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Summary

Resource productivity enhancement stands at the center of tackling issues on environmental
pollution and resource scarcity. Identifying influential socioeconomic factors should be the
first step in establishing and improving resource management policy. This study compares
and analyzes data from multiple countries to construct a resource productivity simulation
model. The socioeconomic factors and their characteristic patterns are discussed in detail.
The results demonstrate that the major factors influencing resource productivity include
income level, population density, economic structure, energy structure, and raw material
trade. Among these factors, the three most important are income level, population den-
sity, and economic structure. The influencing patterns can be summarized as follows: (1)
Resource productivity increases with increasing income levels. (2) Countries with high pop-
ulation density are inclined to demonstrate high resource productivity. (3) The economic
structure shows a biphase influence on resource productivity, that is, during industrializa-
tion, decreased agricultural activity and increased industrial activity lead to higher resource
productivity. On the other hand, after industrialization, decreasing industrial activity and an
expanding service sector become the major impetus of resource productivity enhancement.
(4) Raw material export demonstrates a negative effect on resource productivity. Countries
that depend heavily on raw material export show a unique resource productivity evolution
pattern. For these countries, relatively high resource productivity in low income phases and
relatively low resource productivity in high income phases show only small increases in re-
source efficiency and economic growth. Finally, insights from the study are transformed into
suggestions for sustainable resource management and resource productivity enhancement.

Keywords:

economic structure
economy-wide material flow

analysis (EW-MFA)
income level
industrial ecology
international trade
population density

Supporting information is available
on the JIE Web site

Introduction

Traditional economics regards labor and capital as basic ele-
ments when evaluating the efficiency of economic production.
As resources are assumed to be exchangeable with capital, re-
source productivity does not exhibit a clear economic signifi-
cance. However, industrialization, economic development, and
an increasing world population have made resource scarcity
a primary threat to future development. On the other hand,
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excessive and inefficient resource utilization is the root cause
of environmental issues, leading to air and water pollution,
biodiversity loss, and desertification, all of which demonstrate
an increasing influence on human development and survival
(Behrens et al. 2007). With such impending environmental
problems, the rational utilization of limited resources is becom-
ing increasingly important. Better resource productivity enables
more economic benefits from a restricted amount of resources,
allowing economic growth while protecting the environment
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by limiting end products. Clearly, increasing resource produc-
tivity is the way to resolve conflicts between future development
and heavy resource burdens.

For better measurement and monitoring of national eco-
nomic resource productivity, environmentalists have defined
resource productivity as the ratio of economic output and its
corresponding material input. Resource productivity, as an
integrated quantitative assessment of social economics, in-
cluding technological levels, efficiency, and dematerialization
(Steinberger and Krausmann 2011), is extensively used in
academia (Bleischwitz 2010; Giljum et al. 2010), national sta-
tistical analysis (Eurostat 2011), and policy management (AFG
2002; CEC 2005; Government of Japan 2008). Past research in-
dicates tremendous differences between the resource productiv-
ity levels of different countries. What causes these differences?
What are the major factors influencing resource productivity?
Several authors have suggested that the income level of a na-
tion plays a major role in resource productivity (Steinberger
and Krausmann 2011). Demand structure (Hashimoto et al.
2008), growth competitiveness (Bleischwitz 2010), construc-
tion’s share of total gross domestic product (GDP) and climate
levels (van der Voet et al. 2005), and international trade and re-
source capacitance (Giljum et al. 2010) have been suggested as
factors in resource productivity. A comprehensive and detailed
description of multifactorial influences, however, cannot be de-
veloped for two reasons. First, previous studies have focused only
on one country (Hashimoto et al. 2008) or on specific countries
with similar economic backgrounds (Kovanda et al. 2012; van
der Voet et al. 2005). Due to limited research duration and
the selection of study subjects, developing countries of prelim-
inary economic status were often left out while the resource
productivity patterns of developed countries were discussed ex-
tensively. However, the countries that will contribute the most
to future global resource consumption rates, and should thus be
the focus of related studies, are emerging countries with fast-
growing populations and economies, such as Brazil or China
(Behrens et al. 2007; Schandl and West 2012). Second, for the
methodology, simple regression or relevance studies without an
antecedent classification of subjects based on different social
backgrounds can only yield a gross result and will fail to differ-
entiate the confounding effects of influencing factors. Particular
factors may also have opposite effects on resource productivity
in different background settings. A difference in one important
social variable, such as income level, can mask the effects of
others. We try to address these drawbacks by categorizing them
based on socioeconomic situations and by exploring national
resource productivity in different settings.

Based on statistics from 51 countries, this article analyzes
18 potential socioeconomic variables as potential factors in-
fluencing resource productivity and identifies those with sig-
nificant influence. The subjects are classified accordingly and
regression models are provided to describe the resource produc-
tivity within different subgroups. For a given socioeconomic
status, the result enables quantitative analysis of the specific
factor’s influence and a comprehensive evaluation of resource
productivity. Moreover, trends in resource productivity along-

side national economic development can be described using
these mathematical models.

