniture contributes to the presence of PFOS and PFOA
(from fabrics), dioxins (from wood and plastics), and heavy metals (paint and leather) released
into the air around incineration plants, which are found to be disproportionately located in or
near communities with higher poverty rates and higher proportions of non-white residents
(Baptista & Perovich, 2019). When the incinerators are eventually all retired, the disposed
furniture will all go to landfill if business continues as usual. In a landfill, the furniture parts
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that can decompose will release methane gas (a potent greenhouse gas that has 27-30 times the
effect of carbon dioxide toward climate change, according to the US Environmental Protection
Agency (US EPA, 2023b)).

As stated in the study by Davies (2022), the depletion and contamination of natural resources
harm the health and well-being of nearby communities, threaten political stability, and affect
the poorest and most vulnerable members of these communities. People in these situations
often lack the resources needed to escape the situation and are not empowered to educate
others about their experiences. Therefore, it is the responsibility of those with the power and
resources to be educated and conscientiously manage the effects of their material consumerism.

Certainly, there are promising studies that find that eco-design and increased use of
bio-based products are decreasing the potential environmental impact of the furniture sector.
However, there is still much to be done in to decrease the impacts of the furniture supply
chain (Coloma et al., 2022), especially as overall demand for, and the turnover of, furniture
products increases. Furniture waste generation has gone up by 450% since 1960 (US EPA, 2021),
compared to an 84% in population in the same period (US Census Bureau, 2021), signaling an
increasing trend in furniture waste per capita in the US.

1.2. Finding methods for managing and decreasing fur-
niture waste

Circular economics (CE) is an economic model that has been popularized as a set of strategies
to address the unsustainable nature of the linear economy by curbing resource extraction
and changing consumption patterns. The basic goals of CE lie in closed-loop consumption,
production, and waste treatment that increase the efficiency of resource use, paired with
cleaner production strategies (Ghisellini et al., 2016). According to Kirchherr et al. (2017), CE
can be broadly understood as “an economic system that replaces the ‘end-of-life’ concept with
reducing, alternatively reusing, recycling, and recovering materials in production/distribution
and consumption processes”. Additionally, these pathways should be realized at the lowest
cost of additional resources, meaning that the materials need to be reused, recovered, etc. when
the original materials are at the highest value possible. To capture materials at their highest
economic value, a hierarchy of recovery processes has been developed in the literature. The
Ellen MacArthur Foundation (2023) distinguishes between technical and biological loops in
material pathways, as shown in Figure 1.1. The inner loops of the technical cycle represent
those pathways with which the highest value of the material is maintained, such as reusing and
sharing the product and keeping it whole. The outer loops necessitate a decrease in the value
of the product or a higher cost of processing, such as recycling. Wilson (2015) summarizes this
hierarchy as the minimization of waste (e.g., reuse, repair, refurbishment), followed by material
recovery (i.e., recycling), then energy recovery (e.g., incineration) in a publication from the UN
Environment Programme. While CE principles are being adopted by organizations all over
the globe, this transition must occur at all levels, from the producer to the national or global
economy, and often requires system change to take place (Kirchherr et al., 2017).

1.2.1. Circular economics
With increasing awareness of the negative environmental impacts of furniture production and
disposal, consumers are waking up to new solutions in furniture design and business models.
US Environmental Protection Agency (EPA) and the executive branch of the US government
seem to acknowledge the statement that recycling alone is not enough, but still maintain focus
on recycling in its research and outreach strategies (EPA Office of Resource Conservation and
Recovery, 2022; The White House, 2022, 2023). In 2021, the US EPA published a National
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Recycling Strategy as the first part of a series on a plan for developing the circular economy
in the US (US EPA, 2015). No other parts of this series have since been published. As of the
conduction of this study, the government has also failed to set any firm goals for circularity, as
some members of the European Union and other nations have done (Circle Economy, 2023; EC,
2023; Fraser, 2022). The only circularity goal that could be found stated by the US government
was the goal to reach a recycling goal of 50% by 2030 (US EPA, 2023a).

Figure 1.1: The Butterfly Diagram: A representation of the material flows of a circular economy by the
Ellen MacArthur Foundation (Ellen MacArthur Foundation, 2023)

1.2.2. The potential of furniture in the circular economy
Commodities in the durable goods product category have different functions that, in their
use phase, may require energy to function and emit toxins and/or cause greenhouse gas
emissions. The variation in these features means that the effects of lifetime extension of the
lifetime environmental performance of these products can differ.

In the case of automobiles, a common perception is that older vehicles should be phased out
of the material stock due to their low fuel-efficiency, and replaced with relatively fuel-efficient or
electric vehicles, instead. The idea has been featured in the form of policies such as the US’s Car
Allowance Rebate System (CARS), or Cash for Clunkers, which encouraged Americans to turn
in their older cars (25 years old or older and in working condition) for a rebate on a new, more
fuel-efficient car. Although this program occurred for one month in 2009 mainly to jump-start
a lull in car sales the added condition that the new car has a certain fuel efficiency suggests the
intention for a vehicle stock with higher overall fuel efficiency (Romer & Carroll, 2010). The
program ended with a reported overall short-term increase in average miles-per-gallon and
9-28.2 millions tons in avoided emissions (Li et al., 2013). A separate study on Japanese vehicle
stock by Kagawa et al. (2011) concluded that extended lifetime of all cars in the 1990-2000
period would reduce overall lifetime CO2 emissions of the supply chain, and replacing all less
fuel-efficient cars with the more efficient models available at the time would have resulted
in marginal emissions reductions. The main argument against extending the lifetime of the
current vehicle stock is that older vehicles tend to produce more toxic emissions and have lower
fuel efficiency than that of newer models, although there may be other market and legislative
solutions to this issue.
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Like automobiles, it is popularly believed that replacing electric household appliances such
as washing machines with more energy-efficient models are better for the environment. Indeed,
in some cases, household appliances were found to have larger environmental impacts in its
use phase, although this is very dependent on the energy mix being used (Hischier et al., 2020;
Kwak, 2016). Additional studies add nuance to these findings, such as the study by Alejandre
et al. (2022), which urges designers to consider the extent of improvements in energy efficiency
and lifetime of new models, also confirming the need for renewable energy to achieve actual
reductions in environmental impacts with new products.

Consumer electronics are an example of a product group where the service or end-of-use
lifetime tends to be much shorter than the actual end-of-life (Thiébaud-Müller et al., 2017, as
cited in Bieser et al., 2022) due to consumer preferences for up-to-date technology and rapidly
changing market offerings (Khan et al., 2018). Electronics such as smartphones mostly reach
end-of-use with no attempts at lifetime extension strategies such as repair due to perceived
obsolescence of the phones’ functionality, high cost of professional repair, and disempowered
consumer attitudes towards the challenge of self-repair (Wieser & Tröger, 2018). However,
in the face of issues such as supply risk and the labor exploitation surrounding critical raw
materials (Dunlap & Riquito, 2023; Goe & Gaustad, 2014; Graedel et al., 2015; van den Brink
et al., 2020), as well as accumulation of e-waste in poorer nations (Suckling & Lee, 2015),
lifetime extension of electronics toward the decrease in demand for new products is becoming
increasingly urgent. Since the manufacturing phase of consumer electronics is so dominant in
their lifetime environmental impact, reduced demand of products due to lifetime extension is
estimated to make greater overall reductions in environmental impacts than those made with
new models with better energy efficiency (Wieser & Tröger, 2018).

Similar to other durable goods products with lower in-use environmental impacts, the
extension of furniture lifetime is expected to reduce the demand for raw material extraction,
reduce the need for new product production, and reduce the overall environmental impact
of the furniture. In contrast to electronics and vehicles, however, there is no need to upgrade
furniture and the structural complexity of furnishings tends to be simpler than the average
personal vehicle or electronic device. Hence, potentially lower-cost lifetime-extension strategies
such as self-repair are more accessible for non-experts. There are no legal constraints on the
personal use of older furniture, as older furniture emits fewer volatile organic compounds
(VOCs, as introduced in Section 1.2.2) than new products and there are no major safety concerns
involved in using worn-down furnishings. Secondly, most home furnishing products may be
considered “passive durable goods,” meaning they are considered to have no environmental
impact during the use phase (Kaddoura et al., 2019). Most of the products’ environmental
impact occurs at extraction, production, and end-of-life. As will be discussed in Section
3.3.2, this feature of furniture may also be the reason that furniture product longevity is
relatively under-studied. However, this feature adds to the arguments in favor of condoning
lifetime extension in the furniture category. There are clearly many positive reasons to explore
circularity in furniture. In response to the need for more circular furniture consumption,
furniture has become the focus of many endeavors in the burgeoning circular economy and
will also provide the focus of this study. Efforts are being made at many levels of the supply
chain and through different pathways in the CE (Ellen MacArthur Foundation, 2019). Some of
these efforts are summarized in Table 1.1.

1.2.3. Defining and classifying furniture products
In the interests of clarifying the scope of this study moving forward, definitions of the furniture
product category were investigated. The International Organization for Standardization
(ISO, 2021) recognizes furniture as the scope of ISO Technical Committee 136, namely the
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Pathway Example Source

Share Furniture leasing
Schoonover et al. 
(2021)

User strategies to prolong product 
lifetimes

Haase & Lythje 
(2022)

Designs that adapt to user needs Bosch et al. (2017)

Exploring the potential for 
reconditioned office furniture in as a 
product-service system in Sweden

Öhgren et al. 
(2019)

History of and trends in furniture 
repair in the United States

Wilmering (2004)

Designing furniture that uses recycled 
textiles

Wang et al. (2023)

Designing furniture for recyclability Bruno et al. (2022)

Adding value to recycled wooden 
furniture products

Yang & Zhu (2021)

Online secondhand furniture retailers Hinojo et al. (2022)

Recycle

Refurbish/  
Remanufacture

Reuse/ 
Redistribute

Maintain/ 
Prolong

Table 1.1: Examples of household furniture in the circular economy, as shown in scientific literature.

“free-standing or built-in units which are used for storing, lying, sitting, working and eating.”
Similarly, Smardzewski (2015) defines furniture as the “objects of applied arts intended for
mobile and permanent furnishing of residential interiors.” Both definitions refer to furniture
broadly as both movable and built into a structure. However, the US Consumer Product
Safety Act ensures that US law only recognizes movable items as furniture. In the definitions
for 16 CFR 1303.2 (Consumer Product Safety Commission, 2008), the furniture is defined as
“those movable articles: (i) Used to support people or things; (ii) other functional or decorative
furniture articles”.

Further organization of products within this product category is necessary in enabling
researchers to specify research scopes. In the literature, it was found that Wenker et al. (2018)
divides office furnishings between those that function as “enclosed spaces” and “surfaces”
to assess the environmental impacts of wooden furniture in Germany. Another assessment
of environmental impacts of household furnishings by Wiprächtiger et al. (2022) utilized
groupings based on the room in which the furniture is found, and then by dominant material
type. Categorizations of furniture design by Smardzewski (2015) and those found in van
Beĳnum (2021), which is a modified version of the former study, were more granular. In
the study by Smardzewski (2015), furniture is divided into classes based on the activities
performed in the rooms in which the furniture is typically found, then on function, ultimately
returning 36 household furniture categories. The modifications by van Beĳnum (2021) were
made due to additional findings in the literature and data availability. Grouping furniture
products requires an understanding of the function of different rooms and items, and this can
vary depending on the cultural context.

The factors of design, purchasing decisions, use, and decisions to dispose of furniture items
by consumers highly depend on a society’s material culture. Modern furniture retailers market
furniture styles as a way to materialize their customers’ ideal lifestyles. These aesthetic ideals
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are in turn guided by class position, as well the understandings of "privacy, morality, family,
and care" (Hollows, 2008). A study by Grant (2012) has identified choices in home furnishings
in urban Africa with trends in fashion, globalization, and the need for functional workspaces
within the home. In all, consumer decisions in home furnishings are rooted in practical, social,
and cultural factors (Chevalier, 2012) that should be considered per case study.

1.2.4. Quantifying materials in furniture to inform solutions
To inform decision-making in a transition toward the circularity of furniture products, material
stock-taking, or quantification, must first be performed. Quantification will lead to (1)
establishing a baseline against which new strategies toward sustainability can be evaluated,
(2) developing projections for material supply and demand according to scenarios to aid in
developing action plans, and (3) communicating status, progress, and challenges to one another
using a shared language. In the same way that organizations monitor the flow of human
and financial resources in the economy, data must be collected to track the efficiencies and
inefficiencies of material use, as well as make informed decisions about future actions (The
OECD, 2008). In the case of furniture, quantification will provide (1) an idea of the portion of
complex materials in the furniture stock (i.e., particleboard, laminates, and other composite
materials) and aid in calculating estimates of ease of recyclability, (2) expected outflow to landfill
and circularity pathways, and (3) inform projections of the scale of environmental impact
through production and material extraction (Cordella & Hidalgo, 2016). As globalization
continues to develop international relations, unequal power relations between the wealthier and
poorer nations continue due to the persistence of pre-existing divides. The digital divide gives
rise to unequal access to digital technologies and skills; the innovation divide disadvantages
countries with lower access to the knowledge needed for designing and producing advanced
technologies; disparities in bargaining power; and inequity in access to capital toward circular
development (Barrie et al., 2022). According to Barrie et al. (2022), one strategy to avoid a
worsened divide in progress toward circularity (i.e., the “circularity divide”) is to increase
international collaboration and coordination in planning for circularity. As the standard
language for communicating circularity, data will be needed for all countries to participate in
this collaboration. Therefore, standard frameworks for measuring material in products are a
necessary step towards a global transition to a more circular economy. The methodological
framework introduced in this report is an attempt to drive the efforts toward quantifying
furniture and its materials at a national scale.



2
Literature Review

2.1. Material quantification of furniture in the literature
A literature review was conducted to assess the state of the art in stock-taking of materials
in furniture. Over a thousand results with relevance to furniture material stocks and flows
were returned with the use of keywords "furniture," and "material stock" or "material flow"
Appendix A. However, only 19 results remained when the search was filtered to exclude studies
of buildings, infrastructure and roads, production, and manufacturing. Manual analysis of
these results found a further 12 could be eliminated due to their focus on material supply
chains, as opposed to product categories, and quantification of environmental impact rather
than material stock. Of the last eight results (Table 2.1), none exclusively studied materials
in furniture, especially not at a global scale. Four articles presented studies that approached
quantification from the perspective of a particular material category. These investigations
tended to focus on forest biomass or wood. One study (Wiprächtiger et al., 2022) quantified
material flows of furniture at the national scale in Switzerland and provides a methodological
basis for this study.

The study done by Wiprächtiger et al. (2022) is a top-down investigation of case studies
in household furniture and clothing. The research scope includes an environmental impact
assessment of certain waste-prevention strategies, such as the repair of clothing and the reuse
of clothing and household furniture.

2.2. Knowledge gap
From this literature review, there is only one study (with the geographical scope of Switzerland)
that quantifies household furniture and its materials at a national or regional scale that has
been published in the journals indexed by the Web of Science database. There are still many
opportunities for research in the quantification of furniture that includes various material
types in different product categories. This gap is also present for furniture on a global scale. In
an attempt to close this knowledge gap, the aim of this study is three-fold. The first goal is to
introduce strategies that can be used to quantify in-use household furniture when no such data
is available from secondary sources. The second objective is to demonstrate this quantification
method in a case study, which will aid in achieving the third aim, which is to analyze the
quantified in-use stock and flows in the household furniture sector to inform future action
toward reducing the impacts of this consumer product category. These three goals have been
formalized into three main research questions that will guide the design of the current study.

9
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2.3. Research questions
To address the knowledge gap found in the literature review, three main research questions
have been formed and an attempt will be made to answer them in this study. Sub-questions
have been formed in order to specify the research objectives for the first two questions.

