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ABSTRACT
A country’s dependency on energy resources can be interpreted through the calculation of
energy indices. The Demotechnic Index (DI) was used to determine the trajectory of energy
efficiency of each state in the United States over the period 1960-2019. The DI serves as a
measure of the energy intensity of states and a proxy for energy sustainability of each state.
The DI is the ratio of total energy use to total metabolic energy demand of a population.
Mathematically,
DI =

𝐸𝑇 −𝐸𝑀
𝐸𝑀

𝐸𝑇 represents the total energy used (metabolic energy + technological energy in
kilojoules annually, kJ/y), while EM represents the basic metabolic energy required by the
population. Therefore, DI is the scalar multiple of energy used by a state over the quantity of
energy required for simple human survival.
The observed mean and median DI of the states increases somewhat irregularly during
the period 1960-2019, ranging from means of 133.49 in 1960 to peak mean DI of 199.89 in the
year 2000 and ending at mean of 173.45 in 2019, and medians of 75.58 in 1960 to 98.24 in 2019.
Long-term incremental increase in energy intensity is a predictable outcome for a nation with
ever-increasing population and increasing technological energy demand. Simply put, in a
technological society, growing populations require greater energy consumption. (i.e. more people
use more energy).
Individual state DIs range across 4 orders of magnitude. New York had the highest
calculated DI with a value of 2,127.03 in 1973. In 2016, Vermont had the lowest calculated DI at
4.69.