Methodology

This study adopts tree model classification combined with
multifactor linear regression to model resource productivity in
a national economy, based on filtration of potential social and
economic factors influencing resource productivity. The iden-
tification of factors with a major influence is made through
the modeling process, which requires data from two sources,
namely, resource productivity figures and the values of impor-
tant socioeconomic factors from different countries. A detailed
description of the resource productivity calculation, selection of
potential socioeconomic factors, and construction of the model
are presented in the following sections.

Defining and Calculating Resource Productivity

The formula for resource productivity (RP) in this article is

RP = GDP/DMC. (1)

The GDP values of different countries used in this research
are in constant 2000 U.S. dollars as drawn from the World
Bank database (www.worldbank.org). Domestic material con-
sumption (DMC), which is concerned with material consump-
tion in a national economic system, is a major material flow
indicator in the economy-wide material flow account (EW-
MFA) (Eurostat 2001). DMC comprises four categories: fossil
fuels, biomass, construction minerals, and ores/industrial min-
erals (Eurostat 2001). In this article DMC values from different
countries are quoted from published corresponding national ma-
terial flow results (Adriaanse et al. 1997; Eurostat 2002, 2011;
González Martı́nez 2007; González Martı́nez and Schandl 2008;
Matthews et al. 2000; Ministry of Environment 1992–2002,
2003–2009, 2006; Noh 2008; Schandl and Schulz 2000, 2002;
Xu and Zhang 2007). These studies were conducted by different
researchers and were based on different guidelines, which is a
major weakness of our study and causes potential uncertainty
in our results. However, we think that the variation in DMC
values caused by the different data sources is not big enough
to affect the identification of the influencing factors and their
effects on resource productivity, thus making the major conclu-
sion of our study reliable. For additional information about the
methodology of material flow calculation and DMC values, see
the supporting information available on the Journal’s Web site.

Potential Explanatory Variables

When choosing potential factors, this study focuses on vari-
ables that represent the current status of socioeconomic tech-
nology and progress toward efficiency, as well as factors affecting
national resource consumption. These variables include factors
from the following six categories:
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1. Economic status: As the primary indicator of national
economic development, economic status shows tremen-
dous effects on resource productivity. Fast, modern eco-
nomic development that is based on material consump-
tion causes fast resource depletion (U.S. EPA 2009),
and economic development enlarges consumer demand,
causing a “rebound effect” on resource productivity
(Cleveland and Ruth 1998). Trends of urbanization, in-
frastructure development and the emergence of an af-
fluent class of consumers all contribute significantly to
growing resource use (Schandl and West 2010). How-
ever, technology improvement driven by economic de-
velopment enables better use of raw materials, which
contributes to higher resource productivity (Larson et al.
1986). In this article, total GDP,1 GDP per capita, and
urban population (percentage of total) are used to repre-
sent national economic status.

2. Economic structure: Some authors have suggested that as
the percentage of manufacturing and services increases in
a national economy, and as the percentage of resource-
consuming agriculture and mining decreases, resource
productivity increases, and vice versa (Janicke 2001).
Therefore economic structure clearly has significant ef-
fects on resource productivity. In this article, industry
(value added, as a percentage of GDP), agriculture (value
added, as a percentage of GDP), and service (value added,
as a percentage of GDP)2 are selected to represent eco-
nomic structure. The proportion of manufacturing and
its effects are also studied.

3. Raw material export and import: International trade is
assumed to be an influencing factor in resource pro-
ductivity because it separates the processes of raw ma-
terial mining, refinement, and product manufacturing
into different countries. Since mining and refinement
consume a large amount of resources they have lower
resource productivity and economic benefits, while the
opposite is true for product manufacturing. Agricul-
ture raw material imports (percentage of merchandise
imports), agriculture raw material exports (percentage
of merchandise exports), fossil fuel imports (percentage
of merchandise imports), fossil fuel exports (percentage of
merchandise exports), and ores and metals exports (per-
centage of merchandise exports)3 were chosen to repre-
sent national raw material trading in the model.

4. Science and technology progress: Resource productiv-
ity, as an integrated indicator of general national de-
velopment, shows a strong connection to a country’s
technological level (Steinberger and Krausmann 2011).
However, there is no consensus as to which variables
are appropriate to indicate the general status of science
and technology development in a country. In this article,
considering data accessibility, we choose scientific and
technological journal article publication (per 1,000 per-
sons) and agricultural machinery (tractors per 100 square
kilometers [km2] of arable land)4 to indicate national
science and technology progress.

