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Abstract

Dematerialization of the economy is crucial for reducing the global carbon footprint. However, empirical evidence
on how different paths of dematerialization can be achieved remains limited. This paper examines historical trends
(1970-2015) in material consumption, accounting for a broad range of materials, including biomass, metal ores,
non-metallic minerals, and fossil fuels, across 176 countries grouped by income level. Using regression and
statistical analyses, we find that material consumption generally increases with economic growth across all income
groups in linear models, reflecting a strong coupling between material use and earlier stages of development. In
contrast, second- and third-order polynomial analyses provide robust evidence of an inverted U-shaped
relationship between income and material use, especially in upper-middle- and high-income countries. This pattern
suggests a turning point in material consumption as economies mature. A disaggregated analysis further shows
that forms of dematerialization vary across income groups and material types. Based on the data, we identify four
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main theoretical mechanisms that help explain the inverted U-shaped relationship between economic growth and
material use: the scale effect, the composition effect, the technique effect, and the policy effect. These differences
highlight distinct pathways of material consumption as countries advance economically, indicating that more
sustainable trajectories are achievable.

Keywords: Dematerialization, economic development, income per capita, Kuznets curve

INTRODUCTION

The consumption of raw materials underpins modern economies, livelihoods, and social well-being -
whether metals, non-metallic minerals, fossil fuels, water, or biomass. At the same time, dematerialization of
the economy is essential for reducing carbon footprints. However, the extent to which different
dematerialization pathways are feasible, and how these vary by material type, remains underexplored.
Achieving a viable low-carbon society will therefore depend on reconciling economic dematerialization
with the societal demand for growth, particularly in developing countries.

Global raw material consumption increased fourfold between 1970 and 2020". Between 2018 and 2020
alone, it rose by over 8%, while the share of recycled materials fell from 9.1% to 8.6%. This means a growing
proportion of extracted materials is returning to the environment as waste and emissions. This large-scale
mobilization of resources is driven both by accelerating industrialization in emerging economies and by
persistently high levels of material use in advanced economies”. New categories of materials, such as
technology metals, have also seen rapidly rising demand in recent decades”. Although essential for a
low-carbon transition, their extraction and processing - if not carefully regulated in terms of trade and
environmental impacts - can cause long-term damage!”. The material demands of modern lifestyles have
intensified sustainability challenges, including overexploitation of natural resources, biodiversity loss,
pollution, and global climate change®®. In some cases, material exploitation has even amplified the risk of
disasters”. The scale and nature of these impacts vary by material type. Therefore, increasing raw material
efficiency and decoupling economic development (represented here by per capita income) from raw
material use, i.e., achieving dematerialization, are urgent priorities for reducing carbon footprints in the
broader context of sustainable development"*'?. This raises key questions: How can such decoupling
between the economy and material use be achieved? Does past experience in raw material consumption
reveal potential decoupling pathways? What theoretical frameworks can help explain different
dematerialization trajectories? These questions guide our research.

Confronting these challenges requires an urgent effort to decouple material use from economic
development in order to achieve sustainable production and consumption pathways, a central element of
Sustainable Development Goal 12", Despite progress in relative decoupling - where material and energy
intensity has declined while gross domestic product (GDP) has continued to grow - the absolute global
consumption of raw material and energy continues to rise™*. The long-term prospects for sustainable
consumption and production, therefore, depend on advancing the economy-environment debate by
focusing particular attention on the dynamics of Material Consumption (MC) across countries.

In the field of environmental and resource economics, the Environmental Kuznets Curve (EKC) hypothesis
has been one of the central frameworks for addressing the long-standing debates on the relationship
between economic growth and environmental quality. Since the seminal work of Kuznets"* and subsequent
developments in the environmental area"”, a major focus of the literature has been to test the EKC
hypothesis, which posits an inverted U-shaped relationship between economic activity - typically measured
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by GDP per capita - and per capita emissions of various pollutants. According to the EKC hypothesis, in the
early stages of development, economies are dominated by resource-intensive industrial production, and
income growth takes precedence over environmental protection. However, once a certain income threshold
is reached, further economic growth is associated with environmental improvements'”.