Despite the broadly ranging DI scale, state-level DI values over 60-years fall into 3 broad
categories illustrating long-term energy-use trajectories: increasing DI over time, stable DI over
time, and decreasing DI over time. Few states change their energy trajectory during the period of
observation.
Incorporation of significant proportions of renewable energy sources in the state energy
portfolios contributes to energy sustainability. However, energy sustainability is compromised if
total energy use increases faster than population. Under such a scenario, energy intensity (i.e.,
DI) increases and requires additional energy production infrastructure and capacity, including
additional renewable energy production capacity. Ideally, to progress toward energy
sustainability, states must combine increased proportions of renewable energy sources with
improved energy efficiency (i.e, reduced DI). Tracking DI trajectories over more than a halfcentury permits some long-term assessment of the energy efficiency of each state and, hence, an
assessment of the relative commitment to energy-sustainability of state populations.
The DI appeared to be responsive to a broad range of economic events that impact energy
use. As such, DI appears to be meaningful as an index of energy intensity, energy efficiency, and
aspects of energy sustainability. The strengths of the DI are its ease of calculation and evident
scalability. It should be more widely adopted as an energy index.
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INTRODUCTION
As the global population continues to rise and non-renewable resources are consumed,
sustainable development of nations becomes more critical (Brundtland, 1987); human
civilization hangs in the balance as non-renewable resource consumption accelerates (Hardin,
1968; Meadows et al. 1972). As debates about global expansion continue, the accepted
perception is that developing countries with large and rapidly growing populations are the most
harmful in terms of sustainability because population growth increases demand for finite
resources. Therefore, large and growing populations pose a greater risk to the world’s
environment than developed countries (Erlich, 1968; Mata et al. 2012). This view led to a
predominant perception that developing countries must significantly reduce their population
growth and thus decrease population dependency on nonrenewable resources in order to live in a
more sustainable world (Erlich, 1968; Mata et al. 2012). However, Mata et al. (2012) proposed a
counter view that excessive consumption of resources by developed nations posed an equally
critical threat to sustainability of human societies. To illustrate their concept of excessive
consumption, Mata et al. (2012) developed an index to characterize a country’s dependency on
energy resources. Their study explored national energy consumption as the energy use in excess
of that required for mere subsistence. They termed this the Demotechnic Index (DI). The DI
measures the energy intensity of a national population and, thus, is also a proxy for sustainable
energy use. Mata et al. (2012) presented DI values of nations in order of descending magnitude.
Countries at the top of the list were responsible for using very high proportions of energy for
their technological economies compared to the physiological needs of their population, therefore
revealing larger patterns of consumption (Murphy 2008). Thus, developed countries generally
occupied the top of the list, while emerging or developing nations occupied the bottom of the
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list; values of national DI ranged from 198.49 (Qatar) to 0.39 (Comoros). National populations
and an additional metric, consumption-adjusted population, were also presented by Mata et al.
(2012). Consumption Adjusted Population (CAP) was calculated by multiplying a nation’s
population by its D-index. For example, the United States DI was approximately 100 in 1990
(Mata et al., 2012). The U.S. CAP indicated that the U.S. in 1990 was consuming the equivalent
metabolic energy of a population of 22.9 billion people.
Sustainable development is based on the principle that there must be a balance between
consumption and population (Mata et al. 2012; Meadows et al. 1972). It is natural for humans to
exert pressure on the environment given basic human necessities to live. Needs for survival
involve converting raw materials into products and services. Despite the increase in technology
and population, however, the equation for sustainability does not change. To be sustainable,
resources must be utilized at rates commensurate to their regeneration by geological processes
(Weil 1999).
Energy is used to meet the needs of technological society. Necessities such as
pumping/processing water, electricity generation, transportation, production of goods and
services, improving the standard of living, etc. (Abosedra 1989) all require substantial energy
inputs. Thus, energy use is vital to technological civilization to produce resources. From the
standpoint of sustainability, however, it is important to understand which states are most energy
intensive and which are most energy efficient. Long-term (multi-decadal) trajectories of energy
use serve to illustrate progress toward or retreat from sustainable energy use.
This thesis downscaled the DI to examine energy consumption in each of the fifty states
in the U.S and tracked the trajectory of state DIs over sixty years from 1960 to 2019. Like the
original DI, the state-level DI served as a measure of the energy intensity of states and a proxy
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for energy sustainability of each state. Thus, the 60-year trajectory of state DIs was an indicator
of states’ progress toward or retreat from energy sustainability.
Hardin (1968) discussed to broad categories of energy on which humans depend daily: 1)
metabolic energy and 2) technological energy. Metabolic energy is the energy required for a
human to sustain daily life and is acquired via food consumption. This requirement is
approximately 9,626 kJ d-1 person-1 (standard deviation = 629.0; Boss et al. 2018; DHHS-USDA,
2015; NHMRC, 2015; Australian Health Survey, 2013; Mata et al. 2012; FAO Statistics
Division, 2008; Cavill et al., 2006; Scientific Committee for Food, 1992; Périssé, J. 1981).
Technological energy is energy used in excess of metabolic energy by human societies to
create civilization (Hardin, 1968). The DI normalizes technological energy with the metabolic
energy requirement of human populations. (Mata et al. 2012).
METHODS
The Demotechnic Index (DI) is the ratio of total energy use to the metabolic energy
demand of a population. Mathematically,

𝐷𝐼 =

𝐸𝑇 −𝐸𝑀
𝐸𝑀

(1) (Mata et al. 2012)

where ET is total energy used (in kilojoules; kJ y-1) and EM is the basal metabolic energy
requirement of the population (kJ y-1; Vance and Boss, 2011). Thus, DI is the scalar multiple of
energy used over the quantity of energy required for simple survival. In the original formulation
of DI (Mata et al. 2012), total energy (ET) = technological energy + metabolic energy; the
numerator assumes that a human population using zero technological energy will still have a
basal energy use equal to the metabolic energy demand of a population (i.e. ET = EM). This
requirement ensures mere survival of the population. Therefore, subtracting EM from ET in the
numerator sets the minimum value of DI to 0 whereas the maximum value is unlimited.
3