5. Resource pressure: Development leads to resource pres-
sure, which sometimes proves to be disadvantageous to
countries (Bulte et al. 2005). Resource pressure may ac-
celerate the advancement of national resource productiv-
ity, which is expressed in national policy improvement
and individual consumer choices. In this article popula-
tion density (people per square kilometer of land area)
is selected to represent the intensity of resource pressure,
assuming that resource volume per unit of land area is
constant.

6. Energy structure: In modern times, industrialization
significantly altered the energy structure of the socioe-
conomic system. Fossil fuel consumption skyrocketed,
contributing to the rapid increase in global resource con-
sumption. In comparison, hydro energy, wind power, and
nuclear energy expend far fewer resources. Therefore fuel
choices and proportions affect, to a great extent, the to-
tal amount of resources consumed. In this article alterna-
tive and nuclear energy (percentage of total energy use),
combustible renewables and waste (percentage of total
energy), and net energy imports (percentage of energy
use) are used to discuss the effect of the energy structure.

Eighteen potential variables from the above six subgroups
were selected, and all data were sourced from the World Bank
database (www.worldbank.org). See the supporting information
on the Web for detailed information.

Resource Productivity Simulation Model Construction

The model construction process is described as follows: First,
filter the 18 potential variables to choose the best subset of
variables that can appropriately explain the variation in re-
source productivity. Based on the best subset of variables cho-
sen, we adopted the M5P model algorithm provided by Weka
software5 (version 3.6.4) to construct a resource productivity
model, which required categorizing subjects into a decision tree
and applying multiple linear regression to deduce simulation
formulas. By analyzing models with a relatively high degree of
fit, specific factors and their detailed influence can be identified.
Factor filtration is an important step that can eliminate vari-
ables with weak connections to resource productivity to identify
the best subset for model construction. We performed an ex-
haustive search6 starting from the empty set of variables and
moving through the range of variable subsets. The correlation-
based feature subset selection method (Hall 1999) was used
for evaluation during the influencing factor selection phase. It
evaluates the worth of a subset of variables by considering the
individual predictive ability of each feature along with the de-
gree of redundancy between them. Subsets of features that are
highly correlated with resource productivity but which have
low intercorrelation between each other are preferred. Based
on the subset of selected variables, algorithm M5 is used to con-
struct the resource productivity simulation model. The model
combines a decision tree with the possibility of linear regres-
sion functions at the leaves (Quinlan 1992; Wang and Witten
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1996). Therefore the model can identify the variables that sig-
nificantly affect the target value and offer a regression formula
for each class. The model can also provide a panoramic picture
of how these social variables affect resource productivity.

These methods for factor filtration and model construction
are provided by Weka (version 3.6.4). For additional informa-
tion on the methods, see the supporting information on the
Web.

Results and Analysis

Resource Productivity Simulation Model

The results of the factor filtration demonstrate that the op-
timal explanatory variables for resource productivity are GDP
per capita, industry (value added, percentage of GDP), services
(value added, percentage of GDP), population density (people
per square kilometer of land area), agricultural machinery (trac-
tors per 100 km2 of arable land), alternative and nuclear energy
(percentage of total energy use), combustible renewables and
waste (percentage of total energy), agricultural raw materials
imports (percentage of merchandise imports), agricultural raw
materials exports (percentage of merchandise exports), and ores
and metals exports (percentage of merchandise exports). The
resource productivity simulation model constructed with these
variables7 is given in figure 1 and table 1. (Figure 1 demon-
strates the results of the decision tree categorization; table 1

demonstrates the linear regression formula of each subgroup.)
The correlation coefficient of the simulation model is 0.952,
indicating that the model satisfactorily quantified the effects
of the socioeconomic variables on resource productivity. See
the supporting information on the Web for further information
on the detailed parameter settings used in model construction,
model optimization, and verification.

When constructing the model, high-proportion raw
material-exporting nations demonstrate a different pattern of
resource productivity characteristics than the majority, which
becomes the singular point of the model. This finding sug-
gests that a high proportion of raw material exports in national
merchandise exports uniquely alters resource productivity. To
increase the accuracy of the model and to obtain a general rule
of resource productivity, the data for these countries8 were re-
moved when constructing the model. Therefore the final set of
data used includes 44 countries and 644 groups of time-series
data. The resource productivity characteristics of countries with
high raw material exports are analyzed thereafter.

Based on the analysis of the model, we identify the influ-
encing factors of resource productivity and discuss the effects of
each factor in detail.