A similar reasoning has been applied to the relationship between economic development and material use,
referred to by some scholars™ as the Material Kuznets Curve (MKC), or the “intensity of use hypothesis”.
The MKC suggests that there is an inverted U-shaped relationship between material use (or its intensity of
use) and economic growth. This framework explains how per capita GDP affects material consumption
across different stages of development. At low income levels, material demand is modest, reflecting the
dominance of unmechanized agriculture. With industrialization, material-intensive sectors expand, and
demand for raw materials rises. In later stages, however, economies shift from material-intensive
industrialization toward services, which are less dependent on raw materials, leading to a decline in material
intensity. As a result, a negative correlation between material use and per capita income emerges. According
to Zhang et al.l'”, examining the link between material use and economic growth provides a valuable
explanation of long-term trends in material consumption and serves as an important tool for promoting
dematerialization and managing societal material metabolism. Following Malenbaum's influential work!"
on the dynamics of metal consumption, extensive studies have investigated the MKC hypothesis"***,
focusing mainly on the relationship between economic growth and the use of metals (aluminum, zinc, tin,
lead, and copper). These studies, however, have produced mixed results without a clear consensus. Given
the wide range of raw materials involved, many scholars argue that comprehensive analyses should rely on
broad measures of material consumption rather than focusing on specific metals.

Building on this perspective, the present study aims to provide a comprehensive picture of national resource
use by constructing a public database of material consumption based on secondary data from dozens of
countries, and by analyzing the links between resource use and economic development. Resource use is
defined here as the sum of raw materials extracted domestically and primary material imports, minus
exports. This approach captures not only the total availability of raw materials in an economy but also
differentiates between export-driven consumption and consumption driven by domestic demand. As noted
in"®), resource use can be classified into three major categories: minerals (metal ores, industrial minerals, and
construction materials), biomass (from grazing, fishing, food, wood, and related activities), and fossil fuels
(coal, crude oil, natural gas, and others). Because material consumption is directly linked to Greenhouse
Gas (GHG) emissions, it has an immediate impact on environmental degradation. Moreover, as highlighted
in"""l, economic recessions can temporarily reduce raw material extraction and consumption, leading to
short-term dematerialization. However, while natural resource endowments shape the material intensity of
economies (e.g., countries rich in hydropower may rely less on coal for electricity generation), long-term
sustainable dematerialization requires structural transformation from resource-intensive to less
resource-dependent sectors”™ . Emerging approaches such as the circular economy and digital technologies
are also gaining momentum””, creating diverse patterns of material use across countries and stages of
development. Our study complements, but differs from, the conceptual treatments of the circular economy
proposed by and others”®*. While the circular economy framework emphasizes resource efficiency, it
does not inherently guarantee dematerialization. In contrast, our work provides empirical and analytical
evidence through cross-country comparisons to identify and evaluate dematerialization patterns at the
macroeconomic level.

Theoretically, the relationship between material consumption and economic growth depends on the
properties of preferences and technology as income increases™. Under homothetic preferences, per capita
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income growth leads to higher demand for raw materials. By contrast, under non-homothetic preferences,
the response of raw material consumption to growth depends on the degree of relative risk aversion and the
elasticity of substitution in production between raw materials and environmentally friendly inputs.
Moreover, delays in the diffusion of technological change partly explain cross-country differences in
achieving sustainable material consumption”"*.