The data for technological energy used by a state were obtained from the Energy
Information Administration (EIA). The EIA provides energy use data for sources coal,
petroleum, natural gas, nuclear, and renewables (wind, solar, hydroelectric power, geothermal),
constituting the complete energy portfolio of technological energy. EIA data were available in
billion British Thermal Units (109 BTU) and were converted to kJ using the conversion factor of
1 BTU = 1.055 kJ.
The metabolic energy demand of state populations, EM, was derived from the
physiological energy demand of an average human over an entire year (365.25 days), calculated
at a rate of 9,626 kJ per person per day (Boss et al., 2018; DHHS-USDA, 2015; Australian
Health Survey, 2013; Mata et al., 2012; FAO Statistics Division, 2008; Cavill et al., 2006;
NHMRC, 2005; Scientific Committee for Food, 1992; Pérrisé, 1981). The annual metabolic
energy demand of an individual is thus 3.52 x 106 kJ. Mata et al. (2012) refers to this value as the
D-unit and it is multiplied by state population to derive the metabolic energy demand (kJ) for a
state. Population data from 1960 – 2019 for each state in the United States were obtained from
the United States Census Bureau Intercensal Estimates of the Total Resident Population of States
database (U.S. Census Bureau, 2019; https://www.census.gov/data/tables/timeseries/demo/popest/).
Renewable energy was subtracted from total energy (Appendix 4) in order to assess the
contributions of renewable energy toward reduced energy intensity, increased energy efficiency,
and long-term energy sustainability among states. These results illustrate which states included
large proportions of renewable energy production and which did not include renewable energy in
their total energy portfolios (Appendix 5). Additionally, comparison of long-term DI trajectories
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with and without renewable energy sources enabled assessment of which states were the most
reliant on renewable energy sources and which states were not.
The DI was calculated for each state from 1960-2019. DIs were compared state-by-state
to determine energy use patterns among states. States’ energy intensity was ranked by DI. The
60-year trajectories of state DI’s were determined using Mann-Kendall trend analysis (Meals et
al., 2011). Trajectories were plotted to discern long-term patterns of DI among the states and to
infer energy intensity, energy efficiency and energy sustainability of each state.
RESULTS
Appendix 1 presents total technological energy use by states and District of Columbia
from 1960 - 2019. Data were acquired from the Energy Information Administration (EIA;
https://www.eia.gov). The table shows total technological energy summed from EIA datasets of
state-level consumption of coal, petroleum, natural gas, nuclear, and renewable sources.
Appendix 2 is population data tabulated for each state plus the District of Columbia from
1960 – 2019. Data were obtained from archival data holdings of the United States Census Bureau
(https://www.census.gov) from decennial censuses (1960, 1970, 1980, 1990, 2000, 2010) and
population estimates of the U.S. Census Bureau for non-census years.
Appendix 3 is DI for 50 states and the District of Columbia for the period 1960-2019. DI
was calculated using from technological energy data and population data for equation (1).
Examination of state DIs over 60 years reveals broad variability among states. DI values
range from a low of 4.69 in Vermont in 2016 to 2,127.03 in New York in 1973. Thus, state DIs
range across four orders of magnitude. Mean annual DIs for the United States increased
irregularly over the period 1960-2019 (Fig. 1). The mean DI was 133.49 (217.3 st. dev ) in 1960
and increased to 173.45 (242.4 st. dev) in 2019. Overall, mean DI increased 29.9% since 1960,
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although peak mean DI values occurred in 2000 (199.89; 49.7% above 1960) and 1973 (197.00;
47.6% above 1960).
Similarly, median DIs mirrored increases and decreases in the mean DI. Median DI
calculated from state values was 75.58 in 1960 and increased to 98.24 in 2019. Overall, median
DI increased 30.0% since 1960, though median values peak in 1995 (125.29; 49.71% above
1960).
Mean and median DIs displayed steep increases from 1960 to 1973 (Fig. 1). In 1973,
there is an abrupt and decline for several years (shaded area A) followed by a brief recovery
before declining again from 1978 to 1983 (shaded area B). DI mean and median values climb
after 1983, though there is a brief standstill/minor decline 1990-1991 (shaded area C). After 2000
there is a very short decline (shaded area D) followed by a plateau to 2008. In 2008, a decline
initiates that continues downward for a decade (shaded area E) before the time-series ends with a
minor recovery.
The shaded areas of figure 1 correspond to historic economic shocks in the United States
and globally. Area A begins in 1973 and abruptly terminates the upward trajectories of US mean
and median DI. This shaded area corresponds to the 1973 OPEC oil embargo in the United
States. Shaded area B initiates in 1978 and ends in 1983. Area B corresponds to a rather severe
U.S. economic recession that began in the middle of the presidency of Jimmy Carter and ended
5-years later during the first term of President Ronald Reagan. Shaded area C is a short event
corresponding to the invasion of Kuwait by Iraq in 1990-1991. Shaded area D corresponds to the
terrorist attack on the United States on 11 September 2001, and the prolonged decline in DI
beginning in 2008 initiates with the global economic crisis and recession that began that year.
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During the interval from 2008-2021, DI also declines somewhat as some states develop a focus
on sustainability and energy efficiency.
Individual state DIs are highly variable (Fig. 2) and consistently range across four orders
of magnitude during each year. DI values range from a low of 4.69 in Vermont in 2016 to
2,127.03 in New York in 1973. In 1960, the mean DI among U.S. states was 133.49 ± 217.3
(standard deviation) indicating high variance in DI values. Indeed, in 1960 the minimum DI was
5.10 (Vermont) and the maximum DI was 1,431.66, a spread over four orders of magnitude
(Fig.2, left). In 2019, the mean DI among U.S. states was 173.45 ± 242.4 (standard deviation).