Factors Influencing Resource Productivity

GDP per capita; industry, value added (IVA); services
etc., value added (SVA); population density (PD); alternative

Figure 1 Decision tree of the resource productivity simulation model. Note: The tree model categorized subjects into 10 subgroups
based on gross domestic product (GDP) per capita (US$/cap), population density (people/km2), and economic structure. Corresponding
to each leaf in the model tree are the linear models of each subgroup. The linear regression formula for each subgroup is given in table 1.
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Table 1 Linear regression formulas for each subgroup

Subgroup Linear regression formula, RP =

1 0.0016 × IVA + 0.0007 × SVA + 0.0001 × PD + 0.0004 × ANE + 0.0042 × ARMI + 0.0005 × OME + 0.0858
2 0.0003 × IVA + 0.0007 × SVA + 0.0004 × PD + 0.0004 × ANE + 0.0042 × ARMI + 0.0005 × OME + 0.1753
3 0.0003 × IVA + 0.0007 × SVA + 0.0003 × PD + 0.0004 × ANE + 0.0042 × ARMI + 0.0005 × OME + 0.2454
4 −0.0018 × IVA + 0.0002 × SVA + 0.0002 × PD + 0.0085 × ANE + 0.0054 × ARMI + 0.0097 × OME + 0.6079
5 −0.0027 × IVA + 0.0002 × SVA + 0.0002 × PD + 0.0008 × ANE + 0.0054 × ARMI + 0.001 × OME + 0.625
6 −0.0004 × IVA + 0.0002 × SVA − 0.0004 × PD + 0 × ANE + 0.0054 × ARMI + 0.0018 × OME + 1.0547
7 −0.0009 × IVA + 0.0092 × SVA + 0.001 × PD + 0.0015 × ANE − 0.0095 × ARMI − 0.0038 × OME + 0.024
8 −0.0009 × IVA + 0.0092 × SVA + 0.006 × PD + 0.0015 × ANE − 0.0095 × ARMI − 0.0038 × OME + 0.168
9 −0.0009 × IVA + 0.0066 × SVA + 0.0003 × PD + 0.0013 × ANE − 0.2042 × ARMI − 0.0038 × OME + 1.103
10 0.0001 × GDPpc − 0.0009 × IVA + 0.0018 × SVA + 0.0003 × PD − 0.0054 × ANE + 0.008 × ARMI − 0.0439 ×

OME − 0.1317

Note: IVA = industry, value added (percentage of GDP); SVA = services, etc., value added (percentage of GDP); PD = population density; ANE =
alternative and nuclear energy (percentage of total energy use); ARMI = agricultural raw materials imports (percentage of merchandise imports);
OME = ores and metals exports (percentage of merchandise exports); GDPpc = GDP per capita.

and nuclear energy (ANE); agricultural raw materials imports
(ARMI); and ores and metals exports (OME) are the seven
factors that together explain 90.62% (0.9522) of the resource
productivity, suggesting that income level, economic structure,
energy structure, and raw material exports and imports are the
five main aspects to measure resource productivity. Among all
the variables, GDP per capita, economic structure, and popula-
tion density are the three factors with the greatest contributions.
Classifications based on these three factors can clearly divide
subjects with different levels of resource productivity, as well as

identify subgroups with similar resource productivity patterns.
The box plot in figure 2 shows the results of descriptive statistics
of the actual resource productivity in different subgroups. The
order of decreasing influence in these three factors is as follows:
GDP per capita > population density > economic structure.

Effects of Each Factor on Resource Productivity

The primary requirement for long-term resource productiv-
ity development is increased income levels leading to higher

Figure 2 Box plot of corresponding actual resource productivity (RP) after categorization of the decision tree (x coordinate indicates
subgroups 1–10). Note: RP is in kilograms of domestic material consumption per U.S. dollar gross domestic product (GDP) as of 2000. The
bottom and top of the box represent the lower and upper quartiles; the band near the middle of the box is the median. The ends of the
whiskers represent the lowest datum still within 1.5 interquartile ranges (IQRs; being equal to the difference between the upper and lower
quartiles) of the lower quartile (Q1), and the highest datum still within 1.5 IQRs of the upper quartile (Q1). The values in (Q3 + 1.5 IQR,
Q3 + 3 IQR) or (Q1 – 3 IQR, Q1 – 1.5 IQR) are called mild outliers (represented by a “circle”), while the “stars” in the figure are extreme
outliers which are outside Q3 + 3 IQR or Q1 – 3 IQR.
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Table 2 Effects of the main factors on resource productivity

Influencing factors Detailed effects

Income level Resource productivity increases as GDP per capita increases.

Population density On the same income level, nations with higher population densities
generally correspond to higher resource productivity with a faster
development rate, and vice versa. Extremely high and low population
densities may cause distinct characteristics in the resource productivity
pattern.

Economic structure Agriculture Decreased agricultural proportion in the economy corresponds to higher
resource productivity. This pattern is most prominent for less
economically developed nations with low GDP per capita.

Services Increased service proportion in the economy corresponds to higher resource
productivity, especially for post-industrialized countries with high income
levels.

Industry Industry proportion shows opposite effects for nations with different
economic statuses: for nations with low income level, increased industry
proportion corresponds to higher resource productivity; for those with
high income level, the opposite is true.

Energy structure Larger proportion of alternative and nuclear energy corresponds to higher
national resource productivity.