1. What are the static and dynamic stocks and flows of furniture and its materials in
households across the US?
(a) How do the stocks and flows differ between income quintiles and area types?
(b) What implications do these differences have on future decisions in material demand

and waste management in a circular economy?
2. In what ways might the increase in the use of lifetime extension strategies for household

furniture products affect future demand and outflows of materials in American household
furniture?

3. How can the mass of materials in household furniture be quantified at the national scale?
(a) What are the strengths and limitations of the quantification methodology used in

determining the material stock and flows of American household furniture?
(b) In what ways can the quantification methodology be used for other geographical

locations on the national scale, and what are the limitations?

2.4. Scope definition
The geographic scope will be the United States, meaning the 50 official states as of 2023,
excluding territories. The sampling will be performed at the level of counties and metropolitan
areas. The temporal scope of the study is from 1971 to 2100, based on data available from
the IMAGE model for SSP2 (Stehfest et al., 2014). This temporal scope enables the use of
historical data and provides an opportunity to project the future stock of materials in household
furniture. The products and materials of this study will be limited to the aggregated categories
of materials found in common household furniture in homes across the US and the literature
which report their material composition. More details are provided in Section 3.2 of this report.
The definition of furniture for the current study will be limited to movable articles both indoors
and outdoors that are used for storing, lying, sitting, and eating, as it is assumed that built-in
furniture has lifetimes closer to that of a building than that of movable furnishings. Data
collection on ownership, material use, product weight, and price will also be limited to movable
articles. For purposes of exploring the generalizability of the model, certain large-scale indoor
and outdoor recreational products (swing sets, basketball hoops, and recreational tables) will
also be included in the scope of this study. Patio umbrellas, often an accompanying feature of
outdoor eating and recreation, will also be included.
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Table 2.1: Summary of the literature found most relevant to this study.

Author(s) 
(Year)

Description and scope
Exclusive or extensive study of 
materials in furniture?

Quantification of 
material stock?

Gonçalves et 
al. (2021)

Assesses of the stocks and flows of forest 
biomass in various product categories for 
Portugal in 2015. Circularity and resource 
efficiency is analyzed via the use of 
indicators.

No, the data is for various 
aggregated forest biomass product 
categories.

Yes, for forest 
biomass.

Stephan et al. 
(2020)

Analyzes the material flows of the 
Parkville Campus of the University of 
Melbourne in 2017 input-output analysis. 
The data was gathered from material 
procurement information and contact 
with the local waste management 
contractor.

No, it includes all material 
procurement at the university.

Yes, for the scope of 
the university campus.

Kayo et al. 
(2019)

Quantifies the environmental impacts 
and approximates impact reductions 
related to wood consumption in Japan 
from 1970 to 2013. Also, the study 
projects expected impacts based on 
multiple future scenarios to 2050.

No, the focus is on aggregated 
wood products categories, 
including paper and buildings.

Yes, for wood.

Suthar et al. 
(2016)

Investigates the role of stakeholders in 
the informal waste system in Dehradun, 
India through surveys and a material flow 
framework.

No, various aggregated product 
categories of waste are included.

Yes, for the informal 
waste sector.

Suter et al. 
(2017)

Measures material flows and stocks of 
wood in use in Switzerland. 
Environmental impacts are then assessed 
using life cycle analysis (LCA).

No, various aggregated product 
categories are included.

Yes, for wood.

Szichta et al. 
(2022)

Proposes a model for the prediction of 
timber volume recovery according to 
lifetimes of products in various sectors 
and historical domestic consumption of 
timber products as of 2019 in Germany.

No, various aggregated product 
categories are included.

Yes, for timber.

Wiprächtiger 
et al. (2022)

Proposes a method for assessing the 
environmental performance of waste 
prevention activities over the whole life 
cycle of products in Switzerland.

Yes, the furniture was divided into 
eight categories and 
environmental performance was 
assessed according to furniture 
type where possible.

Yes, the data collection 
for wooden and 
metallic furniture was 
performed through a 
short survey.



3
Methodology

3.1. Overview of the study design
Socio-metabolic material flows can be identified as the materials that are added to the materials
used within the social system, taken from the natural environment through extraction (Haberl
et al., 2019). Material flow analysis (MFA) is used to measure socio-metabolic flows and stocks
that make up the in-use stocks or material stocks of society, usually in terms of mass within a
defined period and geographical boundary (Lanau et al., 2019). MFAs do not generally include
hibernating stocks, or those stocks are simply kept in storage (Müller et al., 2014), although
there are studies that are now investigating these stocks (e.g., Wallsten et al., 2015). Material
stocks leave via disposal as waste, emissions, or leachate into landfills or the environment at
large (Haberl et al., 2019). MFAs studied by Augiseau and Barles (2017) were found to have
four main purposes.

1. Forecasting and comparing future inputs and output flows to estimate the demand
of materials and waste generation, thus giving warning to potential environmental
problems (Müller et al., 2014).

2. Identifying the current material composition of the anthropogenic stock (i.e., the material
stocks of society), and how they might evolve over time.

3. Estimating the composition of future material stocks.
4. Studying the urban metabolism and how it relates to that of rural areas, then use to

inform legislation relating to industrial ecology.

Various MFA approaches have been developed toward achieving these aims, and those
approaches can largely be categorized as “static bottom-up or top-down flow analysis; bottom-
up stock analysis; dynamic retrospective or prospective flow analysis with flow-driven or
stock-driven models; and top-down prospective or retrospective stock analysis using a flow-
driven model” (Augiseau & Barles, 2017). The inputs required to conduct MFAs come from
a variety of sources that are often highly variable in both quality and coverage (Augiseau
& Barles, 2017). The data used to inform the investigation can dictate the type of analysis
that is possible. Historically, the data acquired for top-down MFAs allows the modeler to
estimate flows of materials in a system, resulting in flow-driven analyses (Lanau et al., 2019).
For example, the Wiprächtiger et al. (2022) study of Swiss furniture stocks used a top-down
approach, as national end-use data for wooden furniture was available. The total amount of
furniture was then divided into estimates for different product types and compositions.

Bottom-up MFAs are developed by counting the objects that contain the materials of interest
to the study, and then multiplying the number of objects with the “material intensity” of said
material (Lanau et al., 2019). This method returns the estimation of a stock, which is used
to develop a stock-driven approach for estimating flows. Bottom-up analyses are generally
limited in geographic, temporal, and coverage of materials due to the need for large amounts

12
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of fine-resolution data. Widening the scope of bottom-up studies results in more limitations
and uncertainty (Lanau et al., 2019). Indeed, in their review of MFA approaches, Augiseau and
Barles (2017) found that approaches are often combined to account for uncertainty in the data.
Due to the lack of quantification data in many product sectors, performing MFA strictly using
one approach may be difficult and require the use of heightened uncertainties in the analysis.
Household furniture is a product category that remains largely unquantified, as discussed in
Chapter 2, thus this study will employ a combination of MFA methodologies.

An illustration of the overall study has been provided in Figure 3.1. The study will begin
by developing the static model, then feeding the static results into the Dynamic Stock Model
(Pauliuk & Mutel, 2014). The resulting dynamic furniture stocks and flows will be multiplied
by the material intensities of the furniture to obtain the dynamic material stocks and flows.

Figure 3.1: Flowchart of the overview of the study methodology and relevant outputs.

3.2. Modeling the static stocks of household furniture
Static material flow analysis (s-MFA) is a method that can be described as a method for
quantifying the stocks and flows of physical materials in a “snapshot,” often defined as one
year (Fischer-Kowalski & Hüttler, 1998; Müller et al., 2014). The five main properties of a
s-MFA to consider are the inflow, outflow, stocks, processes, and system boundary. Inflows are
materials that cross into the scope of the study, represented by the system boundary. Examples
can include material that enters a national economy via mining and/or import or material
that enters the global economy through extraction (Fischer-Kowalski et al., 2011). The inflow
encounters a process, through which it is transformed and possibly stored as stock over the
course of the year or however long the temporal “snapshot” of the model is. The material then
leaves that process as an outflow and becomes an inflow to another process or outflow from
the entire system across the system boundary. Outflows can be in the form of emissions to the
natural environment, exports from a country, or a product that is no longer within the scope of
the study. An important consideration for s-MFAs is mass balance, which is the concept that
the material input to a process is equal to the material that is in the stock of that process and its
output (Pauliuk & Müller, 2014). When looking at a system as a black box consisting of various
systems, the total input to the system should be equal to its total stock and outflow.

In this study, a bottom-up approach is used to estimate the in-use stock of American
household furniture in 2020. This will be done by taking representative samples from
households across the nation. This data will be aggregated in the top-down stage of the
methodology to reflect average furniture unit intensities for each income quintile on the
divisional level. The sample data will be multiplied with household data obtained by the US
Census Bureau (USCB). A model in Python developed by Pauliuk and Mutel (2014) will be
used to then calculate the inflow and outflow of materials in household furniture in 2020.
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3.2.1. Clustering and sampling American residences
To collect data that represents all of the fifty states of the US, the sampling method in this
study was based on the integrated national sampling design used by the USCB to survey
housing units all over the country, including Puerto Rico (Demographic Statistical Methods
Division, 2022). Primary sampling units (PSUs) are designated by the Census Bureau, usually
counties and metropolitan areas. These sampling units are further aggregated into states,
then nine divisions, and then finally into four regions (Figure 3.2). The sample design calls
for the selection of two different properties that applies to every PSU and are relevant to the
aim of the current study. These properties are then used to group the PSUs into clusters (the
number of which is k), which have similar values along the two clustering properties. The
clustering is done by a statistical test called K-means clustering and is performed in this study
within each US division to allow for the samples to be taken from a relatively even distribution
across the US. K-means clustering is used by the USCB and in many statistical studies as an
"unsupervised machine learning algorithm" that identifies non-overlapping groups of samples,
then identifies the center of each group to act as a representative for each group of samples
(Zubair et al., 2022). In this study, K-means clustering was performed in order to account
for any potential patterns in furniture ownership resulting from residential floorspace and
urbanization. Therefore, clustering was done using the population density and the median
floor space of each PSU. Median floor space data was not available for all American PSUs,
so the clustering was performed with those sample areas that had median floor space data
available. Data on other features of sample units within the US, such as land area, household
size, and household composition, were merged into the same spreadsheet that contains floor
space and population density in Supplementary Materials G-1. This data will be available as
Supplementary Materials A-4 and A-5.

Figure 3.2: Map of the nine US Census Bureau divisions (Geography Division, 2023).

Because there were much fewer urban sampling units than rural sampling units, the urban
PSUs were not clustered. The urban sample area that was chosen for each region has the
median population density among the urban PSUs in each region. Ultimately, all urban areas
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for each division were treated as one cluster. As the sample selection process was being tested
and developed, some additional PSUs were sampled. However, these samples were used to
increase the sample size in the final analysis. Therefore, it should be noted that the real number
of collected samples for some divisions is more than indicated by the steps of the methodology,
which are summarized below.

Figure 3.3: Flowchart illustrating data input for stratifying PSUs by median household income and
census divisions.

1. After collecting and merging the data on the 3143 PSUs around the US (Figure 3.3), it
was decided from the available data, which features of the data represent residential
floor space and urbanization. These features will be used in grouping the samples.

2. The 50 US states were divided into nine USCB regional divisions (Geography Division,
2023) and into quintiles according to median household income in 2020 (Bureau of Labor
Statistics, 2023) (Supplement A-1).

3. As differentiation between the urban and rural material intensities of furniture materials
is desired for this study, the urban PSUs were separated from the non-urban, or rural,
areas (Figure 3.4). Areas with over 1000 people/square mile were considered to be urban
(UN Statistics Division, 2005).

4. For urban sample units:

(a) One urban PSU with the median population density was selected from each
division.

5. For rural sample units:

(a) Median floor space and population density were chosen as the properties on which
the PSUs will be clustered.

(b) The population density and the median floor space for each rural PSU were scaled
from zero to one, relative to its position from the maximum and minimum of the
range of values for those properties.

(c) With the elbow method through the KneeLocator method in the kneed package
(Arvai, 2020) in Python, it was found that for most divisions (8 out of 9) five clusters
were the most efficient number of clusters for which distinct groupings could be
made.

(d) K-means clustering was performed on the scaled population density and scaled
median floor space (Figure 3.5). KMeans method from the SKLearn package
(Pedregosa et al., 2011) was used in Python used to do the statistical calculation.
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(e) One cluster center was located per cluster using the shortest Euclidean distance,
along with the associated closest PSU, in terms of Euclidean distance. With five
PSUs for each of the nine divisions, 45 total rural PSUs were selected for sampling.

(f) The furniture unit data was collected for urban areas and rural areas, with each
data point labeled with the division name, the PSU Federal Information Processing
Standard Publication 6-4 (FIPs code), floor space, and some additional information
such as number of bedrooms and lot size that may be useful for future studies
(Supplementary Material B-1).

Figure 3.4: Flowchart illustrating the urban-rural division and setting up rural PSUs for K-means
clustering.

Figure 3.5: Flowchart illustrating the K-means clustering of PSUs per division.

3.2.2. Using real estate websites as a data source for in-use furni-
ture

The steps for collecting the raw data on furniture units in each selected sample household are
outlined below. The limitations of this method are discussed in Chapter 6 and Appendix E.

Five listings from movoto.com (Movoto, 2023) were selected for each non-urban PSU
(selected through K-means clustering) and representative urban PSU. If there were insufficient
options on movoto.com, realtor.com (National Association of Realtors & Move, 2023) or
zillow.com (Zillow, 2023) were used. Below is an outline of the steps that were followed to find
the sample listings on the real estate websites (Figure 3.6).
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Figure 3.6: Flowchart illustrating the data inputs and outputs of the furniture ownership data collection
stage.

1. Listings were filtered by the PSU being sampled. 5 random numbers, between 1 and
the number of listings available for that PSU, were selected using a random number
generator in Python.

2. Additionally, the researcher filtered for “existing homes” or homes that were older than
3 years old to avoid model homes and new-build listings, which were assumed to have
no furniture or utilize model furnishings. Empty plots of land were also excluded from
the selection of possible samples.

3. If rentals and homes for sale were available, both were selected. However, as the rentals
listed on the site seldom had pictures of furniture, rental properties are mostly absent
from the final data collection.

Once a viable listing is selected, a row in the furniture data unit spreadsheet (Supplementary
Materials B-1) was filled. The guidelines for identifying viable listings have been provided
below.

1. The displayed number of bedrooms and rooms other than the living room, garage,
kitchen, and bathroom(s) total no less than one room fewer than the listed number of
bedrooms. If the number of rooms is too few, the listing is assumed to have too many
rooms excluded from the listing page to be counted as a sample.

2. Listings must have sufficient data about the property provided, such as floor space data
and listing prices. For this study, lot size was not required to be considered a viable
sample.

3. Model houses were considered not viable as samples in this study. As it was not always
clear whether a listing used model rooms or not, some further guidelines have been
developed to discern which listings used model home images. If the answer is “yes” for
two or more of the questions below, the listing is considered not viable as a sample.

(a) Are there full place settings on the dining tables (with silverware and plates)?
(b) Is the home or are the closets completely free of clutter and clothing? Is there a lack

of food in the pictures of pantries? (Fruit on the countertop is excluded.)
(c) Is there a noticeable lack of furniture that may be used to store items, such as

shelves and dressers?
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4. In the case that a chosen sample is deemed not viable, an alternative sample must be
found. The original number of listings is filtered for a $50,000 range around the originally
chosen listing value (e.g., If a $125,000 is chosen, then filter for $100,000 to $150,000) and
listings are evaluated until there is one that can be considered a usable sample.