Fig. 1. Mean (blue) and median Demotechnic Index (DI) for the United States, 1960 – 2019. The
mean values are the averages of states and territories for each year from 1960 – 2019.
The median values are medians of states and territories for each year from 1960 – 2019.
Shaded areas are important global economic shocks: A) 1973 OPEC oil embargo, B) U.S
economic recession, C) Iraq invasion of Kuwait and ensuing conflict, D) 11 September
2001 terrorist attack in the U.S., E) global economic crisis and recession beginning in
2008.
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The minimum observed DI among the states was 4.84 (Vermont) and the maximum observed DI
was1,463.78 (New York), once again a spread of four orders of magnitude (Fig 2, right).
Examination of plots of 60-year time-series of state DIs also reveal complexity (Fig. 3)
Long-term DI trajectories of states do not appear to follow simple growth functions (e.g.,
exponential, logistic, or linear) but are instead quite irregular and respond to multiple, interacting
economic stimuli through time (Fig. 1). Nonetheless, despite the broad variability in DI scales
and long-term trajectories, state-level DI values over 60-years fall into 3 broad categories
illustrating long-term energy-use trajectories: 1) increasing DI over time, 2) stable DI over time,
and 3) decreasing DI over time.
States with increasing DI trajectories over time were defined as those where the 2019 DI
ended at a significantly higher value than the 1960 DI and Mann-Kendall trend analysis indicated
a statistically significant positive trend. Trend lines added to time-series plots for increasing
trajectories indicated positive slopes greater than 0.1. A majority of states (28; 54.9%) displayed
increasing DI trajectories from 1960 – 2019 (Table 1). In general, increasing DI over time (i.e.,
increasing per capita energy use) documents increasing energy intensity. As such, states with
increasing energy intensity (rising DI) retreat from sustainable energy use, particularly if their
reliance on non-renewable energy sources is increasing.
States with stable DIs were defined as those with relatively stable trends over 60 years
and where Mann-Kendall trend analysis failed to identify a significant trend. The slope of a
linear trendline, m, was -0.1 < m < 0.1. The 60-year trajectories of these states DIs were variably
increased and decreased and were not simple functions, but the beginning (1960) and ending
(2019) values of DI were similar.
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Fig. 2. State DIs in 1960 (left) and in 2019 (right).
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Fig. 3. 60-year time-series of DI for all states. The long-term trajectories of state DIs display exceptional variability and are
challenging to interpret.