Our study contributes to the emerging literature on the relationship between material consumption and
stages of economic development in several ways. First, despite the growing body of work on carbon
footprints™, little research has examined the role of economic dematerialization in reducing carbon
footprints. Our research addresses this gap by analyzing potential pathways through empirical evidence.
Second, while previous studies have largely focused on the link between metal intensity and economic
growth!®*** we extend the scope to a broad measure of material consumption. For example, Pothen and
Welsch”" examined the relationship between domestic material consumption and economic growth using
standard fixed-effects panel models. A major limitation of such parametric models is that they require
specifying the statistical structure of the relationship in advance, which constrains the analysis by imposing
a predefined link among variables. Furthermore, the Kuznets curve is not deterministic; identifying trends
requires flexible approaches based on regression and statistical exploration””. Third, to account for
heterogeneity across countries, our analysis divides panel members according to income level. Unlike
previous studies, we assume that the MKC hypothesis is not universal but may vary by stage of economic
development. Fourth, this research presents its findings using straightforward descriptive statistics, which
provide clearer and more intuitive visual evidence compared with multiple regression analyses that may
obscure relationships and produce conflicting results. Finally, we compiled a comprehensive database
covering material consumption in 176 countries from 1970 to 2015. This database, developed by the
authors, is available for future research (https://disaggregated-raw-materials.herokuapp.com/).

METHODOLOGY AND DATA DESCRIPTION

Our data on raw material consumption were drawn from the Global Material Flows Database, compiled by
the International Resource Panel (IRP)® under the United Nations Environment Programme (UNEP).
This database is among the most comprehensive sources available for information on the consumption of
different types of materials. In the IRP database, raw material consumption is categorized into four main
groups: metal ores, non-metallic minerals, fossil fuels, and biomass. The dependent variable is measured as
material consumption per capita. To examine the link between raw material consumption and income (the
independent variable), we employed real Gross Domestic Product Per Capita (GDPPC), expressed in
constant 2,000 US dollars, as a proxy for income. GDP data were obtained from the World Bank’s World
Development Indicators"””. We use real GDP rather than Purchasing Power Parity (PPP) because the former
provides more consistent estimates over long time periods”. Thus, inflation is accounted for, but
cross-country differences in the cost of living are not.

To ensure comparability across income levels, countries were classified into four subgroups based on Gross
National Income Per Capita (GNIPC), following the World Bank’s 2005 classification™. GNIPC is the
standard measure used to classify national income levels [Supplementary Table 1]:

« Low-income economies: GNIPC of USD 875 or less (2005).

» Middle-income economies: GNIPC of greater than USD 875 but less than $10,726 (2005).


https://disaggregated-raw-materials.herokuapp.com/
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« Lower middle-income and upper middle-income economies are divided at a GNIPC threshold of USD
3,465 (2005).

+ High-income economies: GNIPC of USD 10,726 or more (2005).

Our study compiles data for a panel of 176 countries over the period 1970-2015. We believe this sample
provides sufficient breadth and depth to generate reliable results, given the large number of countries and
the long time span covered. The four material categories analyzed in this study are further divided into 13
subcategories, as shown in Table 1. Technical details on the dataset are available in the Technical Annex for
Global Material Flows Database (International Resource Panel, 2020). For the Fossil Fuels category in
particular, we analyzed Coal, Petroleum, and Natural Gas. All units are presented in tons, and the time
series provides annual data from 1970 to 2015, covering 46 consecutive years. Domestic Material
Consumption (DMC) is also reported. DMC is the total amount of materials directly used within a
country’s or region’s economy, excluding hidden flows. Data quality varied across the series. Table 2 shows
the percentage of null values for each dataset. Here, “null values” denote missing data points, included to
enhance transparency regarding the completeness of the time-series data used in the analysis.

All statistical analyses and figure plotting were conducted in Python (v3.8). When applicable, z-scores were
applied, corresponding to the transformation of the series {x;} into another series {z}:

(1)
Where ¥ and s, represent the mean and sample standard deviation of {x}.

To capture potential nonlinear relationships between these variables and GNIPC, we also considered
polynomial regression. This involves adding higher order terms as independent variables before performing
least-squares regression. For instance, allowing a cubic (k = 3) relationship between any raw material
variable {y;} and GNIPC {x} yields:

Yy = BotBix + Box? + Box? (2)
where g, 8., ., and g, are model coefficients. The canonical Kuznets curve corresponds to the case of k = 2.

In the results section, time is encoded visually using marker size and transparency: larger, less transparent
markers represent later years. Figure 1 illustrates this convention. Fitted polynomial regressions (least
squares) are shown in Figures 2-5, highlighting the underlying trends between GDP per capita and material
use within each income group.