3.2.3. Identifying and recording in-use household furniture using
the photograph method

General categorizations of furniture, such as the Wenker et al. (2018) study’s use of “enclosed
spaces” and “surfaces” may be sufficient for studies that have access to the furniture being
quantified (due to the ability to measure the size, etc. to gauge more granular observations,) to
gauge material use. However, the photograph method used in this study relies on perceived
size and use for classifying furniture, which then informs material use. For example, it may be
seen quite clearly in an image that there are two “enclosed space”-type furniture units in a
room. Since there is no way to measure the size or weight of this furniture, the study would
need to rely on the average weight of all “enclosed space”-type furniture to gauge the quantity
of materials. However, there is a large range in mass and typical material use between end
tables (with a drawer) and wardrobes. Therefore, a more granular approach is preferred.

In this study, a combination of the classifications used by Smardzewski (2015) and van
Beĳnum (2021), as described in 1.2.3, was used with further modifications to better represent
American furniture. Furniture frequently found in American homes for indoor and outdoor
recreation was added to the roster and recorded. Seating furniture was distinguished by
upholstery and backing features, resulting in distinct categories: couch, upholstered chair,
ottoman, dining chair, and stool. Office chairs were separated from upholstered chairs and
dining chairs due to the apparent use of mesh or leather textiles and the regular use of plastic.
Similarly, plastic and metal storage were separated from other storage categories due to the
prevalence of plastic and (ferrous) metals in their compositions, respectively. Coffee tables
and consoles have been grouped into one category due to their similar structure and function.
For ease of data collection, final decisions on furniture classification were made based on how
American furniture store websites typically list offerings. Specifically, “dressers” and “chests of
drawers” are cataloged as one product type (Ashley, 2023; IKEA, 2023a; Target, 2023; Wayfair
LLC, 2023; Williams-Sonoma, 2023a). Children’s play furniture or toys have not been counted
unless it is indistinguishable from regular furniture in appearance or apparent use. Furniture
units were categorized as listed in Appendix B, and counted as shown in Figures 3.7 and 3.8. A
more detailed description of the furniture categories is provided in Supplementary Materials
B-3.

Using the furniture categorizations and expectations established, data collection on in-use
furniture was performed through movoto.com and other real estate sites (Movoto, 2023;
National Association of Realtors & Move, 2023; Zillow, 2023). Figures 3.7 and 3.8 demonstrate
how furniture was inventoried and identified through pictures. The images shown are from
movoto.com (Movoto, 2023); However, the exact site and home address were not saved and
will not be shared for privacy purposes. Note that the pictures were shown one at a time on
the website and as much furniture was identified before moving on to the next image in the
best interests of time. Upholstery/fabric patterns and other features of the furnishing were
utilized to avoid double-counting pieces as much as possible. It may be observed from this
example how it may be difficult to gauge sizes, such as “double” vs “single” bed frames, thus it
is necessary to categorize the width of the beds in relation to the width of the pillows on the
bed. There are also cases, as in Rooms 3 and 4, where the photograph cuts off a furniture piece
and there are no additional images at different angles of the room and the furniture piece. In
these cases, a “best guess” must be used in the context of the room type, visible features, and
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size relative to the other pieces in the image. Of course, this practice introduces some error in
the quantification of furniture ownership. However, leaving entire pieces unaccounted for will
certainly result in error, most likely at a wider margin than misidentifying a product.

• Magenta ovals: Upholstered chairs with more than
one seat were counted as couches.

• Blue ovals: Upholstered chairs with one seat were
counted as upholstered chairs.

• Yellow rectangles: Tables with a surface area of one
seat or less, were counted as end tables.

• Pink rectangles: Tables with a larger surface area than
an end table but around the same height were counted
as coffee tables.

• Purple rectangle: Furniture units with more than
three shelves and no front cover or a glass cover were
counted as shelves.

Figure 3.7: Demonstration of
furniture identification and
counting in Rooms 1 and 2.

• Yellow rectangles: End tables
• Magenta ovals: Couches
• Pink rectangle: Coffee table
• The bottom picture of Room 2 is a different angle of

the same room. The couch shown in the middle of the
bottom image is the same as the one on the left of the
top image, as it is flanked by the same end tables. No
new furniture units were found in the bottom image.
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• Purple oval: A bed with enough room for only one
pillow (without overlapping). Counted as a single
bed frame.

• Dark yellow rectangles: The middle unit is shown to
be a dresser with more than three drawers stacked
vertically. It is not clear what the unit at the bottom
left corner of the top image is. However, there are
no other angles of this object and the researcher used
their “best guess” to conclude that it is also a dresser
due to the shape of the front edge, which matches the
other dresser, and the height of the unit.

• Purple rectangle: A furniture unit with more than
two stacked shelves and a front glass covering was
counted as a shelf.

Figure 3.8: Demonstration of
furniture identification and
counting in Rooms 3 and 4.

• Dark yellow rectangle: Determined to be a dresser
using “best guess” after observing the texture of the
front of the unit.

• Blue rectangles: Units with the height of a dining
table, but only accommodate one dining chair due to
the pedestals at their sides.

• Pink oval: A seating unit with a leg-to-back ratio of a
little over 1:1 and surface area for one seat.

• Yellow rectangle: A table with a surface area of around
one seat. The presence of drawers or shelves is hidden,
so “best guess” was used.

Movoto.com (Movoto, 2023) was chosen as the primary source of furniture unit data for
several reasons. It is recommended that any future research using a similar method consider
these features of a real estate website before using it as a data source. The first benefit is
that the site is in collaboration with multiple real estate companies, for the sake of increased
geographical coverage and increased diversity in listing values. Second, listings are available
for the entire nation and most or all selected sample areas. Clear pictures of the rooms are
provided, often with furniture in them. Ideally, there is a zoom-in feature enabled for the
pictures. Next, the listing page structure generally includes readily listed prices, floor space,
number of bedrooms, and any other data that is important to the current study. Finally, the
overall site structure enables the user to search listings with equal numbers of listings on each
page and filter for listings by PSU, price range, and listing type or age.

3.2.4. Speed of the photograph method for data collection
The average speed of performing the photograph method to collect data on in-use household
furniture was calculated to inform any future researchers considering this method. After
many initial rounds, the researcher was able to achieve a speed of around 2.08 minutes per
1,000 sq ft, or 1.4 s/m2 with a standard deviation of 0.6 s/m2. That scales to around 5.2
minutes (+/- 2.2 minutes) per median American single-family home sold in 2022 (221 m2; US
Census Bureau, 2023). Finding samples to perform the photograph method was actually the
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most time-consuming aspect of data collection, and the time spent on this step varied wildly
depending on the availability of listings in the PSU and the norms for real estate listings in that
area.

3.2.5. Modeling furniture ownership per floor space unit with lin-
ear regression

The furniture unit data was processed with Python using the Seaborn data visualization
package (Waskom, 2021). Regression between furniture units and floor space (m2) was assessed
with the coefficient of determination (i.e., R-squared). This analysis was used to decide whether
the relationship between floor space and furniture units was sufficient to use as the base model
(Figure 3.9). To use a parallel term between the amount of furniture in a given area and the
amount of material in a given volume (known as material intensity), the furniture/m2 will be
referred to as the “furniture intensity” at times for the remainder of this report. The furniture
intensity of each furniture category is provided in Appendix C.

Figure 3.9: Flowchart illustrating regression and decision-making for modeling furniture/m2.

Figure 3.10 displays a few examples of the regression plots that were used to evaluate the
model and determine whether furniture units/floor space in squared meters should be used
to calculate total stocks of American household furniture. All of the plots for the furniture
categories that will be used in the model are available in Appendix D. The confidence interval
(light green shading) around the regression line (dark green) on each plot in Figure 3.10
illustrates the range within which 95% of means would lie for furniture units at a corresponding
floor space of any further samples taken, given the data provided to the model (Sim & Reid,
1999). It can be seen from the plots that the confidence interval widens as the floor space grows,
meaning that the precision of the regression line for higher floor spaces and higher numbers of
furniture units is decreased, relative to lower floor spaces and numbers of furniture units. The
decrease in precision, illustrated notably in the plot for dining chair data (bottom left, Figure
3.10) may be due to higher variability of furniture intensity for larger homes or a lack of data
for larger homes. This returns three possibilities concerning the relationship between furniture
intensity and floor space. One is that the furniture intensity for smaller homes is less variable
than for homes with larger total floor spaces. Secondly, more data concerning larger homes
is required to increase the precision of mean furniture intensity in larger homes. Finally, it
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Figure 3.10: Example regression of furniture units/m2 of urban residential floor space sampled for each
furniture category.

may be that there are other mediating factors that affect furniture ownership, especially for
larger homes. R-squared is displayed in the regression plots to illustrate the extent to which
the samples taken in the study show that floor space is a factor of furniture units or furniture
ownership. The figures for R-squared can also be interpreted as the “percentage of correctness
obtained by the regression” (Chicco et al., 2021). The R-squared values found in this study
were all found to be relatively low, with the R-squared value for couches to be the highest
at 0.2429 and the lowest being 0 for swing sets and trampolines. Only five of the furniture
categories of the 26 scored above 0.1, these being indoor, non-recreational furniture categories.
However, a low R-squared value was expected as several other factors are assumed to be factors
of furniture ownership aside from floor space, such as income, life stage, and even cultural
factors (e.g., minimalism). Thus, for the sake of simplifying the model, this study uses floor
space as the single factor of furniture ownership, with no mediating factors for the base model.

Recreational furniture categories (i.e. recreational tables, trampolines, swingsets, and
basketball hoops) will be excluded from the scope of this study moving forward due to the
binary nature of furniture ownership in these categories and the finding that ownership of
these pieces is not dependent on floor space. Following the convincing example of trampolines
and swing sets, as well as the lack of material intensity or composition data, outdoor furniture
categories (i.e., patio chairs, tables, and umbrellas; benches) will also be excluded from the
scope of the remaining length of the study due to doubts about the relationship between
indoor floor space and outdoor furniture. Based on a quick calculation using the weighted
average mass of the cutoff furniture per m2 compared to total furniture mass, the decision cuts
off around 14% of the mass accounted for in the collected furniture unit data. Outdoor and
recreational furniture will be discussed as counterexamples for this model in Chapter 6.
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3.2.6. Putting it all together: Obtaining the static stock of American
household furniture

Finally, multiplying the accepted linear regression models from Section 3.2.5 by the IMAGE
SSP2 (Stehfest et al., 2014) data for floor space in American households in 2020, an estimate
for the total number of furniture units in American households is calculated. Equation 3.1
represents this calculation, as 𝐹 is the total estimated furniture units, 𝑃 is the US population in
a given year, 𝑓 is the floor space per capita, and 𝑥𝑖 is the furniture unit per m2 for each furniture
category. n is the number of furniture categories being considered in the study.

More about the IMAGE SSP2 scenario data can be found in Section 3.3.1. The actual static
portion of the analysis will conclude here, as the input to the dynamic model will be the
furniture stock, in units. The final "snapshot" results for material stocks in household furniture
were obtained after conducting the dynamic stock analysis, from which the results for each
year can be pulled.

𝐹 =

𝑛∑
𝑖=0

𝑃 ∗ 𝑓 ∗ 𝑥𝑖 (3.1)

3.3. Modeling dynamic household furniture stocks and
flows

When conducting a dynamic material flow analysis (d-MFA), the dimension of time is added
to the analysis and allows for the study of system behaviors over time (Müller et al., 2014).
The timestep, or the smallest unit of time considered for the investigation of the system, is
usually one year (Müller et al., 2014), as it is in this study. The scope of d-MFAs can be largely
distinguished as retrospective and prospective studies. Some studies, such as the current
study, are a combination of both. Retrospective d-MFA analyzes past stocks using historic data,
whereas prospective d-MFA extrapolates known data to project into the future. Referring back
to the MFA types (Augiseau & Barles, 2017) introduced in 3.1, this study is also an example of a
stock-driven model, as the minimum required stock is estimated with the static model and
used to calculate the necessary inflows, accounting for any outflows that have occurred and any
changes to the minimum stock requirements. To first estimate the stock and its changes over
time requires the use of variables that are endogenous and exogenous to the model. Exogenous
model variables affect the values of various endogenous variables without being changed,
itself (Müller et al., 2014). The endogenous variables in this study are the inflows and outflows.
Each inflow per year is an age cohort of the product that is input to the stock at one discrete
timestep of the model (Pauliuk & Heeren, 2020). Each cohort may have its own characteristics,
such as composition, lifetimes, and recycling rates. On the other end, dissipation is a concept
used notably by (Ayers, 2002, as cited in Müller et al., 2014) to describe outflows, the tendency
for materials in a stock to eventually be taken out of the in-use stock as irrecoverable waste,
recycled, or reused. The rate of outflow is determined by the lifetime of products that make up
the stock. In this section, each of these necessary inputs of the dynamic model, as well as the
outputs, will be described.

3.3.1. Using floor space data to calculate dynamic household furni-
ture stocks

The exogenous variable that will be used to drive the minimum required stock in this study is
residential floorspace in the US over time. Data from IMAGE 3.0 (Stehfest et al., 2014), under
the scenario labeled SSP2 was used to obtain estimates of the US population from 1970-2100,
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urbanization from 1971-2100, and floor space by income quintile and urban/rural areas from
1970-2100. The IMAGE data used in this study has been provided as Supplementary Material
F.

Due to the limitations of d-MFA and the need to assign lifetimes to each cohort, assigning a
positive stock at year 0 of the analysis will imply that all of the initial stock was input to the
material stock in year 0 and that all of this stock has the same probability of dissipation at each
timestep. However, it is likely that some of that stock came into the stock in previous cohorts,
thus different parts of the stock have various probabilities of dissipation. To solve this issue,
the floorspace per capita was extrapolated down to zero to 1900 (Müller et al., 2014), allowing
for the initial stock within the scope of the study to be composed of various cohorts at different
points in their lifetime, thus having different probabilities of dissipating in the next year.

The household furniture stock estimates that the Dynamic Stock Model (DSM) returned
was multiplied and subsequently multiplied again by furniture intensity estimates as shown
in Figure 3.11 to obtain the estimated number of total furniture units/year as an input to the
DSM. This is similar to the calculation performed to obtain the static household furniture
stock (Equation 3.1); However, the equation is performed for each year of the study. The
total furniture units/year, also known as the minimum stock for each year, and the inflow
of each year is calculated as the outflow from that year and any additional stock needed to
meet the minimum stock amount. Any year within the study period can be specified in the
Python file (Supplementary Materials G-3) to obtain static results, such as the plots displayed
in Chapter 4. The historical data and projection provided by the IMAGE model contributed to
the calculations made for the dynamic stocks of American household furniture.

Figure 3.11: Flowchart illustrating the use of data from IMAGE 3.0 SSP2 to calculate the minimum
furniture stock per year.

3.3.2. Estimating furniture product lifetimes
Lifetime is a characteristic of a product that defines the probability that the product will be
taken out of the stock as outflow as it ages. Models often use distribution functions, which are
used to estimate the portion of an inflow cohort that remains in the in-use stock at any point
in time. Depending on the shape of this distribution (e.g., normal, Weibull distribution, and
so forth), there may be more or less of the cohort leaving the in-use stock when that cohort
reaches a certain age. For example, if the lifetime of dining chairs has a normal distribution
with a mean of 15 years, it is likely that most dining chairs will be disposed of (i.e., leave the
material stock) after around 15 years of use. Some chairs may survive until the age of 20, but
some chairs may also only survive 5 years or less.
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The lifetimes used in this study have been referenced in Supplementary Materials C-2 and
are summarized in Table 3.1. The lifetime of the products used to assess material intensity
and lifetime were all found in scientific and grey literature for life cycle analyses (LCAs) on
furniture, then averaged. To conduct the LCAs, practitioners are required to identify the service
lifetime of the product in question (Guinée et al., 2002). However, in the case of furniture, the
economic lifetimes assigned to many assessments are assumptions or are sometimes omitted
from the study (Cordella & Hidalgo, 2016). By averaging the lifetimes, it is also assumed that
the variations of products within each furniture category occur at equal frequencies. Based
on an estimation made by Hebrok (2016), most furniture has a lifetime of 2-30 years. For this
study, that conclusion was assumed to mean that approximately 95% of furniture has a lifetime
that falls around the mean. The distribution was assumed to be a folded normal distribution to
avoid any negative lifetime values, with a mean of 15 years and a standard deviation of 7.5
years.