A small number of states (11; 21.6%%, Table 1; Fig. 4) displayed stable DIs from 19602019. States with stable DIs are neither more nor less energy intensive over time. In general,
though, these states may be progressing toward greater sustainability if their energy use over
time incorporates greater quantities of renewable energy sources.
Finally, 12 states (23.5%, Table 1; Fig. 4) displayed decreasing DIs over time.
Decreasing DIs were defined as those where the beginning (1960) DI was substantially larger
than the ending (2019) DI and Mann-Kendall trend analysis indicated a statistically significant
negative trend. The slope of a linear trendline was < -0.1. States with declining DI become less
energy intensive (i.e. more energy efficient) over time. Thus, with respect to energy use, these
states progress toward more sustainable energy practices over time, even when their energy
portfolios consist of non-renewable sources.
Renewable energy use was investigated to assess the impact of renewable energy sources
on state DIs. In principle, as states adopt increase proportions of renewable sources of in their
total energy use, the state energy profile should progress toward long-term sustainability.
Appendix 4 tabulates state DIs with renewable energy sources subtracted from total energy.
Appendix 5 tabulates renewable energy as a proportion (%) of total energy for each state for the
entire 60-year time-series (1960-2019).
The minimum proportion, average proportion, and maximum proportion of renewable
energy observed for states from 1960 – 2019 is displayed in Fig. 5. A number of states display
substantial contributions of renewable energy to their total energy use throughout their entire 60year record (Figs. 5,6). States with largest share of renewable energy as part of their total energy
portfolio are in the Pacific Northwest (Fig.6; Idaho, Montana, Oregon, Washington). These states
historically developed large-scale hydroelectric power generation facilities during the 1930’s and
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those facilities continue to generate a large fraction of the electric power used in these states
(Bonneville Power Administration; https://www.bpa.gov/). The fraction of renewable energy in
these states during 60 years ranges from 16.5% to 57.3% and is principally hydroelectric power.
Other states with notable contributions of hydroelectric power (Fig. 7) are the far
northeast (Maine, New Hampshire, Vermont) and Tennessee, an outcome of the Depression-era
electrification program of the Tennessee Valley Authority (i.e., the renowned TVA;
https://www.tva.com/about-tva/our-history). However, hydroelectric power generation in these
states is generally from much smaller generating facilities on smaller streams as opposed to the
powerful rivers of the Pacific Northwest, so the generating capacity is much smaller and a less
significant contribution to state total energy. Renewable energy contributions in these states
ranged from 5.8% to 41.7%.
Beginning in the late 20th Century (post-1980) and continuing during the 21st Century, a
number of states of the Great Plains and parts of the Midwest increased proportions of renewable
energy (Fig.8) as wind-power facilities (wind farms) were developed. Despite these recent
increases, 45 states averaged less than 20% renewable energy sources over the past 60 years, and
22 states averaged less than 5% renewables in their energy portfolio over the past 60 years!
Thus, across much of the United States, renewable energy and the infrastructure to produce it,
remain largely underutilized.
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Table 1. Trajectory of 60-year time-series (1960-2019) of Demotechnic Index by state. MannKendall Trend Analysis determined long-term DI trajectories. All analyses used α =
0.05. MK = calculated Mann-Kendall statistic; SE = standard error; z-stat = z statistic;
p-value = estimate p-value; Trajectory: Red + = DI increasing; Yellow 0 = DI Stable;
Green - = DI decreasing.