RESULTS

The results are presented in three subsections. First, we examine aggregated material consumption across
groups of countries to explore trends and the relationship between GDP and MC across income levels,
highlighting key patterns. Second, we present material consumption by type of material and its relationship
with GDP. Finally, we provide a more detailed analysis of specific materials and selected countries within
different income groups to illustrate distinctive consumption trends.
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Table 1. Materials and subcategories

Materials Subcategory

Biomass Crops

Biomass Crop residues

Biomass Grazed biomass and fodder crops
Biomass Wood

Biomass Wild catch and harvest

Metal ores Ferrous ores

Metal ores Non-ferrous ores

Non-metallic minerals -Construction-dominant
Non-metallic minerals -Industrial- or agricultural-dominant
Fossil fuels Coal

Fossil fuels Petroleum

Fossil fuels Natural gas

Fossil fuels Oil shale and tar sands

Table 2. Data quality expressed as the percentage of null values (missing data points)

Dataset Null values (%)
Biomass_per_capita 0.0
Coal_per_capita 32.63
DMC_per_capita 0.0
Fossil_fuels_per_capita 18.01
GDP_USD_2005_per_capita 0.25
Metal_ores_per_capita 1.25
Natural_gas_per_capita 3715
Non-metallic_minerals_per_capita 1.07
Petroleum_per_capita 21.04

GDP: Gross domestic product; DMC: domestic material consumption.

1970 1985 2000 2015

Figure 1. Visual reference for the year, conveyed by marker size and transparency in subsequent figures.

Global trends and the relationship between GDP and MC across income groups

We analyze results for each income subgroup based on the graphical findings of the Z-scores of the
GDP-MC relationship using linear, quadratic (second-degree), and cubic (third-degree) polynomial
specifications. As discussed in™, Z-score analysis is necessary to assess common trends within countries of
the same income group. Because countries in each subgroup began the period at different levels of material
consumption and GDP per capita, Z-scores help reveal trends that would be less clear if only absolute values
were considered. This approach is also flexible, as it does not impose a fixed functional form on the link
between GDP and MC.
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GDPPC low GDPPC lower-mid GDPPC upper-mid GDPPC high

DMC per capita (z-score)

GDP USD 2005 per capita (z-score)

Figure 2. Relationship between material consumption and per capita income across income groups. DMC: Domestic material
consumption; GDPPC: gross domestic product per capita.

GDPPC low GDPPC lower-mid GDPPC upper-mid GDPPC high

DMC per capita (z-score)
&
¥

GDP USD 2005 per capita (z-score)

Figure 3. Relationship between material consumption and per capita income based on quadratic approximation. DMC: Domestic
material consumption; GDPPC: gross domestic product per capita.

Figure 2 shows the GDP-MC relationship based on a linear specification. At first glance, the figure reveals a
modest positive correlation between the two variables across all income groups. Interestingly, the positive
relationship is much stronger in low-income, lower-middle-income, and upper-middle-income groups
compared to the high-income group. This implies that as these lower-income and middle-income groups
continue to develop economically, decoupling economic growth from material consumption - and reducing
material consumption intensity (material used per unit of GDP) - will become increasingly crucial for

achieving broader sustainability goals"***').

Figure 3 illustrates the GDP-MC relationship using a quadratic specification. For upper-middle- and
high-income groups, the curve resembles a semi-Kuznets curve (rising, then falling, but not as sharply as a
full Kuznets curve, as their levels remain higher than those of low- and middle-income countries). This
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Figure 4. Relationship between material consumption and per capita income based on cubic approximation. DMC: Domestic material
consumption; GDPPC: gross domestic product per capita.
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Figure 5. (A) Relationship between biomass and per capita income based on second-degree polynomial analysis; (B) Relationship
between metal ores and per capita income based on second-degree polynomial analysis; (C) Relationship between non-metallic
minerals and per capita income based on second-degree polynomial analysis; (D) Relationship between fossil fuels and per capita
income based on second-degree polynomial analysis. DMC: Domestic material consumption; GDPPC: gross domestic product per

capita.