Raw material trade Agricultural raw materials
imports

A higher agricultural raw material imports proportion corresponds to higher
national resource productivity.

Fossil fuel export, ores and
metals exports

Ores and metals exports show opposite effects for nations with different
economic status: for nations with low income levels, an increased
proportion of ores and metals exports corresponds to higher resource
productivity; for those with lower income levels, the opposite is true.
Fossil fuel exports have a similar effect.

resource productivity. Countries with higher population den-
sities generally correspond to higher- and faster-rising resource
productivity. However, for countries with different develop-
mental statuses, aspects such as economic structure and raw
material trade exert different and even contrary effects on re-
source productivity. An analysis of the model generates detailed
effects for each main factor, as demonstrated in table 2.

The following section shows the analysis of each specific
effect exerted by the above factors.

Income Level
Income level is a characteristic of national economic devel-

opment and correlates to a great extent with national techno-
logical development, thus showing high correspondence with
resource productivity. Throughout the entire process of eco-
nomic development, resource productivity increases as per
capita GDP rises. Although industrialization dramatically in-
creases resource consumption, its rate is lower than the increase
in GDP. Therefore, even in periods of resource-consuming eco-
nomic development, resource productivity still rises as income
levels increase. However, when economic development is re-
stricted, income level becomes a less important factor for re-
source productivity (except for subgroup 10; GDP per capita is
not a linear variant in regression formulas). For example, in sub-
group 8 (corresponding countries include Austria 1986–1992,
the United States 1975–1982, Ireland 1995–2007, and Swe-

den 1980–1990), resource productivity ranges from US$0.59
per kilogram (kg) to US$1.17/kg,9 and the country (Ireland
1995–2007) with the highest relative GDP per capita shows
the lowest resource productivity in the group. This result shows
that the difference between the resource productivity of nations
within a limited range of income levels no longer depends on
per capita GDP, but on other aspects such as population density,
economic structure, energy structure, and resource trading. Ad-
ditional examples prove this phenomenon. In 2000 the United
States and Switzerland had a similar per capita GDP of ap-
proximately US$35,000. However, the resource productivity of
Switzerland in 2000 was US$2.81/kg while that of the United
States was US$1.52/kg.

Population Density
Aside from income level, population density exerts the great-

est influence on resource productivity. Its effect is expressed
through the transformation of a society’s consumption patterns
and mode of production under the burden of resource pres-
sure. From an analysis of the model and multinational data,
the countries with extremely high or low population densi-
ties clearly demonstrate different patterns of resource produc-
tivity compared with their peers. As economic development
progresses, population density exerts more apparent effects. If
GDP per capita is less than US$3,596, then population den-
sity shows relatively less effect; if GDP per capita is greater
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than US$16,709, then population density leads to different
development trajectories for national resource productivity.
The average resource productivity of countries with popula-
tion densities lower than 17/km2 is US$0.607/kg, while when
population densities exceed 155/km2, the average resource pro-
ductivity is US$1.669/kg. The countries with low population
density show slower rates of increase in resource productivity,
whereas the opposite is true for countries with high popula-
tion density. For example, Finland, a nation with low popula-
tion density, showed an increase in resource productivity from
US$0.43/kg to US$0.74/kg during the period 1980 to 2007.
In comparison, Japan, a country with a similar income level
but high population density, showed an increase in resource
productivity from US$1.47/kg to US$3.77/kg over the same
period. The latter demonstrates greater increases in absolute
and relative rates than the former. A possible explanation for
this phenomenon is that during earlier economic periods, re-
source pressure does not stand out as the main restriction on
development. When national economic status reaches a cer-
tain level, development greatly depends on the quantity of
resources. Countries with high population density, and there-
fore a higher resource burden, tend to rely on technological
advancement, economic structure, or policy improvements to
advance resource productivity for further development. Mean-
while, countries with low population density, and therefore a
lower resource burden, demonstrate a more apparent “rebound
effect” (Cleveland and Ruth 1998), which leads to lower re-
source productivity and slower increases in resource productiv-
ity levels.

Economic Structure
Economic structure is another important factor in changing

resource productivity. It becomes a primary influencing fac-
tor especially when comparing countries with similar national
income levels. Economic structure exerts different effects on
countries of different developmental status. According to the
simulation model, for industrializing nations with a GDP per
capita less than US$6,408, a higher industrial proportion and
lower agricultural proportion correspond to higher resource pro-
ductivity. The critical point of US$6,408 is derived from a
regression model based on multination data, whereas for a spe-
cific country, its critical point may not be exactly US$6,408,
but will approximate this figure. The probable explanation for
this phenomenon is that industrial production generates higher
economic value with the consumption of the same quantity
of resources, and thus higher resource productivity than tradi-
tional agricultural production. For postindustrial countries with
a GDP per capita greater than US$6,408, an increased propor-
tion of services and a decreased proportion of industry promote
higher resource productivity. Economic structure transforma-
tion in essence embodies transformed consumer demand and
is reliant on technological progress. As an integrated socioe-
conomic index, resource productivity can be viewed as a rep-
resentation of technological progress, which occurs alongside
changes in economic structure. Technological progress lays the
foundation for economic structure transformation.