Table 3.1: Description of indoor furniture categories.

Furniture category
Average lifetime 

used Sources

Dining table 15 Alonso (2022c); Breedveld (2022c)
End table 15 Breedveld (2020d)

Coffee table 15
Breedveld (2020d, 2021d); Hoxha & Jusselme 

(2017); Sessa (2018)

Desk 22.5
Alonso (2022b), Sessa (2022b); Spitzley et al. 

(2006); Wang et al.(2016)

Couch 15
Breedveld (2021b); Hoxha & Jusselme (2017); 

Wang et al. (2016)

Upholstered chair 13.4
Bianco et al. (2021); Breedveld (2021b); Prunel 

(2021)

Dining chair 15
Breedveld (2020b, 2020a, 2021e, 2023e, 2023a, 

2023b, 2023d)

Office chair 18
Alonso (2022a); Breedveld (2023b); Linkosalmi et 

al. (2016b); Spitzley et al. (2006)
Stool 15 Breedveld (2019, 2021a)

Ottoman 15 Breedveld (2020b, 2021d)

Single bedframe 15
Coloma-Jiménez et al. (2022); González-GarcÍa et 

al. (2011); Sessa (2022a)
Double bedframe 15 Hoxha & Jusselme(2017) ; Sessa (2022a)

**Shelf 12 Linkosalmi et al. (2016)
Dresser 15 Sessa (2022b)

Wardrobe 10
Alonso (2022d); Iritani et al.(2015) ; Medeiros et 

al.(2016); Wang et al. (2016)
Plastic storage 5 **Researcher estimate
Metal storage 15 Alonso (2021); Ecovibes (2021)
Folding table 15 **Researcher estimate

** Indicates that the estimates for the furniture category contains calculations made by the 
researcher. See Supplementary Materials C-2 for more information and calculation 
methodology.
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3.3.3. Estimating the material intensity of furniture products
Material intensity is the amount of a type of material, as defined by the modeler, within one
unit of good or product. This is necessary to calculate the stocks of these materials from the
total amount of product. In this study, the mass of materials will be described in kilograms per
unit of furniture, and each type of furniture will have different material intensities. Table 3.2
shows the categorization of material types following a survey of LCAs in scientific literature
and industry data (Supplementary Materials C-2). The average material intensity in kilograms
of each material category per furniture unit (Table 3.3) was weighted by the corresponding
furniture intensity of each product type for urban areas (Supplementary Materials B-2). A
majority of the LCAs that informed the material intensities used in this study were accessed
from the Environdec database (Alonso, 2021, 2022a, 2022b, 2022c, 2022d; Breedveld, 2019,
2020a, 2020b, 2020c, 2021a, 2021b, 2021c, 2021d, 2023a, 2023b, 2023c; EcoVibes, 2021; Prunel,
2021; Sessa, 2018, 2022a, 2022b). Other studies were pulled from scientific literature (Bianco
et al., 2021; Coloma et al., 2022; González-García et al., 2011; Hoxha & Jusselme, 2017; Iritani
et al., 2015; Linkosalmi et al., 2016; Medeiros et al., 2017; Spitzley et al., 2006; S. Wang et al.,
2016). Material intensity results for plastic storage, one of the two shelf products, and the
folding table were calculated by the researcher from product specifications accessed through
ULINE.com (ULINE, 2023a, 2023b, 2023c, 2023d, 2023e). The “tables and desks” category
includes dining, coffee, end, and folding tables, as well as desks. “Upholstered chairs” refers to
couches, upholstered chairs, office chairs, and ottomans. “Un-upholstered chairs” represent
dining chairs and stools. Single and double bedframes are both included in the “beds” category.
Shelves, dressers, wardrobes, plastic storage, and metal storage are all represented under the
“storage units” umbrella.

3.3.4. Differentiating the mass of furniture between income quin-
tiles

A survey of furniture products sampled revealed that furniture at different price points tends
to have different scales of mass. In order to reflect this phenomenon in the model, further
data was collected on sample products from each furniture category to estimate a weighting
factor for three different representative furniture product categories (dining tables, upholstered
chairs, and double bedframes, as categorized in this study (Table B.1). Five furniture retailers
with the highest US brick-and-mortar and online sales (Statista Research Department, 2022b,
2022c) with a national distribution network were chosen from each of which five products
at different price points spaced across the total price range in each representative furniture
category. These retailers are listed below.

• Target (Target, 2023): A representative of discount furniture retailers, especially known
for ubiquitous distribution and online sales.

• Williams-Sonoma (Williams-Sonoma, 2023a): A representative of high-end furniture, one
of the highest-grossing furniture retailers in the country (Statista Research Department,
2022c).

• IKEA (IKEA, 2023a): A representative of discount furniture retailers, known for trans-
forming the market with flatpack distribution and self-assembly (IKEA, 2023b).

• Ashley Furniture Store (Ashley, 2023): A representative of mid-tier furniture retailers and
one of the highest-grossing furniture retailers in the US (Statista Research Department,
2022c).

• Wayfair (Wayfair LLC, 2023): A representative of online furniture retailers and one of
the highest-grossing furniture retailers in the online category (Furniture Today, 2020).
They provide a selection of furniture at wholesale to high-end prices.
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Figure 3.12: Flowchart illustrating the process for finding quintile weighting factors, using the example
of Quintile 3.

Where there was an inadequate selection for certain furniture categories from any given
retailer, other stores providing a wider selection in that category was used. For this study,
La-Z-Boy’s (La-Z-Boy Incorporated, 2023) online retail platform was also used to supplement
the representation of high-end upholstered chairs. For each retailer and each furniture category,
the products were sorted using the sorting filter “Price: Low to High”. The number of products
was then divided into quartiles and a representative product from the end points of each price
range was chosen (usually a product with the price at the demarcation line for each quartile)
for a total of five products. In the case of retailers where too many products existed in the
category to list (as was the case with Wayfair), the visible number of pages was divided in
this manner and products were chosen. In the case of some furniture categories, researcher
discretion was practiced for filtering products that fit into the specific furniture category within
the retailer site but did not fit into the description of the furniture, as described in Section 3.2.2;
for instance, sofa covers in IKEA’s online sofa selection.

As shown in Figure 3.12, the weight for each representative product was sorted according to
the original retail price. The sample products for each category were then divided into quintiles,
and the mass per functional unit of the furniture units was averaged for each quintile and then
divided by the average of all masses per functional unit to obtain the quintile weighting factor
(Equation 3.2). 𝑄𝑛 for each quintile was then divided the average �̄�𝑄𝑛 for all quintiles (̄𝑦)𝑄 to
find the quintile weighting factor. The sources and equations for all products and weighting
factors can be found in (Supplementary material D-1).

𝑄𝑛 =
�̄�𝑄𝑛

�̄�𝑄
(3.2)

3.3.5. Differentiating the wood types used in furniture between in-
come quintiles

A survey of furniture products sampled for Section 3.3.4 revealed that furniture at different
price points tends to use different types of wood-based materials. In order to reflect this
phenomenon in the model, further data was collected on sample products from each furniture
category to estimate the percent contribution of each wood type (particleboard, layer wood, and
solid wood, as categorized in this study (Table 3.2) to the wood mass of the American furniture
stock for each income quintile. In addition to the stores listed in Section 3.3.4, five stores that
are all known to have national distribution and high sales column for furniture online and/or
in store (Statista Research Department, 2022b, 2022c) provided additional data: Amazon.com
(2023) for office chairs and single bedframes; West Elm (Williams-Sonoma, 2023b) for single
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bedframes, shelves, and wardrobes; MattressFirm.com (2023) for single bedframes; Big Lots
(2023) for single bedframes; and Home Depot (2023) for wardrobes. Data was first collected
from representative furniture product listings in the first, third, and fifth price quintiles of
each website to see what types of wood the furniture in each quintile contained. To decrease
the need for further sampling, it was necessary to create aggregate categories of the furniture
types. Surface- and panel-type furniture were distinguished from furniture types that used
a frame (frame-types) to support upholstery or padding. This was done because it seemed
that as the price of the product went up, the wood used in panel and surface types was more
prominent in the design of the product, whereas the composition of upholstery materials was
given more attention in the design of furniture in frame-type categories.

For every wood type within each aggregated furniture category and price quintile, a "score"
was determined to indicate the prevalence of that wood type. A 1.0 was given to the wood
type if the furniture listing is shown to only contain that wood type. If a furniture product has
multiple types of wood in it, it is assumed (unless otherwise stated on the product site) that
there is an even amount of each listed type of wood in the product (by mass). This was done to
decrease the error that would result from detailed calculations on furniture parts and wrongly
hypothesizing their wood compositions. Most listings did not provide enough information to
accurately inform the researcher which type of wood was in which part of the furniture. The
assumed percentage for each type of wood is then added to its total "score" for the furniture
category for that quintile. For example, if a dining chair in Quintile 5 is described as containing
solid wood and particleboard, 0.5 is added to the solid wood score for dining chairs in Quintile
5 and 0.5 is added to the particleboard score for dining chairs in Quintile 5. If the next chair
listed has only solid wood, then a 1 is added to the score for solid wood, Quinitle 5. This brings
the score for solid wood in dining chair, Quintile 5 to 1.5. This only pertains to the wood that is
contained in a given furniture product, so if the product contains no wood, then nothing is
added to any of the wood scores. After the final score for each wood type in each category
and price quintile is added, the scores are normalized as a percentage of the sum of scores for
solid wood, layer wood, and particleboard. More details on the data and formulas used for
this process can be found in Supplementary Materials C-2.

The estimates for each category are listed in Table 3.4. For panel-type furniture (i.e., dining
tables, end tables, coffee tables, desks, shelves, dressers, and wardrobes), the lowest price
quintile is dominated by products made primarily of particleboard. By the highest-price
quintile, the products are estimated to be comprised of mostly solid wood. On the other
hand, frame-type furniture (single and double bed frames, couches, upholstered (arm)chairs,
dining chairs, office chairs, stools, and ottomans) contained more layer wood at the lower price
quintiles. Solid wood and particleboard are estimated to be present in similar quantities. At
the highest quintile, frame-type furniture contains about half solid wood and particleboard
becomes slightly more common as well, while layer wood is less dominant.

Finally, the average material intensities, quintile weighting factors, and the wood composi-
tion by price quintile were multiplied to find the material intensity for each furniture category
and each income quintile (Supplementary Materials C-1).

3.3.6. Running the model with Python
The Dynamic Stock Model by Pauliuk and Mutel (2014) was handled as a black box in this
method to estimate the stocks and flows of home furnishings over time. The model was used
within a Python file created for this study (Supplementary Material G-3), with the inputs of the
expected furniture stock obtained in Section 3.3.1, along with the mean and standard deviation
of lifetimes for each furniture category (Section 3.3.2). The outputs of the Dynamic Stock Model
are the stock and outflow of furniture units in millions per year by cohort, and the inflow of
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quintile wood type

Estimated 
composition of 
wood parts for 
panel- and surface- 
type furnishings

Estimated 
composition of 
wood parts for 
frame type 
furnishings

solid wood 0.01 0.2
layer wood 0.09 0.6

particleboard 0.9 0.2
solid wood 0.18 0.4
layer wood 0.095 0.4

particleboard 0.725 0.2
solid wood 0.35 0.6
layer wood 0.1 0.2

particleboard 0.55 0.2
solid wood 0.475 0.575
layer wood 0.15 0.2

particleboard 0.375 0.225
solid wood 0.6 0.55
layer wood 0.2 0.2

particleboard 0.2 0.25

1

2

3

4

5

Table 3.4: Estimates for the composition of wood types within the wood mass in household furniture at
different price quintiles. The compositions are assumed to be different between two categories, those
categories being panel- and surface-types (all tables, shelves, dressers, and wardrobes), and frame-types
(couches, upholstered (arm)chairs, dining chairs, office chairs, stools, ottomans, and single and double

bed frames.)

furniture units in millions per year.

Figure 3.13: Flowchart illustrating the inputs to the Dynamic Stock Model and the outputs of dynamic
furniture stock, outflow, and inflow.
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Figure 3.14: Flowchart illustrating inputs and processes needed to obtain material stocks for the
dynamic base model.

The model_runner Python file (Supplementary Materials G-3) used in this study functions
as a loop through which the furniture stock estimator (Supplementary Materials G-2) and
the Dynamic Stock Model are run for each value of the dimensions (area type, quintile,
and furniture category), as specified by the user. The file outputs a dataframe, saved to an
Excel spreadsheet (Supplementary Materials H), that gives the results of the model for each
dimension value specified. The same Python file also outputs the visual representations of the
results, as shown in Chapter 4.



4
Base Model Results

In this chapter, the results of the base model will be displayed. The design of the base model is
as described in Chapter 3, with no further adjustments made to the model parameters. The
material intensities and the furniture intensities are assumed not to have changed over time.
Scenarios with changes to the model parameters are tested in Chapter 5. Limitations and
implications of the base case results and scenarios are discussed in detail in Chapter 6.

4.1. The results for static stocks of material in American
household furniture

Using the basic version of the model developed as described in Chapter 3, 146 kt of household
furniture was estimated to be in use within the US in 2020. A snapshot of the composition of the
American household furniture stock in terms of mass of each furniture type in 2020 is provided
in Figure 4.1a. Double bedframes (darker teal) and dressers (light green) each represent more
than 10% of the material stock and are the top contributors to American household furnishings
in terms of mass. Again, the "other" category represents the aggregate of any furniture types
that make up less than 4% of the stock estimated in the base model (light teal).

The base case returns an estimation (Figure 4.1b) that demonstrates that wood-based
materials – solid wood (pink), layer wood (orange), and particleboard (dark blue) – together
comprise about 74% of the total material stock for American household furniture. Of the
wood-based materials, solid wood is the most dominant wood material represented in the
furniture stock at 35% and particleboard is second at 25%, in terms of mass. Ferrous metals
also represent a large portion of the material stock in American household furniture, at 13%.
Plastic represents about 4.5%, a relatively minor, but still notable portion of the material stock in
household furniture in 2020. The "other" category in Figure 4.1b is an aggregate representation
for all material categories that did not include more than 4% of the mass in the material stock of
American furniture. These categories include non-ferrous metals, other polymers, paints and
varnishes, textiles, adhesives, glass, concrete, rubber, and other (miscellaneous) substances.

When the composition of material stocks is compared between the highest and lower
American income quintiles, there is a clear change. The mass used in furniture and used by
the lowest quintile (Figure 4.2a) is largely composed of particleboard (dark blue) and also of
layer wood (orange). In contrast, the Americans earning higher incomes (Figure 4.2b) use
furniture that is composed primarily of solid wood (pink), according to the results of the base
model. All three of the topmost prominent materials in the furniture stock for Americans
in Income Quintile 5 are wood-based. The large percentage of biomass (i.e., wood) in the
American furniture stock suggests that there are opportunities to use the stock as carbon storage.
However, applications of household furniture toward carbon storage may be complicated when
there is a large amount of particleboard in the material stock. These opportunities will be
discussed in more detail in Chapter 6.

33
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(a) The percentage of mass by furniture category in 2020. (b) The percentage of mass by material type in 2020.

Figure 4.1: Composition of the total material stock of American household furniture in 2020.

(a) The percentage of mass by material type for the lowest
income quintile (Q1) in the US, 2020.

(b) The percentage of mass by material type for the highest
income quintile (Q5) in the US, 2020.

Figure 4.2: Composition of the material stock owned by Income Quintiles 1 and 5, respectively, 2020.
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Figure 4.3: Estimated material ownership per capita by area type and quintile in 2020, base case.