State
Alabama
Alaska
Arizona
Arkansas
California
Colorado
Connecticut
Delaware
Dist. of Columbia
Florida
Georgia
Hawai'i
Idaho
Illinois
Indiana
Iowa
Kansas
Kentucky
Louisiana
Maine
Maryland
Massachusetts
Michigan
Minnesota

MK
992
912
1488
-1458
-1204
-14
-18
742
-1530
-12
474
-210
1266
194
930
993
258
946
700
488
-850
-1166
110
928

Mann-Kendall Trend Analysis
SE
z-stat
p-value
Trajectory
13.30
6.32
2.61E-10
+
57.96
5.81
6.24E-09
+
13.08
9.48
2.45E-21
+
6.13
-9.29
1.51E-20
5.20
-7.67
1.68E-14
5.86
-0.08
9.34E-01
0
5.67
-0.11
9.14E-01
0
16.44
4.73
2.29E-06
+
11.17
-9.75
1.81E-22
7.03
-0.07
9.44E-01
0
15.16
3.02
2.55E-03
+
9.52
-1.33
1.83E-01
0
0.72
8.07
7.14E-16
+
14.60
1.23
2.18E-01
0
24.83
5.93
3.12E-09
+
23.14
6.49
8.75E-11
+
12.56
1.64
1.01E-01
0
13.96
6.03
1.67E-09
+
31.91
4.46
8.27E-06
+
3.03
3.11
1.90E-03
+
6.15
-5.41
6.13E-08
33.45
-7.43
1.08E-13
6.36
0.70
4.87E-01
0
7.03
5.91
3.37E-09
+
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Table 1. (Continued)

State
Mississippi
Montana
Montana
Nebraska
Nevada
New Hampshire
New Jersey
New Mexico
New York
North Carolina
North Dakota
Ohio
Oklahoma
Oregon
Pennsylvania
Rhode Island
South Carolina
South Dakota
Tennessee
Texas
Utah
Vermont
Virginia
Washington
West Virginia
Wisconsin
Wyoming
United States

MK
1372
810
890
620
1176
1240
-1328
1198
-406
1222
-1138
-400
1050
-546
610
-206
1014
1076
368
-366
32
-82
1204
-820
-188
1338
1108
82

Mann-Kendall Trend Analysis
SE
z-stat
p-value
4.13
8.74
2.25E-18
16.03
5.16
2.47E-07
15.91
5.67
1.43E-08
17.31
3.95
7.88E-05
3.20
7.49
6.68E-14
1.24
7.90
2.74E-15
37.92
-8.46
2.59E-17
1.08
7.63
2.27E-14
185.04
-2.58
9.79E-03
38.23
7.79
6.84E-15
12.75
-7.25
4.12E-13
7.54
-2.54
1.09E-02
10.53
6.69
2.22E-11
12.39
-3.48
5.09E-04
5.98
3.88
1.03E-04
7.43
-1.31
1.91E-01
13.48
6.46
1.04E-10
11.19
6.86
7.07E-12
10.97
2.34
1.92E-02
19.37
-2.33
1.99E-02
11.25
0.20
8.43E-01
0.93
-0.52
6.05E-01
50.49
7.67
1.68E-14
15.11
-5.22
1.76E-07
8.85
-1.19
2.33E-01
16.31
8.53
1.50E-17
52.77
7.06
1.66E-12
8.17
0.52
6.05E-01
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Trajectory
+
+
+
+
+
+
+
+
+
+
0
+
+
+
0
0
+
0
+
+
0