suggests that the nonlinear specification captures a decoupling process during the study period for
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upper-middle- and high-income countries. We characterize this as “weak decoupling” because the curve
does not fully display a sustained downward trajectory in per capita MC. The polynomial fitting also shows
that the U-shaped curvature is more pronounced in higher-income groups, consistent with the tendency of
these countries to diversify their material consumption as GDP per capita rises. As noted in previous
studies, the assumed “functional form” of the relationship (e.g., linear, quadratic, cubic) plays a critical role
in detecting nonlinear dynamics between GDP per capita and material consumption”*. Employing
flexible functional forms, such as the polynomial approximations used here, is therefore crucial for revealing
nonlinear patterns like the inverted U-shape, which simpler linear models would obscure.

Figure 4 shows the GDP-MC relationship using a cubic specification. Here, the relationship more clearly
exhibits an inverted U-shape. For high-, lower-middle-, and upper-middle-income groups, the results show
a distinct inverted U-shaped pattern, with the declining portion of the curve being more pronounced for
high-income countries. In contrast, the curve for low-income countries develops gradually and remains
relatively flat, suggesting it is approaching the turning point. As in Figure 3, higher-income groups exhibit a
stronger downward curvature. Overall, the findings suggest that once economic development surpasses a
certain threshold, material consumption starts to decline. This provides evidence for the income-material
EKC hypothesis, which is most clearly observed under the cubic specification.

Global trends and the relationship between GDP and different types of materials

Material consumption trends are analyzed across four categories: biomass, metal ores, non-metallic
minerals, and fossil fuels. Figure 5 illustrates these categories. Curve fitting is restricted to a second-order
polynomial, which provides an appropriate balance between capturing overall trends and avoiding
overfitting. Distinct MKC patterns emerge across income groups for each material category. In low- and
lower-middle-income groups, consumption in all four categories rises steadily with GDPPC, showing no
signs of an inverted U-shaped MKC. Decoupling between material consumption and GDPPC begins to
appear in upper-middle- and high-income groups for all categories. Biomass consumption increases sharply
with GDPPC in low-income countries but stabilizes and then declines in lower-middle- and
upper-middle-income groups. Metal ore consumption shows a more moderate increase with GDPPC in
low- and lower-middle-income groups and a slower decline in higher-income groups. Non-metallic
minerals exhibit a steep increase with GDPPC, with a downward trend emerging only at higher income
levels within the upper-middle-income group. Fossil fuel consumption rises sharply with GDPPC in low-,
lower-middle-, and upper-middle-income groups but drops markedly in high-income groups. This
indicates that fossil fuel decoupling is more robust as income levels rise within the MKC framework.

Country-specific analyses of the MC-GDP nexus

To further illustrate the diverse material consumption trends observed at different stages of economic
development, we analyzed a selection of countries from each income group. In addition to overall DMC
trends, we also highlight specific material categories, e.g., non-metallic minerals and natural gas, to
demonstrate particular effects. The countries selected (Nigeria, Bhutan, Argentina, Brazil, Japan, and
Australia) were chosen for their distinct patterns that exemplify the aggregate income-group findings, rather
than as statistically representative averages of their respective groups.

Figure 6 presents the relationships between GDP per capita and DMC in Nigeria and Bhutan (low-income
countries). No clear overall trend is evident; however, polynomial fitting reveals an upward trend in later
years, as indicated by the larger markers (see https://disaggregated-raw-materials.herokuapp.com/ with the
appropriate settings). In other words, a material Kuznets curve is not clearly observable in these countries,
even though upward movements appear with high residual errors.


https://disaggregated-raw-materials.herokuapp.com/
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Figure 6. Relationship between GDP and DMC in Nigeria and Bhutan. GDP: Gross domestic product; DMC: domestic material
consumption.