Energy Structure
Countries with higher proportions of nuclear and alterna-

tive fuel show higher resource productivity because these en-
ergy forms decrease fossil fuel consumption. Correlation analysis
shows a high negative correlation between resource productiv-
ity and the proportion of combustible renewables and waste en-
ergy in total energy.10 Combustible renewables and waste energy
are complex. They are mixtures of low-efficiency biomass for
heating and high-tech recovery from waste incineration. Dur-
ing preliminary national economic development, combustible
renewables and waste energy mostly refer to burning traditional
biomass, a highly inefficient method leading to low resource
productivity. In recent decades high income countries have in-
creased their use of combustible renewables and waste energy
as a result of the technological development of highly efficient
biofuel. The effects of these changes, however, have yet to be
demonstrated in the simulation model.

International Trade in Raw Materials
Before model construction, raw material imports were as-

sumed to increase national resource productivity while raw ma-
terial exports decreased it. However, the resource productivity
simulation model demonstrated that for low income countries,
ores and metals exports correspond to higher resource produc-
tivity. This phenomenon suggests that the exporting of ores
and metals is “highly resource efficient” for low income coun-
tries and “resource inefficient” for high income countries. The
significant effect of fossil fuel export is the primary reason for
the unique pattern of resource productivity in countries with
high raw material exports. Most countries that appeared out-
standing in the simulation model are key exporters of fossil fuels.
Their unique pattern of resource productivity is analyzed in the
Discussion section.

Discussion

Characteristics of Resource Productivity Among
High-Proportion Raw Material-Exporting Nations

While constructing the model we discovered that coun-
tries with high proportions of raw material exports (Nor-
way, Oman, Qatar, Venezuela, Mexico, Saudi Arabia, and
Bahrain) demonstrate unique characteristics of resource pro-
ductivity. Figure 3 shows the patterns of resource productiv-
ity for these high-proportion raw material-exporting coun-
tries along with income level growth compared with other
countries.

Additionally the resource productivity of high-proportion
raw material-exporting countries with low income is also clearly
higher than those of other countries with similar income levels,
even though they demonstrate low population density and a
low proportion of service industries, factors that lead to low re-
source productivity. For example, Venezuela (1988–1997), with
its average income level of US$5,083 and its population density
of less than 30/km2, is supposed to belong to subgroup 2 in the
model tree. However, its resource productivity is US$0.67/kg,
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Figure 3 Resource productivity changes along with income level growth for high-proportion raw material-exporting nations and other
countries. Note: The trend line shown in the figure shows the trajectory of resource productivity change along with income level growth in
normal countries. The correlation coefficient of this trend line is 0.85. RP = resource productivity, in kilograms of domestic material
consumption per U.S. dollar gross domestic product (GDP) as of 2000. GDPpc = GDP per capita.

higher than the average resource productivity of subgroup 2
(US$0.288/kg) and countries with similar income levels but
high population densities. In contrast, high-proportion raw
material-exporting countries with high income levels demon-
strate much lower resource productivity than other countries
with similar income levels. Resource productivity can also de-
cline with an increase in income level. For example, Norway,
with its GDP per capita reaching US$40,000, has a resource
productivity of only US$1.14/kg, and its DMC per capita (37.2
tonnes per capita [t/cap], 2007) is far greater than the aver-
age level in developed countries (England 12.2 t/cap, 2007;
Denmark 28.34 t/cap, 2007; France 14.6 t/cap, 2007). This
phenomenon is also obvious in Australia, another resource-
exporting nation (Wood et al. 2009). Bahrain, a Middle East-
ern nation with high population density, showed an increase in
GDP per capita from US$8,970 in 1985 to US$14,719 in 2005,
while its resource productivity declined from US$0.52/kg to
US$0.33/kg.

A possible explanation for this phenomenon is that, for
low income nations, technology in industry and services is
still relatively undeveloped and the acquisition of economic
benefits depends on the consumption of a larger quantity of
materials. In comparison, fossil fuel and ore-exporting coun-
tries achieve economic development through the mining of
national resources, which is not included in DMC. Therefore

this production mode is relatively more efficient for a “resource
inefficient” national economy. However, economic develop-
ment, industry, and services benefit from advanced technol-
ogy, which contribute to higher overall efficiency. National
resource productivity increases along with development in a
majority of countries, whereas resource-exporting countries still
depend highly on resource-consuming production modes such
as mining and refinement. Meanwhile, a large amount of ex-
ports earn more foreign exchange, leading to a low exchange
rate that inhibits the export of national manufactured products.
Increased costs, as well as loss of labor and capital, finally re-
sult in damage to national manufacturing and services (Neary
and Van Wijnbergen 1986), thus contributing to low resource
productivity. Figure 4 clearly demonstrates the decline in man-
ufacturing industries in high-proportion raw material-exporting
countries.