Fig. 4. Color-coded map of the United States to illustrate 60-year DI trajectories (1960-2019) of
states derived from Mann-Kendall Trend Analysis (Table 1.). Red = DI increasing,
Yellow = DI stable; Green = DI deceasing.
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Fig. 5. Plot of minimum, average, and maximum proportion of renewable energy sources among
states from 1960 -2019. The minimum value observed among states ranges from 0% to
3.6% over time. The average proportion of renewable energy sources among states in the
U.S. is rather low, ranging from 7.0% to 13.8%. The maximum observed proportion of
renewable energy among states is remarkably high, ranging from 35.8% to 57.3%.
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DISCUSSION
The Demotechnic Index (Mata et al., 2012) was originally conceived to illustrate the
impact of energy consumption by the nations of the industrial North on the global environment.
However, the DI is a useful index to examine and assess energy sustainability at a variety of
scales (national to sub-national). In the foregoing, the DI was used to evaluate the relative energy
intensity and energy efficiency of our 50 states and the District of Columbia over the 60-year
interval from 1960 – 2019. This time period coincides with the post-WWII rise of the United
States as a global superpower and the subsequent decline of United States international influence
during the 21st Century. Results of this effort illustrate the relations of energy use among states,
evidently resulting from their interactions with each other and within the complex economy of
the United States and the world.
To illustrate the impact of complex global and domestic events, figure 1 overlaid several
known international and national economic crises on the mean and median state DIs from 19602019. These events are embedded in the DIs of every state and can also be detected as deviations
in the DI trajectories. The 1960 to 1973 increase in DI appears in the record of every state.
During this interval, the United States was enjoying the post-World War II economic boom that
derived from its war victory. The nation’s industrial output increased dramatically year-overyear. To accommodate this increased output, the national transportation infrastructure increased
dramatically, too, demonstrated by development of the interstate highway system. The U.S.
emerged as a global economic power and its manufacturing, exports, and infrastructure were
supported by ever-increasing use of energy resources, primarily abundant coal, petroleum
(especially), and natural gas. As such, total energy use during this interval increased much faster
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Fig. 6. DI profiles of Idaho, Montana, Oregon, Washington illustrating the high contribution of renewable energy sources
(principally hydroelectric power) to total energy use and thus, DI. Graph show state DI based on total energy use (blue) and DI
with renewable energy removed (orange). These states of the Pacific Northwest historically developed hydroelectric power
generation facilities and relied primarily on dammed rivers for electric power generation.

19
Fig. 7. DI profiles of Maine, New Hampshire, Vermont, Tennessee illustrating the contributions of renewable energy sources
(principally hydroelectric power) to total energy use and thus, DI. Graphs show state DI based on total energy use (blue) and
DI with renewable energy removed (orange). These states historically developed hydroelectric power generation facilities and
relied on dammed rivers for electric power generation.

20
Fig.8. DI profiles of Kansas, Nebraska (Great Plains), Iowa, Minnesota (Midwest) illustrating the growing contributions of renewable
energy sources (principally wind power) to total energy use and thus, DI. Graphs show state DI based on total energy use
(blue) and DI with renewable energy removed (orange). These states progressively developed wind farms for wind-power
generation during the late 20th Century through the 21st Century.