For upper-middle-income countries, Figure 7 shows a linear positive relationship between MC and
GDP for Argentina and Brazil, yielding a much better curve fit compared with Figure 6. This positive
trend - reflecting the recoupling of economic activity with material use - is mainly driven
by industrialization and urbanization. Growth-oriented policies that assume ever-increasing material
consumption, however, pose serious sustainability issues in these contexts.

It is therefore critical for these countries to reconsider their development strategies by improving efficiency
in material use to reverse the current trend. As indicated in"**, enhancing resource efficiency across
production systems could help address the problem of resource scarcity.

Figure 8 illustrates the relationship between DMC and GDP in the high-income subgroup. The figure
indicates an inverted U-shaped relationship between per capita GDP and material consumption, with
material consumption eventually falling despite rising income. This is consistent with relative
dematerialization, where economic growth outpaces material consumption growth. Relative decoupling in
this sense reflects efficiency gains in material demand.

Nevertheless, because one resource can often substitute for another, aggregate material consumption may
create the illusion of decoupling. For this reason, disaggregated analyses of specific materials are essential to
better understand the mechanisms of dematerialization.

To explore the source of the reverse trend, we examined Japan and Australia [Figure 9], where non-metallic
minerals consumption per capita declined significantly with rising income. This pattern aligns with
long-run evidence that construction-a key driver of this category-declines as economies mature. At the
same time, natural gas consumption rose substantially [Figure 10]. This shift illustrates fuel-mix
substitution, where more polluting activities are replaced with less polluting ones, often driven by
environmental regulations. Our findings suggest that in Japan and Australia, the decrease in non-metallic
minerals consumption has been offset by a substantial increase in natural gas consumption. This indicates
that dematerialization in these countries is not primarily linked to a complete substitution of fossil fuels, but
rather to reductions in the use of more polluting fossil fuels. Because natural gas lacks a direct substitute and
is constrained by physical limits, this explains the limited extent of decoupling from economic growth.



Nagano et al. Carbon Footprints 2025, 4, 26 | https://dx.doi.org/10.20517/cf.2025.36

DMC per capita zscore (z-score)
=
n

e

Brazil

Brazil

@

1 0 1 2

GDP USD 2005 per capita zscore (z-score)

DMC per capita zscore (z-score)

Page 11 of 18

Argentina
Argentina
| I
: o0 ®
o
: O
e 0
S 5.“:..
o
L 0g ®
-1 0 1 *

GDP USD 2005 per capita zscore (z-score)

Figure 7. Relationship between GDP and DMC per capita in Brazil and Argentina. GDP: Gross domestic product; DMC: domestic

material consumption.

DMC per capita zscore (z-score)

-2

Japan

-1 0
GDP USD 2005 per capita zscore (z-score)

DMC per capita zscore (z-score)

Australia

L e .’

1 e ©

0.5 ..gp ralia

0 L)
-0.5 r

.
-1 (T
2 .
-1.5
-1 0 1

GDP USD 2005 per capita zscore (z-score)

Figure 8. Relationship between GDP and DMC per capita in higher-income countries. GDP: Gross domestic product; DMC: domestic

material consumption.

|
= =] -

Non-metallic minerals per capita zscore (z-score)
1
~

a8

<
' e
..
%

GDP USD 2005 per capita zscore (z-score)

-1 o

Non-metallic minerals per capita zscore (z-score)

Australia
3 .
&
2
1 e
e Australia
0
) G‘h.% ot ’
8 [ o
-1
-1 0 1

GDP USD 2005 per capita zscore (z-score)

Figure 9. Relationship between GDP and non-metallic minerals per capita in Japan and Australia. GDP: Gross domestic product.