Figure 4.3 shows the static furniture ownership in kg per capita for 2020 by income quintile
and area type in the US. The blue bars show the results for urban areas, whereas the orange
bars show the results for rural areas. Income Quintile 1 represents the fifth of the adult US
population with the lowest incomes, and Income Quintile 5 represents those with the highest
incomes. The general pattern shown in the figure illustrates that consumers at higher income
levels tend to have higher masses of in-use stocks of furniture per capita in comparison to
consumers at lower income levels. The mass per capita in household furniture owned by the
highest income quintile surpasses the mass of material stock per capita of the lowest income
quintile by a scale of 12. The highest income group also seems to have about twice the mass in
material ownership than the next highest (fourth) income group. Given the initial assumption
that higher-quality items have higher mass and the finding during model development that
confirmed this assumption (Supplementary Materials D-1), the added weight of materials
contributes to the scaled-up material ownership. After a sensitivity analysis comparing a run
of the base case model with no quintile weighting factor and a run with the use of the quintile
weighting factor, the sensitivity of the material stock of Quintiles 1 and 5 are -0.32 and 0.59,
respectively.

The base model results also show that the rural areas tend to have slightly more mass per
capita in furniture than their income counterparts, except for in the third income quintile. One
explanation for this is that there is more floor space per capita in rural areas (Mazur, 2016;
Moura et al., 2015). Thus, there is less furniture per unit of floor space, but more furniture per
capita than in urban areas. Upon reviewing the furniture intensities (Supplementary Materials
B-2) of the third quintile in each area type, it appears that most furniture categories included
in the results occur at a higher rate over floor space in urban spaces than in rural areas. The
exceptions were stools, single bedframes, shelves, dressers, and metal storage units B). Both
urban and rural areas display an upward trend in material ownership in household furniture
as income increases. It seems that the income disparities of material ownership may be similar
whether one lives in the city or the country.
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4.2. The dynamic stocks and flows of materials in Amer-
ican household furniture

4.2.1. Overall dynamic base case results

Figure 4.4: Total stock of materials in household furniture (kt) by cohort, outflow by cohort, and inflow
for the base case, 1971-2100 for all areas, quintiles, furniture categories, and material types.

Figure 4.4 shows the dynamic results of the stock-driven model of the material mass in
furniture in all areas, quintiles, and for all furniture types. The stock of American household
furniture over time is illustrated in the top plot. The outline of the area plot (area plot outlined
in blue) represents the total stock over the years. The stock is expected to keep growing until
around 2080 when the minimum demand for furniture plateaus and may even start to decrease.
Each stripe on the plot area represents a cohort of the material input to the stock. As the
products of each cohort reach the end of their functional lifetime over time, the cohort stripe
tapers until it is no longer represented in the total stock. Because the average lifetime for most
of the furniture categories was specified to be 15 years, with some categories ranging from 5 to
22.5 years, and a standard deviation of 50% of the average lifetime, the stripes span around 30
years from the beginning until it is no longer visible.

The bottom plot shows the inflows (black line) and the outflows of the materials in
household furniture by cohort (area plot outlined in blue). The results of the dynamic model
for the base case shows that the inflow, or the demand of new furniture materials, is expected
to reach saturation towards the last decade of this century when the inflow of household
furniture materials meets the American minimum demand for household furniture materials.
After saturation is reached, base model projects that the outflow from the American stock of
household furniture will be larger than the inflow. Until then, however, the capacity of the
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current furniture stock is expected to be overwhelmed by the need for new materials. Even
with furniture recycled at 100% into new furniture, new materials will need to be added until
the minimum demand for furnishings plateaus in the distant future.

4.2.2. Dynamic base case results by area type

Figure 4.5: Rural (left) and urban (right) inflows and outflows of materials in household furniture, base
case, 1971-2100.

Figure 4.6: Material ownership by area type, base case, 1971-2100.

Figure 4.5 shows the dynamic results after separating the base case results by area type. It
is clear that the rural and urban areas of the US are experiencing very different trends when
it comes to materials in household furniture. Rural demand for furniture material has been
decreasing steadily since the late 2010s, and this trend is expected to continue throughout
the century. On the other hand, the material stock in urban household furniture has been
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increasing from the start of the study period, and the rate of growth in the stock is expected
to slow only at the end of the study period, or the end of the century. In the rural results,
the cohort sizes are larger when stock in rural areas increases at higher rates from 1980 to
the mid-1990s, and the cohort sizes decrease when there is a slowing or decreasing demand
for materials in rural areas. While the demand for new materials decreases, the dissipation
of material from the accumulated stock continues, resulting in an outflow that is larger than
the inflow of household furniture materials in rural areas of the US. Demand for household
furniture materials in American urban areas is expected to act very differently, with demand
outpacing outflows until the end of the century, with both inflow (the demand) and outflow
increasing until the last decade of the study period.

The scale of furniture ownership in rural areas is minor compared to that of urban areas
(Figure 4.6). By far, urban areas are hotspots for material ownership and with increasing
urbanization, the composition of rural ownership becomes smaller, even as the overall material
ownership plateaus. In 2020, consumers in urban America are estimated to have owned 84%
of the material stock in household furnishings. In 2050, that portion increases to 91% and
then finally to 97% in 2100. These results highlight the increasing importance of the effect of
urbanization on future American household furniture stocks.

4.2.3. Dynamic base case results by income quintile

Figure 4.7: Material ownership by quintile, base case, 1971-2100.

Figure 4.7 shows the stock of materials in American household furniture over time.
According to the results of the base model, consumers in the highest income quintile (i.e.,
Quintile 5, shown in purple) is estimated to have 48%, about half, of the total material stock
in American household furnishings in 2020. The quintile with the lowest income, Quintile 1,
is estimated to own a mere 3% of the mass in household furnishings. In the base case, those
material inequalities are expected to remain between the highest and lowest earners in the
country. The projected inequalities are a result of a combination of the finding and subsequent
input to the model that more expensive furniture tended to weigh more, and the IMAGE SSP2
projection for floor space per capita according to income quintile (Stehfest et al., 2014).



5
Modelling Lifetime Extension

Scenarios

5.1. Lifetime extension as a circularity strategy for durable
products

As expressed in Section 1.2.2 of the Introduction, furniture is a product category that is an ideal
candidate for circular economic (CE) strategies, particularly lifetime extension, even when
compared to other durable product categories. Therefore, it is imperative to develop strategies
to implement lifetime extension of household furniture and understand the effects of possible
lifetime extension scenarios.

A survey of the scientific literature on the lifetime extension of furniture and durable
goods was performed on the Web of Science and Google Scholar databases, as well as Google
Search for grey literature. In the first section, a summary of those findings will be provided to
contextualize the following section, in which the development of scenarios for the repair and
reuse of furniture on a large scale will be discussed (Section 5.2). The following results will
investigate the effects of repair and reuse lifetime extension strategies on the flows of materials
for American household furniture (Section 5.4).

5.2. Understanding lifetime extension strategies
An additional literature review was performed to establish a basic understanding of lifetime
extension and the terms used to describe related concepts. The findings of this review were also
used to inform the assumptions used to complete an analysis of lifetime extension scenarios.

5.2.1. Defining repair and reuse
The United Nations Environmental Programme (IRP, 2018) illustrates the distinction between
lifetime extension strategies, as understood by the United Nations, in a graphic (Figure 5.1).
End-of-use (EOU) is defined as the time at which the consumer no longer wants the product
and seeks ways of removing the product from their possession. The product is still functional
but may require some repair or maintenance. This may also be understood as the durability of
the product. End-of-life (EOL) signals the time at which the product fails to be functional, can
no longer be used by the consumer, and is beyond repair (IRP, 2018). Through this graphic,
the International Resource Panel categorizes repair as a value-retention process, where the
product experiences a longer service lifetime until EOU than in the reuse strategy, as the
product deteriorates to a point past immediate reuse. The consumer is then able to use the
product to its actual end-of-life stage.

In a conference paper written to establish a repairability indicator of electronic goods in the
non-commercial context, Flipsen et al. (2016) defines repair as “the correction of specific faults
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Figure 5.1: A summary of different value retention process compared to the end-of-use (EOU) of new
products and end-of-life (EOL) (IRP, 2018)

in a product, bringing the product back to working condition". This definition of repair will
also be used for the scenario analyses in this study.

5.2.2. A brief and qualitative state of the art for furniture repair
The decision to repair sits at a cross-section between self-empowerment, structural empower-
ment, and design. A study by Hebrok (2016) that factors beyond novelty-seeking contribute to
consumer decisions to repair. Rather, it is an issue of cultural norms. Jaeger-Erben et al. (2021)
concluded that repair had a non-significant role in increasing product lifetimes, but also attests
to the possibility that repair was not sufficiently represented in their sample. The authors
postulate that consumers currently exist in a “culture of non-repair”. These results call for a
deeper study on the lifetime extension of furniture repair. The barriers to repair identified in the
study were primarily financial and behavioral costs for products with short innovation cycles.
These conclusions highlight the importance of social, regulatory/structural, and design factors
that will enable and encourage users to repair. An example of financial and behavioral costs
to repair is the consideration between Do-It-Yourself (DIY) and expert or commercial repair.
While DIY may be less costly and possibly more satisfying, the extent of damage and need for
extensive repair time, special skills, and knowledge may require expert aid (Svensson-Hoglund
et al., 2022). Users must balance these factors, as well as their own personal confidence and
valuation of the broken product in question before making the decision to repair. The furniture
product category has an advantage, in that there is a relative lack of technical complexity in the
structure of furniture pieces (e.g., in comparison to electronics or automobiles) (Manoochehri
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et al., 2022). Therefore, educating and enabling most consumers to perform some furniture
repair is viable.

The consumers’ willingness to repair also depends on the consumer needs to desire
extended ownership of the product in the first place. This may be due to the initial durability
of the price (profitability of repair), emotional attachment (context of acquisition and history of
ownership), and culture (i.e., life phases, design, and trends) (Svensson-Hoglund et al., 2022).
Additional structural factors may contribute to the ease and ability of consumers to dispose of
or refurbish/repair their furnishings (Hebrok, 2016). According to a study by Hebrok (2016),
furniture is most often disposed of due to reasons other than a decline in performance, but
rather due to other more cosmetic “flaws”. According to the definition of different lengths
of product lifetimes in Section 5.2.1, this means that the service lifetime of furniture is often
only until end-of-use and not end-of-life. These conclusions highlight the importance of social,
regulatory/structural, and design considerations that will empower and encourage users to
repair.

5.3. Quantifying and modeling repair and reuse scenar-
ios

The scientific body of knowledge was very limited on the quantified effects of repair on the
lifetime extension of furniture products. However, the literature was a bit more extensive
on the lifetime extension of other durable goods, specifically on goods that required energy
consumption in their use phase such as household appliances. Cooper et al. (2021) and
Linkosalmi et al. (2016) both write that the quantified lifetime of furniture may be understudied
due to this “passive” feature of furniture. Therefore, modeling lifetime extension scenarios
requires the use of some assumptions and proxies adapted from European efforts in increasing
the instances of repair in their economy. The analysis requires inputs on the timeline of the
repair scenario, expected life extension after repair, a projected amount of furniture taken in
and repaired as a percentage of the total furniture stock, and an estimated addition of mass
needed for repair.

5.3.1. Identifying the inputs to lifetime extension scenarios
A study by Russell et al. (2023) in value retention of wooden furniture through reuse, repair, and
refurbishing of wooden chairs found that all three CE methods required the use of “significantly
less” new materials and had reduced environmental impacts across all categories compared to
the production of a new chair. Wooden parts were observed to require the highest amount of
additional materials by weight for non-upholstered chairs. In the case of the upholstered chair,
an additional major category of new materials required to regain functionality were upholstery
materials (i.e., polyurethane foam, polyester fabric). Across the chairs that were tested in the
study, about 20% of additional mass was required to perform the repair. The model will use
20% added mass for all furniture that is repaired. Reuse does not require any additional mass.

The expected lifetime extension of furniture is extremely variable, since the quality of
repair, the initial state of the product, and consumer behavior/decisions all contribute to the
length of lifetime extension. According to the International Resource Panel (IRP, 2018) and
a study by van Stĳn et al. (2021), the lifetime extension usually does not exceed the original
expected lifetime of the product (what is the original EOL). To reduce overall error in the
scenario analyses, 50% of the EOU was chosen to split the difference between the extreme that
no lifetime was added due to repair and the other extreme, which is that the product lasts
twice as long as its original service life, due to repair. The original expected lifetime will be the
same as the base case. On the other hand, a furniture product that is reused may surpass the
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length of time for which it was initially used (EOU). In the study that included an investigation
into furniture reuse by Wiprächtiger et al. (2022), the service lifetime of furniture was doubled.
Similarly, 100% was chosen to represent lifetime extension due to reuse for this study.

Figure 5.2: The S-curve used to simulate the
adoption of the lifetime extension strategies from

2025 to 2070.

To define the timeline and goals of the
repair and reuse scenarios, federal US govern-
ment websites were searched in an attempt
to find plans or goals relating to the repair
and lifetime extension of durable goods or
furniture. Unfortunately, none were found,
and the Dutch goal of 100% circularity by
2050 was used as a loose guide to developing
the timeline of the scenarios. 2025 has been
chosen as the start date. The Dutch circularity
target was set in 2016 (Ministerie van Infras-
tructuur en Waterstaat, 2022), meaning the
timeline is about 34 years long. For the US,
that would mean that 2059 is the target year.
However, due to the difference in scale of the
economy and area, relative dispersion of the

population, and persisting political divisions, the end year was pushed to 2070 in the scenarios.
The end goal of 100% circularity as set by the Dutch Ministerie van Infrastructuur en Waterstaat
(2022) was an inspiration to aim for an optimistic scenario in this analysis. However, there
are no repair goals to further inform the lifetime extension scenarios (Morseletto, 2020), and
some furniture products will not be repairable due to damage beyond repair or other materi-
al/structural features that make it economically or physically unfeasible to repair. Therefore,
70% was set as the end goal for the proportion of furniture in the stock to undergo repair or
reuse. The rate at which furniture repair increases will occur on an S-curve (Figure 5.2), which
simulates a system transition (Rogers, 2010), such as one that is required for the repair and
reuse of furniture to become the norm.

The values of the properties defining mass added, lifetime extension, adoption timeline,
and extent of adoption were combined in different configurations to give rise to five scenarios,
as seen in Table 5.1.

5.3.2. Implementing the lifetime extension scenarios in the model
The scenario analysis was performed using Python by combining the assumptions summarized
in Figure 5.1 with the inputs of the base case scenario. Since the dynamic model (Pauliuk &
Mutel, 2014) was treated as a black box in this study, only the minimum required stock and the
lifetime of the household furniture products were changed to simulate the scenario conditions,
as these are the two inputs to the Dynamic Stock Model. Therefore, calculations for the inflow
and outflow were not modified. This prevents the model from returning very nuanced results
in terms of the timing of the inflow of materials needed for repair and materials discarded
due to repair, which will be discussed in more detail in Section 6.3.5. However, this simplified
scenario analysis (Figure 5.3) can still be used to compare the overall effect of different strategies
against the base case. Suggestions for incorporating more realistic inflows and outflows to the
stock due to repair will be discussed in Section 6.3.5.

The average lifetime of each furniture product category was found using Equation 5.1,
which considers the percentage of products upon which a lifetime extension strategy is used.
This percentage changes over the course of the scenario analysis timeline along the S-curve
to simulate lifetime extension scenario adoption (Figure 5.2). It is assumed that the furniture
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0% adoption,
0% lifetime extension,
0% mass added for repair
70% adoption from 2023 - 2070,
50% lifetime extension,
20% mass added for repair

70% adoption scenario starts at 2035
and the goal is achieved in 2080

Q5 repair Only Quintile 5 accepts the control 
scenario
70% adoption
100% lifetime extension
0% mass added for repair
70% adoption
150% lifetime extension
20% mass added for repair

Reuse

Reuse and repair

Scenario name Scenario description

Base case

Repair

Delayed start

Table 5.1: A summary of the lifetime extension scenario assumptions.