Abundant raw material exports lead to a lack of motiva-
tion for resource productivity improvement, as demonstrated
by high income level resource-exporting countries with low
resource productivity. Although resource-exporting countries
show relatively higher resource productivity during the primary
stages of economic development, they also show slower rates
of increase over time. For example, the resource productiv-
ity of Venezuela (1988–1997) fluctuated between US$0.60/kg
and US$0.71/kg, and the resource productivity of Mexico
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Figure 4 Relations between industry and manufacturing. Note: Manufacturing generally takes up approximately 80% of total industry.
However, primary resource-exporting countries demonstrate a much lower figure than other countries. These countries show a high
proportion of industry in their economies but a low proportion of manufacturing in their total industry. GDP = gross domestic product.

(1970–1999) fluctuated between US$0.45/kg and US$0.55/kg
without any apparent change or increase over three decades.
The research into this phenomenon also demonstrates that in-
creases in resource productivity are related to the development
of manufacturing and services.

Policy Implications for Increasing Resource
Productivity

What are the implications of the result of our study for
increasing resource productivity and achieving sustainable de-
velopment? Socioeconomic factors highly related to resource
productivity should be the emphasis of management and policy
restructuring.

1. Income has the greatest influence on resource productiv-
ity, and increased income levels lead to higher resource
productivity. However, it exerts effects through multiple
aspects, including technological advancement and eco-
nomic structure transformation. Note that income level
does not alone determine resource productivity, and nu-
merous countries with high income levels have lower
levels of resource productivity.

2. Population density demonstrates the most apparent ef-
fect aside from income level. The population density of a
country is not alterable in a short time frame. Countries
with high population density achieve high resource effi-
ciency through the transformation of national consump-
tion patterns and production modes. Our analysis shows
that many countries with low population densities possess
a significant potential for improving resource productiv-
ity. Countries with high income levels should aim for a
transformation in consumption patterns and production
modes while staying alert for “rebound effects.”

3. The promotion of highly resource-efficient fields in
economic structures is useful in improving resource
productivity. This is achieved through technological
advancement as well as appropriate economic and pol-
icy guidance. The atrophy of manufacturing and service
sectors proves to severely inhibit resource productivity
development.

4. Energy structure is another influencing factor for a change
in resource productivity. An increased proportion of al-
ternative fuel and a decreased proportion of fossil fuel
contribute to higher resource productivity.

5. The overdevelopment of raw material exports leads to
less motivation for improving resource productivity, as
demonstrated by high income level resource-exporting
countries with low resource productivity. Therefore high-
proportion raw material-exporting countries need to con-
centrate on increasing the efficiency of their resource ex-
traction and manufacturing. Meanwhile, native manufac-
turing industries should be encouraged, thus promoting
enhanced resource productivity.

Suggestions for the Appropriate Use of Resource
Productivity as an Indicator

An analysis of the relationships between the indicator
GDP/DMC and its corresponding socioeconomic factors of-
fers us a better understanding of this widely used indicator and
leads us to the appropriate use of this indicator in environmental
statistics and sustainable material management.

Based on the results of this study, we ascertained that in-
come level demonstrates a high correlation with and critical
effect on GDP/DMC. High income level countries usually show
relatively high GDP/DMC values. However, high income level

448 Journal of Industrial Ecology



R E S E A R C H A N D A N A LYS I S

countries actually demonstrate greater material consumption
and environmental pressure because of their high levels of fos-
sil fuel use. Accordingly, care should be taken when dealing
with the results of international comparisons of the GDP/DMC
indicator because this kind of study may lead to the simple
conclusion that high income level countries are more sustain-
able. Therefore we recommend that the comparison of the
GDP/DMC indicator should be carried out among nations with
similar income levels.

Moreover, it is better to differentiate between renewable
and nonrenewable resources as well as provide corresponding
indicators to measure the productivity of these two kinds of
resources. Although nonrenewable resource depletion causes
environmental issues that need to be tackled, the use of clean
and highly efficient resources should be welcomed in the future.
In recent decades, high income countries have shown increasing
trends in biofuel and renewable fuels usage. However, according
to our research, countries with a high proportion of energy from
these sources do not demonstrate high relative resource produc-
tivity, and the increasing use of renewable fuels shows no clear
effect on resource productivity in the multination data regres-
sion. All these findings reveal that the GDP/DMC indicator
cannot exhibit the benefits brought by the change from tradi-
tional fossil fuel to new biofuel and renewable fuels on resource
preservation and environmental protection. We may infer that
although the use of biofuels and renewable fuels decreases the
use of fossil fuels, it may still cause an increased quantity of
biomass to be used, and thus cannot have a positive effect on
the value of GDP/DMC. This phenomenon demonstrates the
limitation of the GDP/DMC indicator: it is applied to all mate-
rials, with no differentiation between renewable resources and
nonrenewable ones. Meanwhile, through industrialization, the
proportion of renewable resources and nonrenewable resources
demonstrates different patterns of transformation. Industrial-
ization brings about less application of renewable resources,
especially renewable energy, and more application of nonre-
newable resources. Therefore, differentiating these two kinds of
resources in future studies will help in achieving a better un-
derstanding of national resource efficiency evolution through
economic development.