DISCUSSION: EXPLAINING THE MKC

The current study provides empirical evidence to advance the discussion on the MKC. Countries are
classified into four groups based on GNIPC: low-income, lower-middle-income, upper-middle-income, and
high-income. These groups are assumed to be relatively homogeneous in terms of GDPPC, which reflects
the total output of a country divided by its population. Based on our data, we highlight the following key
points. First, at the empirical level and following Nagano et al.*”, this study employs a flexible estimation
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Figure 10. Relationship between GDP and Natural gas per capita in Australia and Japan. GDP: Gross domestic product.

approach that captures different trends across subgroups using variables derived from longer cross-country
datasets. We believe that dividing countries into income-based groups produces markedly different results
and reveals important insights into the heterogeneity of the shapes and turning points of the MKC across
income levels. Second, the identification of different patterns among countries with similar income levels
provides strong evidence of the heterogeneity of material consumption within the same subgroup. The
inverted U-shaped relationship between material consumption and economic growth is confirmed for
upper-middle and high-income countries, consistent with previous findings**>*!. Although countries vary
in their resource endowments and policies, our results suggest that there are distinct material consumption
trajectories as countries become wealthier. This implies that more sustainable pathways are possible without
necessarily shifting the burden of pollution to lower-income countries. Technological improvements and
stricter environmental regulations play an important role, as illustrated by the global shift away from fossil
fuels in the twenty-first century. Our findings therefore support proposals for dematerialization and
decoupling, as advocated by the United Nations International Resource Panel in its reports over the past
decade™.

The fields of ecological and resource economics offer several theories to explain the correlation between
material consumption and economic growth. Empirical studies have highlighted the influence of
environmental regulation and country-specific socio-demographic factors - such as human capital,
globalization, and urbanization - on raw material consumption®***'\. However, there is still no
comprehensive theoretical framework, supported by empirical evidence, that fully explains the link between
MC and GDP. To advance theoretization on the different pathways of MC, our study identifies four main
channels that can account for the inverted U-shaped relationship between economic growth and material
use: the scale effect, the composition effect, the technique effect, and the policy effect. These channels,
detailed below, provide a conceptual basis for interpreting the different trends observed in our results.

The scale effect

The scale effect refers to how material use responds to the scale of economic activity. In the early stages of
economic development, demand for raw materials is relatively low due to the predominance of
unmechanized agriculture (less material-intensive). As industrialization progresses, resource-intensive
sectors (manufacturing, construction, and machinery) expand, increasing the global demand for
materials®?. Higher levels of economic activity result in greater production and consumption of goods and
services, which, in the context of free trade, further drives material demand™'. The scale effect suggests that
higher per capita income increases the demand for material-intensive goods and services, thereby placing
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greater pressure on the environment®". This is clearly illustrated in the aggregated MC across the four
country groups, where the trend curve rises under linear approximation [Figure 2].

The composition effect

The composition effect highlights that rising per capita income can either increase or decrease material
requirements, depending on the structure of production (e.g., the capital-labor ratio). Because production
structures and factor endowments vary widely across countries, material use patterns also differ, reflecting
specialization in different economic sectors.

Countries with production structures that favor material-intensive activities tend to specialize in producing
and exporting material-intensive goods". In contrast, if the production structure discourages such
activities, the composition effect reduces material use and may offset increases in overall demand.
Consequently, the structure of production generates different levels of material requirements across
countries, depending on their trade openness, environmental regulations, and restrictions on material
use”*. This finding aligns with results from the high-income country sub-sample, as shown in Figure 3
(second-degree polynomial) and Figure 4 (third-degree polynomial). Furthermore, analysis of different
material categories [Figure 5] shows that the MKC slope shifts later for fossil fuel consumption than for
biomass, suggesting that countries may shift their primary energy demand from biomass to fossil fuels as
income rises.

The technique effect

The technique effect occurs when changes in production processes (often due to technological innovation)
improve material efficiency, thereby reducing demand for raw materials. According to this effect, material
intensity slows down and may eventually decline with the adoption of advanced production technologies"".
Globalization can accelerate this transition in developing countries by facilitating the transfer of green
technologies from developed economies™”. In addition, as per capita income grows, demand for cars,
factories, and machines gradually becomes saturated, and the economy shifts from manufacturing toward
services. This structural transformation reduces consumer demand for raw materials and eventually reverses
the upward trend in material intensity®". Figure 3 illustrates this pattern, showing that upper-middle and
high-income groups follow a semi-Kuznets curve (rising and then falling, though less sharply than the
classic Kuznets curve). Similarly, Figure 5 shows a downward trend in all four material categories at higher
income levels.