Figure 5.3: Flowchart illustrating the implementation of assumptions to analyze lifetime extension
scenarios in household furniture.

products that are not affected by lifetime extension strategies still have the average lifetime
that was used in the base case. Finally, the total average lifetime of the product category for
each year 𝐿 can be found by adding the product of the base case lifetime 𝑙𝑜 and the percentage
of unaffected furniture units to the product of the extended lifetime 𝑙𝑒 and the percentage
of furniture that is repaired or reused 𝑟. It is assumed that the lifetime distribution for each
product remains on a folded normal distribution with a standard deviation of 50% of the mean
lifetime, as it is in the base case.

𝐿 = 𝑙𝑜(1 − 𝑟) + 𝑙𝑛(𝑟) (5.1)

While there is no added mass required to reuse household furniture products, an added
mass must be calculated to analyze repair scenarios. In this study, the added mass required
to repair each furniture product category per year was calculated in a similar manner to the
extended lifetime calculation. The average mass of the whole furniture product category in
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each year 𝑀 was found by multiplying the average mass used in the base case 𝑚𝑜 and the
percent of products not repaired, then summing this with the product of the mass of repaired
products and the percent of furniture that has been repaired 𝑟. 𝑎 is used in Equation 5.2 to
represent the mass of additional material that is needed for the repairs as a percentage of the
original mass of the furniture product.

𝑀 = 𝑚𝑜(1 − 𝑟) + 𝑚𝑜𝑟(1 + 𝑎) (5.2)

5.4. Comparing the results of lifetime extension scenar-
ios in American household furniture
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Figure 5.4: Percent differences in inflow (blue) and outflow (orange), compared to the base case, which
is at 0%.

Figure 5.4 displays the results of the model for each scenario, as described in Section 5.3.1.
The plot depicts the average percent difference in inflow and outflow between the base case
and each scenario from 2058 to 2062, which is a five-year range around 2060. This year was
shown to represent the results of the scenario analysis, as it is a little over twice the average
lifetime of most of the furniture categories modeled in the base case, and it is also within the
period on the strategy adoption timeline before the rate of adoption starts to slow. According
to the results of the model and in comparison to the base case, repair and reuse strategies are
expected to reduce the inflows and outflows of materials to the American household furniture
stock in all scenarios. In all scenarios, the model returns the projection that outflows will be
reduced by a larger amount than the inflow, although this is likely an artefact of the modeling
method since the mass is added to the material stock for the repair. No mass is modeled to
leave the stock due to repair; rather, it stays in the stock and eventually leaves when the entire
furniture product reaches EOL.

Additionally, it can be seen that the reuse strategy, under the same adoption conditions
as the repair case, incurs a larger effect on material inflows and outflows in the years around
2060 than the repair scenario. This is because there is no need for additional materials in
reuse, avoiding the dampening effect on reductions in material demands that would otherwise
occur with repair because additional mass is required for repair. In the scenario that explored
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the combination of repair and reuse strategies, repair seems to incur a relatively marginal
reduction to the material demand and outflow, in comparison to the effect it has on its own.
This phenomenon will have to be investigated with further work.

Thirdly, the impact of the adoption of the repair strategy by just the highest-income quintile
(Q5 in Figure 5.4) was modeled. When compared to the repair scenario in which all quintiles
adopt the strategy, Quintile 5 seems to account for about half of the reductions. While this is not
surprising considering the expected dominance of the quintile in furniture ownership in the
base model (Section 4.2.3), this result further emphasizes the importance of the participation of
the richest Americans in circular strategies for furniture, such as repair.

Finally, a scenario was developed to inquire into the effects of a delayed start to the repair
scenario by 10 years and the achievement of the repair goal (70% furniture repaired) by 10
years, as well. Compared to the repair scenario that starts in 2025 and ends in 2070, the repair
strategies are expected to have a lower effect on the inflows and outflows to the material stock
of American household furniture around 2060 when the strategies are launched later. While
this is to be expected, the dampening effect of this late start decreases the demand and outflow
reductions by about a third. This demonstrates the urgency of establishing lifetime extension
strategies such as repair for household furniture, and how detrimental delays can be to the
effectiveness of these strategies.



6
Discussion

In this chapter, the results of the base model and scenarios will be interpreted. An evaluation
of the methodology introduced in this study will also be performed. This will provide context
and background to the answers to each research question, the summarized answers to which
will be provided in Chapter 7.

6.1. Implications of the base case and lifetime extension
scenario results

This section will start with an analysis of the base case results to establish a "baseline" of the
stock and flows of American household furniture. A discussion of the scenario analyses will
follow to inform possible strategies to improve circularity for household furniture used within
the US.

From stock-taking American household furniture, the furniture categories that are dominant
in terms of the total mass of stock, such as double bedframes, dressers, and shelves (Figure 4.1a)
have high compositions of wood-based materials (Table 3.3). This result was demonstrated
in Figure 4.1b, which demonstrated that about 74% of the mass in American household
furniture was wood-based and 14% consists of ferrous metals (i.e., steel and iron). These results
corroborate the estimates made in the top-down study for household furniture in Switzerland
by Wiprächtiger et al., which used a composition of 70% wood and 13% steel for their analysis
on Swiss household furnishings (Hofer et al., 2019; Swiss Federal Customers Administration
FCA, 2020, as cited in Wiprächtiger et al., 2022).

In the dynamic results of rural areas, the decrease in minimum material demand for
furniture causes the outflow of furniture materials to dip below the demand for new materials,
indicating the need for a strategy to retain the value of used furniture in these rural areas.
Because the IMAGE data projects a steady increase in urban floor space in the US (Stehfest et al.,
2014), the expected minimum demand for furniture materials in urban areas increases through
the end of the century. The base model results show that the demand for new materials seems
to exceed the outflow of material throughout the modeling period, signaling the need for
circularity strategies to manage resource demand in urban areas into the future. Capturing the
flow of disposed furniture from rural communities for recycling may be a way to satisfy the
demands for household furniture in urban areas to a small extent. Indeed, the scale difference
between the rural and urban stocks is so large that the rural outflows will not be able to
match the furniture demands of urban residents. Clearly, any strategies aimed at resource
management and circularity of furniture products need to prioritize urban areas to maximize
effectiveness.

Should the average composition of furniture remain similar over time and demand for
furnishings continue to increase as the base case shows, there will be an increase in demand for
wood-based materials. The dominant presence of wood products in the material stock presents
the opportunity for the furniture stock to act as carbon storage; Yet, differences in the quality of
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the wood used in furniture affect its ability to store atmospheric carbon. Engineered wood is
prominent in low-quality furniture products that rely on particleboard and other engineered
wood materials to meet costs. From the survey of high-end furniture in this study, it was
also found that engineered wood (high-durability and otherwise) also features heavily in the
more expensive furnishings. Wood products like particleboard that are made with low-value
materials such as wood chips and fibers may have low durability, especially when affected by
water damage and stress. In order to act as carbon storage, wood products must have long
service lifetimes. Otherwise, wood that is discarded will be incinerated or decompose, releasing
the greenhouse gases that should ideally be stored (Brunet-Navarro et al., 2016). Durability
can be increased with the increased use of binders, such as urea-formaldehyde (Pedzik et al.,
2022). However, the use of such chemicals presents risks to human health in the use phase
(Skaar & Jørgensen, 2013) and increases harm to the environment in the manufacturing and
disposal phases (Peischel, 2022). Trading chemical safety for durability towards increasing
carbon storage capabilities is not a desirable compromise.

Recycling processes also compromise the structural integrity of engineered wood and
require additional energy and material inputs. Recycling processes may increase the complexity
of wood materials, making them difficult to re-integrate into a closed-loop system (Zimmer
& Angie Lunelli Bachmann, 2023). Solutions to recycle wood products contaminated with
adhesives and preservatives, such as medium-density fiberboard and high-density fiberboard,
two types of particleboard, are currently at laboratory scale (Besserer et al., 2021). Strategies to
reduce demand for new furniture materials overall would perhaps be a more effective way of
helping the furniture demands to reach saturation earlier and prevent further need for harmful
extraction of materials. The circularity approaches that can be used toward this object are, for
example, lifetime extension strategies: repair, refurbish, and reuse.

To achieve a higher level of circularity in the household furniture sector, various lifetime
extension strategies must be evaluated to increase the value retention of products and materials
that comprise the furniture. It is clear from the results of the scenario analysis that reuse is
preferred over repair to reduce the inflow of new materials that are necessary to satisfy the
minimum demand for household furniture stocks over time, as well as to reduce outflows
from the furniture stock. This is because reuse does not require additional materials in order
to be carried out, whereas repair is assumed to require an additional 20% of the original mass
of each furniture piece being repaired. However, both reuse and repair have been shown to
reduce inflows and outflows of household furniture materials and may be used together to
improve the circularity of household furnishings. To increase the reuse of furniture products,
furniture must be built for durability. This depends highly on the materials from which the
furniture is made, and the design of the products.

Of course, given that furniture ownership is contingent on cultural norms, product design
and the consumer’s use of the product is also a deciding factor in the longevity of furniture
products within the household. Any strategies aiming at circularity in household furnishings
must account for the social and cultural aspects of furniture use and willingness to participate
in circularity strategies. In this regard, increasing urbanization can present an opportunity for
circularity, as urbanization necessitates higher densities of people and their belongings. Having
furniture in higher concentrations can mean that local reuse and repair is more viable since
there is a larger pool of people in the area to share (repair) skills and tools and a larger customer
base for professionals to pull from. One barrier presented by urbanization against circularity is
establishing the infrastructure necessary to set up collection hubs and transportation networks
to enable circularity efforts at a larger scale may be more difficult in cities where space is tight
(Nicolini, 2022). For example, obtaining a warehouse for storing furniture collected for reuse
may be difficult and more expensive in a city.
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6.2. Main model assumptions
The major assumptions used in developing the base model and base results are summarized
in Table 6.1. The necessity to make most of the assumptions arose due to a lack of material
intensity, furniture lifetimes, and furniture ownership data in scientific literature, highlighting
the need for additional studies of these data inputs.

6.3. Strengths, limitations, and potential improvements
of the methodology

This section contains an analysis of the methodology introduced in the current study. Due to
the nature of bottom-up material flow analysis (MFA), data collection and the initial phases of
quantifying American household furnishings were highly time- and data-consuming. However,
because there was very little data available on which to base a top-down analysis for household
furniture, introducing methods for bottom-up data collection contributes to the possibilities in
future research methods on this product category. Household furniture is especially difficult
to quantify, as there are no public records of purchase and manufacture, and cannot be seen
from the outside via satellite or drones, as is the case with buildings. The photograph method
for collecting furniture data is novel and provides insight into furniture ownership across
many geographical regions and demographic groups, without the need for having a personal
network in all of these groups or spending resources on travel.

6.3.1. Limitations and strengths of the sampling and data collection
method

The method introduced in this study does not cluster urban areas depending on population
density or median floor space. Rather, urban PSUs in each division were treated as one cluster.
The PSU with the median household income was chosen to represent all urban PSUs in its
division, therefore only one furniture intensity per division for calculated for all quintiles in
the urban areas. This limits opportunities to study any nuance in furniture ownership per
quintile in terms of furniture units. Future research may cluster urban PSUs as well in order to
capture the nuances in furniture ownership in urban regions.

One barrier to taking more samples in urban areas was the unavailability of data compared
to rural PSUs. Rural homes were often shown with in-use furniture on real estate websites,
whereas urban listings were often bare, utilized model furnishings, or did not provide pictures
of the inside of the property. While this may be due to the significantly higher prevalence
of renting in American urban areas (US Census Bureau, 2023), renters may be required to
remove their belongings before listings are placed and landlords can also use images from
when the property was unoccupied. There are also limitations in ensuring that all furniture in
all rooms is accounted for, as the researcher is limited to accessing the furniture units shown at
certain angles in the real estate listings. If not all furniture units can be seen in the photos, the
researcher will underestimate the stock of furniture in the houses. The availability of property
images to the researcher is an important consideration for this method.

On the other hand, the photography method allows researchers to access furniture
ownership data without necessarily having a strong network in the geographical region
or socio-economic community of study. It is also a low-cost and anonymous and relatively
quick method of surveying homes. The data collection also relies on the researcher’s perception
and the appearance of the furniture as it is shown in the listing pictures, the description of each
furniture category is dependent on its size and appearance relative to other furniture pieces
in the picture. This method may introduce some error from the distortion of the cameras or
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Methodology section Assumption Source of assumption

Scope selection

S 2.4

Sampling, static model

S 3.2.1

Sampling, static model

S 3.2.1

Data collection, static 
model 

S 3.2.2

Lifetime, dynamic model

S 3.3.2

Lifetime, dynamic model

S 3.3.2

Lifetime, dynamic model

S 3.3.2

Material intensity by 
quintile, dynamic model

S 3.3.4
Material intensity by 
quintile, dynamic model

S 3.3.4

Furniture lifetimes are significantly different 
between movable and built-in furnishing types 
due to built-in nature and lower turnover of 
ownership (i.e. reselling is a precursor to reuse).

Research assumption

Clustering features were chosen to be 
population density and median floorspace, as 
they had the largest range of the population 
features available from the extracted data. The 
extracted data was chosen due to assumed 
influence of household size, composition, and 
income, floorspace, and population density on 
furniture ownership.

Researcher 
assumptions

All urban units were placed into the same 
cluster, under the assumption that median 
floorspace and population density was 
adequately representative of those features in 
urban areas.

Researcher 
assumption

The photos listed for each property on the real 
estate websites, given they match the criteria 
set by the researcher for "valid" samples," 
provides a sufficient representation of furniture 
ownership of that household.

Researcher 
assumption

The aggregated lifetimes used in the LCAs were 
considered end-of-use for the model, and the 
point at which furniture is discarded.

Research estimates, 
with aggregations of 
data in literature (See 
Table 3-5)

The lifetimes were averaged, assuming the 
variation of products represented in the 
material intensity data collection are equally 
present in the total population.

Researcher 
assumption

The overall material composition of each 
furniture category remains the same between 
product price ranges.

Researcher 
assumption

Standard deviation of lifetime is 50% of the 
mean, interpreted from a study that reports 
that most furniture approaches end-of-use at 2-
30 years, translating to a mean of 15 years with 
a standard deviation of 7.5.

Interpreted from 
Hebrok (2016)

It is assumed that consumers in higher income 
levels tend to buy higher-priced furniture.

Researcher 
assumption

Table 6.1: A summary of the main assumptions used in this study.
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Figure 6.1: Scatter plots of furniture in outdoor and recreational furniture categories counted at rural
residences, in furniture units/m2

photographic settings used by real estate companies, such as the wide-angle lens (Hometrack,
2023). However, having one person or a trained team collect data using a consistent definition
of furniture categories may provide more a scientifically robust data output.

6.3.2. Limitations of the linear regression model for furniture inten-
sity

The floor space-driven model does not work well for outdoor furniture, as outdoor furniture
may not depend on indoor floor space and may work for recreational furniture, by the same
logic. Recreational product categories such as basketball hoops, swing sets, and trampolines did
not work with this model due to the tendency to be present in binaries, regardless of floor space
or lot size. The linear fit of the model as assessed with R-squared ranged widely for outdoor
furniture, as demonstrated between patio chairs and patio tables in Figure 6.1. The outdoor
furniture was cut from the scope of the study as a category due to this variability. However,
data on lot size for each property (when it was available) has been recorded in Supplementary
Materials B-1 and may be used to evaluate the effect of lot size on the outdoor category
in future research. Likewise, the driving main driving factor(s) for large-scale recreational
product ownership may lie in explanations other than floor space and should be the focus
of further investigation. It is estimated that 14% of the total household furniture stock was
unaccounted for after cutting out outdoor and recreational furnishings. This mass could not
simply be re-incorporated into the overall analysis using indoor furniture intensities because
their material compositions tend to be significantly different than indoor furniture products
(i.e. more metal and plastic than wood). Further research may be done to estimate the size and
composition of the cut-off categories, to be reincorporated into the results of this study.