Finally, the use of GDP/DMC as an indicator of resource
productivity is inappropriate for high-proportion raw material-
exporting countries. According to our research, low income
countries with large amounts of ore and fossil fuel exports
demonstrate much higher resource productivity compared with
nations of similar income levels due to the deduction of re-
sources exported when DMC is calculated. However, this part
of the resource takes up a majority of domestic extraction
in low income resource-exporting countries and greatly con-
tributes to their national economic income. Therefore, for high-
proportion raw material-exporting countries, high GDP/DMC
values do not indicate high resource efficiency. We suggest us-
ing GDP/DMI11 to indicate the resource productivity in such
countries and when comparing with other countries using this
indicator to better evaluate resource efficiency.

Conclusion

This study is based on an analysis of socioeconomic data
from 51 nations by constructing a simulation model of resource
productivity. The results of the study directly exhibit (through a
decision tree) the effects of primary factors on resource produc-
tivity and enable us to thoroughly analyze the evolution pattern
of the resource productivity of countries with specific income
levels and societal backgrounds. These patterns suggest future
trends in resource productivity in each country.

Income level, economic structure, energy structure, and raw
material exports and imports are the five main factors used
to measure resource productivity. GDP per capita, economic
structure, and population density are the three factors with the
greatest contribution. This study supports the national policy es-
tablishment and reformation for sustainable development. The
variables highly related to resource productivity as identified by
this study should be a focus of management implementation.

This study also enables a better understanding of GDP/DMC
as a widely used indicator. Although universally applied to in-
dicate resource productivity, the use of GDP/DMC is inappro-
priate when the subject is mainly a resource-exporting country.
It is better to differentiate between renewable resources and
nonrenewable resources, and provide corresponding indicators
to measure the productivity of these two kinds of resources.

This study looked at the relationship between resource pro-
ductivity and 18 corresponding socioeconomic factors. How-
ever, there are other influencing factors that are not accounted
for in this study, such as institutional arrangements and material
recycling, and their effects make the problem considerably more
complicated. To create a more detailed analysis of how resource
productivity can change with these additional factors, single-
country studies incorporating more factors would be helpful in
future research.
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Notes

1. The GDP values used in this research are all in constant 2000 U.S.
dollars.

2. Since the sum of these three country variables is 100%, we elim-
inated the agriculture (value added, percentage of GDP) variable
when constructing the model.

3. The five indexes—raw material imports (percentage of merchan-
dise imports), agriculture raw material exports (percentage of mer-
chandise exports), fossil fuel imports (percentage of merchandise
imports), fossil fuel exports (percentage of merchandise exports),
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and ores and metals exports (percentage of merchandise exports)—
are all based on monetary value.

4. One square kilometer (km2, SI) = 100 hectares (ha) ≈ 0.386
square miles ≈ 247 acres.

5. Weka is software package for data mining developed by the Uni-
versity of Waikato, Hamilton, New Zealand (www.cs.waikato.
ac.nz/∼ml/weka/).

6. Provided by Weka (version 3.6.4), named weka.attribute-
Selection.ExhaustiveSearch.

7. According to the result of the factor filtration, there are 10 vari-
ables in the set of optimal explanatory variables for resource pro-
ductivity. However, only 7 of these 10 variables were used in
the construction of the simulation because we needed to yield a
relatively simple model tree for summarizing the general rule of
resource productivity variation.

8. In this research, the high-proportion raw material-exporting na-
tions are identified as those whose proportion of raw material (the
sum of agricultural raw materials, ores and metals, and fossil fuel)
exports in total merchandise exports exceeded 50%. This result
refers to Norway, Oman, Qatar, Venezuela, Mexico, Saudi Arabia,
and Bahrain.

9. One kilogram (kg, SI) ≈ 2.204 pounds (lb).
10. The Pearson correlation coefficient between resource productivity

and the factor proportion of combustible renewables and waste
energy in total energy is −0.400.

11. DMC and direct material inputs (DMI) are important indicators
in EW-MFA, which is the measure of the material input of the
domestic economy. DMC equals domestic extraction plus imports
minus exports. DMI equals domestic extraction plus imports, or
DMC plus exports.
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