The policy effect

The trajectory of MC as a country develops is shaped not only by its resource composition and
technological shifts but also by policy choices. Countries can influence their MC through policies that
promote efficiency and sustainable resource use, either via regulation or economic incentives. Examples
include subsidies such as feed-in tariffs for renewable energy, widely adopted in Europe, or market-based
mechanisms like carbon trading™**’. In our study, policy effects are evident among high-income countries.
For instance, Germany has moved away from fossil fuels largely due to policy measures such as the
Energiewende, in contrast to Finland [Figure 11]. Despite having similar GDP per capita, these two
countries show divergent fossil fuel trajectories shaped by policy.
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Figure 11. Relationship between Fossil fuels and GDP per capita in Germany and Finland. GDP: Gross domestic product.

The effectiveness of policy interventions, and the stage of development at which they are introduced,
depend on a country’s policy environment and natural endowments. For example, Brazil, with its extensive
sugarcane plantations, was the first country to implement large-scale biofuel policies in the transportation
sector during the oil crises of the 1970s, earlier than most other countries'*”. This boosted biomass use
[Figure 12]. More recently, studies have disaggregated policy effects at the subnational level, showing the
importance of local investments in improving resource productivity, which could contribute to economic
dematerialization'".

CONCLUSIONS

This study investigated dematerialization and decoupling in a panel of 176 countries over the period
1970-2015 through Pearson’s correlation. We applied a flexible estimation approach that captures diverse
trends across subgroups by drawing on extended cross-country datasets. Several conclusions can be drawn.
Overall, dematerialization patterns exhibit a high degree of heterogeneity, largely explained by differences in
resource endowments, income levels, and stages of economic development. This cross-country variation in
material consumption and economic growth complicates the formulation of strategies for sustainable raw
material use. Specifically, low-income and lower-middle-income countries at the early stages of
development display a strong positive correlation between income growth and raw material consumption.
This finding is consistent with the scale effect discussed earlier: higher economic activity leads to increased
production and consumption of goods and services, thereby driving substantial growth in material demand,
especially under conditions of free trade and abundant resource endowments. Furthermore, the global
transition from industrial to service-oriented activity seems to have had only a limited long-term impact on
global dematerialization'*”.

For upper-middle and high-income groups, our results provide evidence of composition and technique
effects, which can counteract the linear positive trend in material consumption as income rises. There is
some evidence of decoupling between raw material consumption and economic growth. Notably, at the
turning point, the negative correlation between GDP and MC is stronger in high-income countries than in
upper-middle-income countries. Another key observation is that achieving sustainable
development - balancing economic growth with material use - requires a much higher development
threshold in upper-middle-income economies. This may be partly explained by their high levels of
industrialization and more extensive development strategies compared with high-income countries.
Nevertheless, significant differences remain within both groups due to variations in resource endowments.
Our findings underscore the importance of disaggregating material subcomponents (fossil fuels, biomass,
metals, and non-metallic minerals) to better capture within-group heterogeneity.
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Figure 12. Relationship between biomass and GDP per capita in Brazil. GDP: Gross domestic product.

In conclusion, Pearson’s correlation provides a simple yet valuable tool for studying the long-term
relationship between economic growth and material consumption. It enables not only the visual inspection
of dematerialization patterns alongside monetary indicators but also the analysis of alternative functional
relationships. This is critical for selecting an appropriate functional form to ensure that the data yield
reliable insights into dematerialization dynamics.

The United Nations IRP, in its reports over the past two decades, has reached similar conclusions". Our
analysis further suggests that targeted interventions are needed in upper-middle-income countries to
accelerate decoupling. Nonetheless, the study is limited by the availability of historical data. Moreover,
emerging technologies - such as bioengineered materials and Artificial Intelligence (AI)-based tools for
designing more resource-efficient products - require further assessment'*”. Despite these limitations, our
findings offer valuable interpretations of the diverse dematerialization pathways taken by different countries
and highlight potential strategies for transitioning toward more sustainable economies.
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