Most furniture categories also did not have high regression with floor space (Appendix D),
but due to the limitations in the model to consider one main driver of furniture stock, floor
space continued to be used in the model. There may be other mediating factors involved in
indoor household furniture ownership that should be investigated in future research, as this is
another gap in the scientific literature.

Another limitation of the data introduced to the model is that material intensities did not
use a stricter product-service unit, such as m2 of seating or m3 of enclosed space. Because the
nature of the data collection on in-use furniture through the photographs made it impossible to
measure accurate sizes/volume, it did not seem logical to multiply a kg/m2 or kg/m3 material
intensity by the number of furniture units. However, future studies may get around this by
finding an average size of furniture (possibly by quintile) and multiplying this average by the
furniture units before finding material composition.
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6.3.3. Limitations and research suggestions on material intensities
of household furniture

Much of the data in the literature and industry literature provides aggregated material data.
Thus, it was especially difficult to categorize non-ferrous metals. There was also no way to
check if the materials labeled "metal" in some cases were ferrous or non-ferrous, as in the data
for the OVO table collection from Environdec. Details for plastics were also wide-ranging,
from accounts of different types of plastics to accounts for general "plastic" or "plastic pieces"
categories

Due to the lack of data in the literature for products explicitly sold in the US, the material
intensities were largely taken from European manufacturers that submitted information on
their designs for Environmental Product Declarations (EPDs) from third parties. Some material
intensity data was also found for products made in China, the US, and Brazil (e.g., Iritani et al.,
2015; Spitzley et al., 2006; S. Wang et al., 2016). This does not reflect the makeup of the furniture
supply and stock in the United States today. It was estimated that in 2019, the country imported
35% of domestically sold upholstered furniture, mostly from China, and 78% of wooden
household furniture is said to be imported, mostly from Vietnam (Luppold & Bumgardner,
2021). Because European-made furniture is known to be primarily bio-based (Renada et al.,
2015, as cited in Coloma et al., 2022), the results of this study may have over-estimated the
composition of wood in American household furniture stock.

There is also no data in the literature on the difference in the material composition of
household furniture across different income groups. To fill this gap in the data weighting
factors were used in the study to differentiate the mass of the furniture units in each quintile,
and samples of representative product listings were used to estimate differences in the wood
types used between price quintiles. However, the material compositions per quintile were only
estimated for wood. More information is needed on material intensity on other material types
to understand how composition differs for plastic and metal, especially in the case of furniture
frames. In particular, the prevalence of steel in lieu of wood was notable for the lowest price
quintiles of bedframes. There is also further nuance in the durability of products that use
particleboard between quintiles, as there is a large range of density in particleboard, which has
a large effect on its durability and longevity. Higher-density particle- and fiberboard tend to
be more durable and more expensive (Alibaba.com, 2023a, 2023b). The current study does
not categorize materials in a way that supports an investigation into this nuance. However,
this does not change the concern for the recyclability and repairability of particleboard, which
has proven to make up a large portion of the material stock of American household furniture.
Specific research into the types of materials used for furniture at different price levels will
increase the accuracy of material intensity estimations for wood and other materials.

Future studies with improved material intensities may require research of the percent
domestic product and the percent of imported furniture to estimate furniture material intensities
that reflect the stock in the U.S. The study by Wiprächtiger, et al. (2022) utilized assumptions of
the percent domestic product in Swiss furniture, and a similar assumption could be made for
future studies after consulting with industry experts or trade data.

Additionally, more research can be done with the model using variable material intensities
over time. In the current study, the material intensity of each product category remained the
same. However, the effects of changes in legislation or norms for furniture design may be
explored by altering the percentage of materials (e.g., replacing plastic with metals). The effects
of using higher-density or simply more material to increase the durability of products can be
investigated (i.e. replacing particleboard with solid wood).
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6.3.4. Limitations and suggestions for research on household fur-
niture lifetime

Lifetime estimates for household furniture are difficult to find in scientific literature and
industry reports. Two theories are offered in the literature to explain the lack of furniture
lifetime data. As stated in Section 1.2.2, furniture has an advantage in the circular economic
transition because it tends not to require energy in the use phase. However, this feature also
means the use phase of furniture is unattractive for researchers, particularly for life cycle
analysis (LCA) practitioners. In other words, furniture manufacture and disposal are generally
the focus of environmental impact studies than its total lifetime (Cooper et al., 2021; Linkosalmi
et al., 2016). Therefore, the length of furniture lifetimes is difficult to define in LCA studies.
The second explanation is that the actual lifetime of durable goods not only depends on the
intention of the design or producer (expected lifetime) but relies heavily on the end consumer
behavior and consumer understanding of the expected lifetime (Nishĳima & Oguchi, 2023).

The assumed lifetime for many furniture categories is the assumed minimum end-of-use
found for the LCA of that product, not based on tested end-of-life or expected lifetime of the
product, which is an estimate by the designer. In this study, an aggregation of these minimum
end-of-use lifetimes and some researcher assumptions were used as end-of-use in the base
study case and changed for the scenario case to reflect efforts in increasing furniture lifetime.
Therefore, the model treats end-of-use as the point at which the furniture is disposed of – or
would be disposed of – unless a lifetime extension strategy is implemented. The full expected
lifetime of furniture (end-of-life) may be longer, and repair is expected to occur at any point
between end-of-use and end-of-life, so the frequency of repair and thus inflow to supply repairs
may be overestimated in the repair scenarios.

The additional suggested nuance in furniture lifetime is that upholstered furniture is
replaced at higher rates than non-upholstered goods such as dining tables (Cooper, 2012),
which is not adequately reflected in the lifetimes for the base model. All literature found on
lifetimes for these furniture categories was relatively similar, especially in the service lifetimes
provided in the LCAs from Environdec, which assumes a minimum lifetime of 15 years. Future
research may choose to divide furniture categories into upholstered and non-upholstered
groups to reflect this difference if sufficient lifetime data exists to corroborate the assumption.

6.3.5. Limitations and suggestions for future research in scenario
analyses

The Dynamic Stock Model (Pauliuk & Mutel, 2014) was a black box in this study and the
scenario conditions (i.e., changes to lifetime and mass of furniture) were used to change the
lifetime and minimum stock that were input to the model. Consequently, this meant that the
model represented a system where any material that was unusable following the repair of a
furniture unit was kept within the system until the entire furniture product was disposed of.
This does not reflect reality, where one can expect any broken scrap pieces to immediately
exit the in-use stock as waste or to be used for other purposes. Future endeavors to assess the
impacts of lifetime extension strategies such as repair may be able to model repaired furniture
in a similar way to recycled materials in furniture. A percentage of the outflow furnishings
(whole units and parts of repaired furniture) will go to disposal. The rest will re-enter the stock
as "repaired furniture" with lifetimes that are 50% of the original expected income. An added
demand of 20% of the mass of the repaired furniture will be input into the material stock to
represent the mass needed to repair the furniture. This mass will have the same lifetime as the
repaired furniture.
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6.4. Generalizability of the model and method for other
countries

While some limitations certainly exist and knowledge in the form of cultural context is needed
to inform the categorization and identification of furniture materials/products, the method
can be generalized with some adaptations.

6.4.1. Generalizability of the sampling and furniture unit data col-
lection method

The method introduced in this study was used for the US, which is the third largest country in
the world by land mass and population, including territories (CIA.gov, 2023a, 2023b). Therefore,
the approach attempts to encompass a wide geographical range and diversity in demographic
areas. Divisions may not be necessary for smaller countries but will be important for larger
countries with a high degree of range in median floor space, population density, income, or
lifestyle between regions.

Secondly, an extensive network and knowledge of the language for in-person or online
surveys is not necessary for the photograph method. However, the photograph method
requires that the researcher have access to an abundance of photographic data that represents
homes all over the region. Furniture ownership data collection as shown in this study may be
difficult for countries that do not show listings with in-use furniture normally (e.g., Japan).
This is especially true in areas of high population density where renting apartments or flats is
more common.

Lastly, some knowledge of the cultural context of furniture pieces in the homes of the study
area is recommended for the researcher to identify products more common in some regions
than others, such as variations of beds, tables, and chairs. This is important in decisions of
finding “viable” sample real estate listings and in deciding which products are counted as
furniture. For example, traditional Japanese beds are often thick mats or “futon” that are laid
on the floor at night. The mats are folded and stored in closets every morning, and therefore
likely not visible to the researcher in any pictures. The same could be said for homes that
primarily use Murphy beds or fold-out beds. It would be critical then for the researcher to
recognize this practice if there are no traditionally Western beds (i.e., an open-faced bedframe
that holds a mattress) shown in the pictures. Other hints would need to be used to distinguish
between listings that do and do not show sufficient representation of the furniture in use in
each household.

6.4.2. Generalizability of the furniture intensity model
The use of the model for furniture intensities found during this study will likely not be
generalizable to other geographical areas of study. This is especially true for countries in which
household composition varies greatly from that of the US, such as having multiple generations
or extended families in one home. This is based on the assumption that households tend to
share some furniture items such as dining tables and couches/sofas; Therefore, furniture per
capita and furniture per square meter may differ with varying cultural practices.

As with furniture unit data collection, some cultural knowledge is recommended for
effective categorization and recognition of materials and furniture in different regions of the
world. Material categories may differ depending on cultural norms. Taking the example of
bamboo or rattan, the material may not be considered wood (for biological, manufacturing, or
environmental impact purposes) and new categories may need to be added to the analysis.
Furniture categories may be different depending on cultural needs from furnishings, for
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example, floor cushions instead of chairs and futons instead of bedframes. The accessibility
or priorities placed on private outdoor and indoor recreation was demonstrated in the first
portion of the methodology. However, as shown in Section 6.3.2, these categories proved not to
be driven by residential floor space. Whether to count those items as furniture in the scope
of the study and how best to estimate their numbers in residential households needs to be
decided by the researcher. While this does not help to generalize the furniture intensity model
to other countries, the issue of having different furniture categories may be solved by using an
aggregated furniture intensity model, although it would still have to be explicitly stated which
types of furnishing products are counted as "furniture".



7
Conclusion

To summarize, this study sought to understand how household furniture stocks and flows
can be quantified at a national scale, and how the results of the model can inform action
towards circularity strategies that aim to reduce the harmful environmental and social impacts of
household furniture consumption. An attempt was made to quantify household furniture stocks
by introducing new strategies for collecting data and modeling furniture ownership within
homes with a hybrid top-down and bottom-up approach. For the purposes of demonstrating
this methodology and performing meaning analysis on the results of the model, the US was
chosen as the case study for this research. Furthermore, a scenario analysis of two lifetime
extension strategies – repair and reuse – was done to assess the scale of the potential impacts
of these strategies on the demand and disposal of household furniture materials. Finally, the
research questions initially posed in Chapter 2 have been answered through this research. The
answers are summarized below.

7.1. Summarizing the research findings
7.1.1. Answering Research Question 1: Reviewing the static and dy-

namic model results
The first aim of this study was to attempt the quantification of household furniture and its
materials, using the US as a case study. Therefore, Research Question 1 asked: What are the
static and dynamic stocks and flows of furniture and its materials in households across the
US?

Representative samples of in-use furniture stocks were taken from homes across the US.
This data, along with data on furnishings on the market and findings in the literature were
then used to model the material stocks and flows of materials in the household furniture. In
doing so, it was found that 74% of the mass of in-use furniture stocks in 2020 were wood-based,
and about half of that was solid wood. An estimated 14% was comprised of ferrous metals
and plastic contributed to about 4.5% of the mass. Although no change in furniture material
composition was assessed in this study, the dynamic results revealed a demand for new
materials in furniture that outpaced outflows from the disposal of furniture products until
the end of the 21st century. At that point in time, saturation of the demand for materials in
household furnishings is expected to be reached in the US and outflows may start to exceed
demand.

Sub-research question 1A addresses this study’s focus on the static representation of
the American household furniture stock: How do the stocks and flows (of furniture and
its materials in households across the US) differ between income quintiles and area types?
Most of the household furniture stock in mass belonged to urban residents, although rural
residents tend to have more furniture materials in kg per capita. The current model, which
uses residential floorspace as the main driver of furniture ownership, projects urban residents
to own increasingly higher shares of the total household furniture stock. Meanwhile, the
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absolute minimum demand for household furniture in rural areas is expected to decrease as
urbanization continues. As for differences between income quintiles, the fifth of Americans
with the highest incomes were estimated to use about twice the mass per capita in furniture
within their homes than the next-highest earning fifth of Americans. In the base case (i.e.,
business-as-usual), the quintile of lowest-earning Americans own only 3% of the material stock
in household furniture, while the highest-earning quintile claims half of the total material
stock. The discrepancies extend to the compositions of furniture products, as well. Research
for the current study found that Americans that can afford more expensive furnishing may
own products with a much higher composition of solid wood than Americans that can only
purchase cheaper goods. However, US consumers across all quintiles own products with large
amounts of engineered wood products.

Next, a prospective dimension to the investigation of Research Question 1A is considered
to answer Research Question 1B: What implications do the differences in household furniture
stocks and flows between income quintiles and area types have on future decisions in material
demand and waste management in a circular economy?

The dominance of urban and high-earning Americans in the makeup of the US household
furniture stock means that they should be the groups to focus on when planning efforts towards
circularity in the home furnishing sector. Urban demand for furniture is not expected to dip
below outflows of furniture materials until the very end of the 21st century, whereas outflows
from rural areas have been and are expected to continue to outpace demand for materials in
household furniture. This indicates the possibility of transporting used furniture products
from rural to urban areas to help meet demand, although the scale difference between the rural
outflows and the urban demand means that the rural outflows will be able to match only a
fraction of the demand in American cities.

Additionally, the high prevalence of particleboard and other engineered wood in cheaper
furniture compared to more expensive furniture indicates a nuance between the required
waste treatment of wood from furniture at different price ranges. Engineered wood is much
more difficult to recycle and contains higher quantities of contaminants than solid wood. The
absolute outflow of particleboard will also increase with the growth of the total American
household furniture stock. This means that scaled-up solutions to recycling engineered wood
is urgently needed and limitations on using engineered wood for furniture products needs to
be considered.

7.1.2. Answering Research Question 2: Reviewing implications of
the results on lifetime extension of household furniture

Research Question 2 goes on to prompt discussion on the actions that can be taken to alleviate
environmental pressures by reducing the demand and disposal of household furniture: In
what ways might the increase in the use of lifetime extension strategies for household furniture
products affect future demand and outflows of materials in American household furniture?

In the base case results, it was shown that wealthier Americans own more furniture,
and furniture with higher amounts of solid wood, than American in lower income quintiles.
Solid wood is more durable and easily repaired compared to many engineered wood types
such as particleboard. In the scenario results, the wealthiest Americans were also shown to
cause the greatest reductions in demand and disposal of materials after adopting the repair
strategy. Therefore, the onus for the adoption of lifetime extension strategies should mostly
fall on wealthier consumers that can afford to have higher-quality products and pay to have
them repaired. Legislation can be focused on enabling the transition toward normalizing
and enabling lifetime extension, as well as discouraging fast furniture trends. To prevent
the over-consumption of furniture by Americans in the higher income brackets, the repair
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and maintenance of furniture need to be incentivized through not only economic means but
emotional and social means, as well.

The greatest reductions in demand and disposal of materials in household furniture were
achieved when consumers in all income quintiles were able to adopt the repair and reuse
strategies. Legislation and entrepreneurial efforts can be made toward encouraging business
models that expand access to higher-quality furniture and its repair to lower-income consumers.
Currently, lower-income consumers are marketed low-quality product offerings that make it
difficult to enact lifetime extension strategies and which prevent them from participating in
circularity initiatives. Implementing the improved distribution of secondhand, high-quality
furniture may offer a solution. The high concentration of furniture stock in urban areas
may provide an important opportunity for local reuse, repair, and recycling initiatives with
many participants in small and easily-traveled areas. Additionally, reducing up-front costs
to low-income consumers by way of furniture leasing and providing free repairs can help to
increase the service lifetimes of furniture products while improving the affordability of more
durable furnishings.

On a legislative level, urbanization presents opportunities that are in favor of dematerializa-
tion in furniture ownership, since urban residents own less furniture material per capita than
rural residents. Higher concentrations of people and furnishing may present opportunities
for more locally-available circularity solutions, such as local secondhand shops and repair
businesses. This reduces the effect of barriers such as transportation to use circularity strategies
for household furniture. However, the highly-planned and population-dense nature of cities
can also present its own challenges against making space for the infrastructure needed to carry
out circularity strategies on a large scale (Nicolini, 2022).

7.1.3. Answering Research Question 3: Reviewing the strengths and
limitations of the study methdology

Research Question 3 required a critical assessment of the methodology that was performed
while carrying out the research and after analyzing the results. In return, the limitations and
strengths of the methodology, as well as its potential benefit to future research projects, were
identified. To reiterate, Question 3 was: How can the mass of materials in household furniture
be quantified at the national scale?

In the current study, the answer to this question was a bottom-up collection of furniture
ownership data, stratified by income quintile and further divided by area type. Representative
samples were taken across the US using the statistical grouping method K-means clustering,
which was performed for each of the nine US Census Bureau divisions. Furniture ownership
data was collected by looking at photographs of property listings online and tallying furniture
units by product category. Furniture units per m2 were then calculated as a linear regression
model. The model was applied to the national scale using top-down data on median floor
space from IMAGE SSP2 (Stehfest et al., 2014).

The introduction of the current methodology requires not only a summary of its benefits
but also a transparent review of its limitations. Identifying the most significant of these may be
useful in improving the method for future research endeavors. Towards this end, Research
Question 3A asks: What are the strengths and limitations of the quantification methodology
used in determining the material stock and flows of American household furniture?

While an in-depth discussion on the limitations of the methodology can be seen in Chapter 6,
the main limitations stem from the nature of bottom-up material flow analyses (MFAs). Bottom-
up MFAs require high amounts of data, which in turn is time-consuming to gather and analyze.
This limits the number of samples that can be taken, forcing the use of representative sampling.
Although efforts were made to group the sample population in meaningful ways through
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K-means clustering, well-photographed listings were much more available for owner-occupied
homes, which are more common in rural areas. Therefore, bias toward owner-occupied homes
in rural areas may have resulted. On the other hand, using the bottom-up data collection
method to build an understanding of the American household furniture stock was necessary,
as no quantified data was available for household furniture in terms of product units or mass.
The method introduced in this study presents a low-cost and unintrusive method for collecting
data on in-use furniture in homes from across the country and from all income quintiles.

Lastly, because one aim of this study was to introduce new approaches to quantifying
in-use home furnishings at the national scale, it is important to understand the generalizability
of the method in quantifying in-use furniture stocks for other geographical scopes. Question
3B asks: In what ways can the quantification methodology be used for other geographical
locations on the national scale, and what are the limitations?

Because the approach does not require personally connecting with the residents of the
homes being sampled in the data collection, the method in this study is generalizable for
researchers that are not highly integrated into the communities that they are researching.
However, it is still recommended to have a basic understanding of the furniture types and
functions that are typical to any given culture that is being studied. It is important to understand
what objects are and are not considered to be furniture before making the decision to count
them one way or the other for the data collection.

It is not recommended to use the linear regression models found in this study to quantify
furniture in other geographic locations. This is especially true for areas that commonly follow
lifestyles that are very different to that of many Americans, since lifestyle and culture are
determinants of material consumption, especially in the home (Chevalier, 2012).

7.2. Concluding remarks
Ultimately, American consumers, business owners, designers, and other entities along the
furniture supply chain need to be more aware of their potential role in enabling circularity
and lifetime extension of their furnishings. Any furniture material outflow that is burned or
decomposed will only release the carbon back into the air, along with any additional toxic
compounds in the furniture products. Continued increases in demand for materials will also
maintain pressure on regions such as Oceania and central Africa to continue deforestation.
The threat of slow violence (Nixon, 2011, as cited in Davies, 2022) caused by the extraction of
resources to satisfy the demands of wealthier countries will also continue to affect residents of
those areas. US consumers must be better educated on where their timber and other materials
for their consumer goods comes from and why it is important to exercise lifetime extension
strategies such as repair. Designers and furniture manufacturers should continue to, and
escalate, their considerations for the source of their materials, the durability and repairability
of their products, and the impacts of their eventual disposal in terms of the environment
and health of stakeholder communities. While the scale and distance from the impact of the
purchase and disposal of their products on communities and ecosystems around the world
make these issues hard to grasp for many, there are real and viable strategies that can be carried
out at local levels within the US. This is true for many different product categories, but furniture
is a passive durable product that can be designed to last a lifetime or even longer and generally
has uncomplicated structures that are more easily understood than, for example, consumer
electronics or automobiles. Therefore, furniture is a very good candidate for implementing
material circularity strategies such as repair that is accessible and achievable to communities at
all income levels.

In order to reach a "culture of repair and reuse," social transitions must take place. This
will require legislative support for systems that enable easy access to both expert repair and
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the opportunity to learn Do-It-Yourself repair. Economic incentives for lifetime extension and
deterrents for further purchases of new goods must be in place to help consumers decide to
extend the service lifetime of their household furniture. Finally, it must be emphasized that
the wealthiest Americans are most ideally poised to adopt lifetime extension strategies due
to the higher quality of their furniture and because they own a larger portion of the material
mass of household furniture than any other quintile. However, strategies for increasing the
repair and reuse of furniture must be approached both inclusively and adapt to consumers
at different income levels. A true shift in the system of furniture consumption cannot occur
without including all those living in the US.
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A
Flowchart of literature review

keywords and findings

Figure A.1: Flowchart of keywords used and the number of results returned by the Web of Science
database for the literature review.



B
Furniture categorizations

Table B.1: Description of indoor furniture categories.

Furniture category Description

Dining table
Any flat surface with non-foldable legs, leg(s) taller than the seat of a dining chair, and 
has the circumference/edge length to accommodate more than one dining chair

End table
Although some end tables are sold with more than two shelves or drawers, this size was 
chosen for consistency. (around the surface area of one dining chair seat).

Coffee table
Same height requirements as an end table, with the additional width requirement of 
less than two adjacent drawers or shelves. The surface is larger than that of an end table.

Desk
Same height requirement of a dining table but accommodates only one chair (due to leg 
arrangement, placement in room, additional drawers or other accessories, etc.).

Couch
An upholstered chair with more than two seats adjacent to one another and with back 
support. Also known as a sofa.

Upholstered chair
A chair with upholstery on the back and seat, with a leg-to-back ratio of around 1:1. 
These chairs only have the width for one seat.

Dining chair
A chair with a back and leg(s) that have slightly larger leg-to-back ratio than an 
“upholstered chair”. The chair can be upholstered or not upholstered.

Office chair A chair with a back and it leg(s) on wheels.
Stool A chair with or without a back, and a leg-to-cushion height ratio of more than 1.

Ottoman
An upholstered seat without a back and with any seat dimensions, but a leg-to-cushion 
height ratio less than one.

Single bed frame
A bed frame that seems to have a width that accommodate less than two adjacent full-
sized pillows. This includes cribs.

Double bed frame
A bed frame that seems to have a width that accommodates more than two adjacent 
full-sized pillows.

Shelf
A structure with no front covering or a glass covering that has more than two shelves, 
either in the horizontal or vertical dimensions. This can be any height.

Dresser
A structure with two or more drawers that can be pulled out, either in the horizontal or 
vertical dimensions. Its height may be at or below average human height.

Wardrobe
A structure that seems to be at or above average human height that is fully covered with 
a material other than glass or fabric. It may have some drawers.

Plastic storage unit Any shelving or drawers, the main composition of which seems to be plastic.
Metal storage unit Any shelving or drawers, the main composition of which seems to be metal.

Folding table A table that is larger than an end table, whose legs appear to be foldable.
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Table B.2: Description of outdoor and recreational furniture categories.

Furniture category Description

Patio chair
Any chair with or without a back and the width of a single seat that is not considered a 
lawn chair.

Patio table
Any table of any size that is placed outside the home or in a sunroom or solarium. The 
surface must be solid (i.e., not upholstered).

Patio umbrella An umbrella that stands by itself or is placed on top of a patio table, outdoors.
Bench Any chair that has the width of more than one seat and is placed outdoors. 

Swing set
A structure that is placed outdoors than accommodates more than one swing. (For 
example, a swing tied to a tree does not count as a swing set. However, a structure with 
one swing and a slide would.)

Trampoline A trampoline that should accommodate more than one person. 

Recreational table
Any table that seems to be used primarily for recreation. (e.g., It has handles and figures 
for foosball, or felt for pool.)

Basketball hoop Any basketball with a stand and weighed-down or buried base.



C
Furniture intensities

For most household furniture categories, homes in urban areas have more units per meter
squared. The exceptions are metal storage units, wardrobes, dressers, single bedframes, and
stools.

Figure C.1: Bar chart showing the furniture units/m2, categorized by furniture category and area type.
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D
Linear regression plots for all indoor

furniture categories

Figure D.1: Linear regression plots for the furniture intensity (units/m2) of indoor furniture categories
in rural areas.
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Figure D.2: Linear regression plots for the furniture intensity (units/m2) of indoor furniture categories
in urban areas



E
Unabridged discussion of limitations

of the clustering method

There were several limitations found to exist in the methodology, which is thought to affect the
representativeness of the data. First, the methodology does not call for clustering of the urban
areas. The model would have provided more high-resolution results on urban areas in terms
of the different furniture intensities between quintiles if the urban areas were also clustered
along two properties (i.e., population density and median floor space) instead of being placed
in one group. As it is, putting all urban areas of a division into one group means that all
urban primary sampling units (PSUs) are given the same furniture intensity. This is because
the method places emphasis on rural PSUs, which are higher in number than urban PSUs.
Understanding the nuance of furniture ownership within urban populations is important in
addressing the demand for materials for furniture, based on Figure 4.6, and will be increasingly
important in the future. For better representation of urban areas, the methodology needs to
prioritize sampling urban areas, possibly taking more samples for each urban PSUs than for
rural PSUs.
Second, any primary sampling units that were not clustered before the data collection step was
assumed to have the median average furniture intensity of all clusters in each division. This
means that un-clustered PSUs in each division have the same furniture intensity regardless of
income (i.e., a median furniture intensity per division is used) unless there were samples taken
for that specific PSU or it was included in the sample population for clustering. Clustered PSUs
inherit the median furniture intensity for its cluster within its division. This may be remedied
in a couple of ways. First, the clustering may be done on median income and population density
(floor space is accounted for later in the model, therefore representation of that dimension
is not completely lost in the model). This provides a greater pool of sample PSUs to choose
from, as the data found contained median income and population density data for all PSUs.
This allows every PSU to be clustered and reduces the error inherent in assigning un-clustered
sample areas with a median value for the entire division. However, the one disadvantage to
having more sample units to cluster is the amount of computing power required to perform
the clustering. In the case of the US, performing this method of sampling will increase the
clustered PSUs from under 300 to over 3000 sampling units.
Clustering for all PSUs may also have been possible with the use of US Census Bureau
population data multiplied by floor space per capita from the IMAGE database (Stehfest et
al., 2014), instead of the database attained through the Federal Reserve Bank of St. Louis
(Realtor.com, 2022). While this may provide a lower error in calculating floor space per PSU,
the model loses all distinction between geographical regions and sampling units for floor space
per capita. The current model returns aggregated that accounts for potential differences in
furniture intensity by region. For studies that will consider the potential diversity of furniture
intensity between regions, this may be an important feature to seek in the data collection stage
of the method.
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Supplementary materials

The Supplementary Materials list is provided as a PDF with links to each file in a compressed
folder provided by the thesis writer.

(A) PSU data

1. ’county_data.xlsx’ contains data concerning PSU names, populations, and median
household income. References included.

2. ’floorspace_value.xlsx’ contains data concerning median floorspace per PSU. Refer-
ences included.

3. ’division_floorspaces.xlsx’ contains data concerning median floorspace per division
to supplement data gaps in floorspace_value.xlsx. References included.

4. ’LND01.xls’ (not used for the final version of the model) contains the land area of
each PSU in square miles.

5. ’NHGIS_edited.xlsx’ (not used for the final version of the model) contains data on
estimates for household composition, household income and occupant status. More
detailed information on the type of data available can be seen in the “headings”
sheet within the file.

(B) Furniture unit data

1. ’furniture_unit_data.xlsx’ contains raw furniture unit data collected from movoto.com,
zillow.com, and realtor.com. Links to realtor sites included.

2. ’furniture_intensities.xlsx’ contains output from Supplementary Material F-1 that
contains the furniture unit per m2 for each PSU.

3. ’furniture_examples.docx’ contains pictures of furniture to exemplify different
furniture categories assessed in this study. Links to products included.

4. ’furniture_lifetimes.xlsx’ contains the aggregated (averaged) lifetimes for each
furniture category. The data structure allows for the modeler to change lifetimes
across income quintiles and time. References and unaggregated data are in
Supplementary Material C-2.

(C) Material intensities

1. ’material_intensities.xlsx’ contains the average data from Supplementary Material
C-2 and provides a data structure that allows the modeler to change material
intensities across income quintiles and time.

2. ’material_intensities_dev.xlsx’ contains the data that was used to calculate average
material intensity and lifetime for each furniture category. Also contains the
reference products used to estimate different composition of wood types for each
quintile in panel- and frame-type furniture categories. References for material
intensities and lifetimes included.
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(D) Weighting factors

1. ’weighting_factors.xlsx’ contains the calculations for developing the income quintile
weighting factors and calculations for estimating the percentage of wood types
used in household furniture per income quintile. Links to products included.

(E) IMAGE SSP2 data

1. ’floorspace_extract.xlsx’ contains IMAGE SSP2 (Stehfest et al., 2014) estimates for
floorspace in the US from 1971-2100 for different quintiles and different area types
(urban and rural).

2. ’main.POPa.xlsx’ contains IMAGE SSP2 estimates for total population in the US
from 1970-2100.

3. ’main.URBPOP.xlsx’ contains IMAGE SSP2 estimates for the percent urbanization
of the US from 1971-2100.

(F) Python files

1. ’data_merger.py’ accepts various spreadsheets for data on different properties
of a country and performs k-means clustering on two chosen properties. The
k-means clustering function outputs cluster center names to aid in data collection,
then accepts the furniture unit data collected to aggregate the data to average
furniture/m2 per sampling unit.

2. ’get_furniture_stocks.py’ is an object that contains functions to use the population
and floorspace data from IMAGE, multiply them with furniture intensity from
Supplementary Material B-2, and output a static representation of furniture stocks.

3. ’model_runner.py’ will accept (and clean) IMAGE data, accept user input for
dimension values of interest, and run the static model (Supplementary Material
F-2) and the Dynamic Stock Model (Pauliuk & Mutel, 2014) in a loop for each
dimension value. The outputs are an Excel sheet with the dynamic stock and flow
data (Supplementary Material G-1) and various visualizations of the results, if
desired.

(G) Model results

1. ’total_base_results.xlsx’ is the output file from Supplementary Material F-3, which
contains the dynamic stock and flow results of the base model.
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