than population. Thus, the nation became increasingly energy-intensive and increasing DIs
document this as increasing energy use.
Shaded area A in figure 1 is an abrupt termination of the post-WWII economic expansion
in 1973. This event corresponds to the Organization of Petroleum Exporting Countries (OPEC)
oil embargo against the United States over U.S-Israel policy. It was the first of multiple “oil
shocks” that would impact the U.S. and state economies during the next several decades. This
event is recognizable in the DI trajectory of every state as it significantly impacted energy use
across the nation. The U.S. responded, in part, to the 1973 OPEC oil embargo by initiating
energy conservation/efficiency programs. Corporate Average Fuel Economy (CAFE) standards
establishing minimum fuel economy goals for vehicles were implemented in 1975 (Union of
Concerned Scientists, 2017). In addition, energy efficiency standards were developed for major
household appliances (Nadel and Goldstein, 1996) to reduce overall energy use. These efforts
created modest gains in energy efficiency and corresponding reduction in energy intensity during
the next decade. However, the dramatic decline in DI represented by shaded area B (Fig. 1) was
driven primarily by a severe economic recession beginning in the 2nd half of the presidency of
President Jimmy Carter and lasting until the mid-term of President Ronald Reagan in 1982. This
recession was characterized by extremely high prime interest rates, price inflation, and broad
economic stagnation that curtailed national industrial output and energy use in every state
(Federal Reserve Bank, 2013). Consequently, most state DIs declined precipitously for several
years. Another significant oil shock occurs in the state DI records associated with the invasion of
Kuwait by Iraq in 1990 (shaded area C, Fig. 1). This event caused a short but intense economic
recession in the U.S. (1991-1992) despite the U.S. victory liberating Kuwait. Economic decline
and reduced state DIs follow the terrorist attacks in the U.S. on 11 September 2001 (shaded area
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D, Fig.1), and a decade of economic decline and falling state DIs ensues after the global
economic collapse and recession beginning in 2008 (shaded area E, Fig. 1). During this time, DIs
also decline somewhat owing to the emergence of the sustainability movement in the U.S. and its
emphasis on energy reduction, energy efficiency, and motivation to reduce greenhouse gas
emissions from carbon-based fossil fuels. Each of these events maps onto the DI profiles of
states (note these events in the DI profiles of Figs. 5-9, for example) and complicates simple
assessments of long-term DIs. Nonetheless, DI appears to be a metric that accurately records
effects of the global and domestic economic events.
Over the 60-year period, state DI values ranged from 4.69 to 2,127.03. Thus, the DIs
among states range across four orders of magnitude – a range that is observed among nationallevel DIs between developed and emerging nations. In 2016, Vermont had a demotechnic index
4.69. This means an individual in Vermont used a quantity of total energy only 4.69 times the
amount of energy required by the human metabolism for simple sustenance. The DI in Vermont
during 60 years ranged from 4.69 to 8.37. These values are in the range observed for emerging
nations such as Guatemala, Mauritania, or Zimbabwe (Mata et al. 2012). By contrast, in 1973, an
individual in the bordering state of New York used 2,127 times the amount of energy required
for simple human sustenance. This vast range of energy intensity highlights the inconsistent scale
of DI across the United States.
Nationally, the average annual DI among states ranged from 133.49 to 199.89 during the
60-year record. Viewed from this perspective, the range of values for Vermont and New York
are even more remarkable. The minimum average state DI value (133.49) occurs in 1960 and is
to be expected since total energy use and populations were all lowest at the beginning of the
period. As the national population increased during the next 60 years, increasing quantities of
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energy were used to drive economic progress and wealth of the United States. Commonly, the
combination of a rising population and advancing technological society requires access to greater
energy sources leading to inevitable increases in energy use over time (Hardin, 1968). More
people creating a more technological society require more energy. Energy use for the builtenvironment, transportation, electric power generation, industrial production, etc. generally
increases over time as the national economy grows (National Academy of Sciences, 2021).
Interestingly, calculated DIs among states do not all increase over time. Increasing DI
trajectories were observed in 28 states (54.9%). Some states displayed stable DIs (neither
increasing nor decreasing; Table 1) and some states displayed declining DIs over time (Table 1),
despite overall increases in population, technological energy use, and improved quality of life in
every state. Further complicating observed DI values among states, observed associations of DI
trajectories sometimes match similar states and sometimes match very unlike states.
Virginia displays a DI that is an order of magnitude higher than the remaining 48 states,
while New York displays a DI an order of magnitude greater than Virginia. New York is the
United States largest energy user by a significantly large margin, but it is a surprise that Virginia
is second. Furthermore, it is unclear how Vermont, bordering New York, sustains a DI <10 while
remaining one of the most desirable states with a high quality of life.
The 60-year DI trajectories of neighboring states, Indiana and Kentucky, are quite similar
but differ in DI scale somewhat (Fig. 9). In contrast, California, the most populous state with
many large urban/suburban communities, heavy reliance on personal transportation, and often
ranked near the top among states for quality/standard of living has a 60-year DI trajectory similar
in scale and slope to Arkansas (Fig. 10), one of the most rural and impoverished states in the
nation; Arkansas often ranks 49th among states in quality/standard of living measures.
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Fig. 9. 60-year Demotechnic Index trajectories of Indiana and Kentucky. DI using total energy
(blue) and DI with renewable energy sources subtracted (orange). Note the close
similarity of trajectories of each state despite slightly different DI scale.

Arkansas and California (Fig. 10) bear striking resemblance to each other, yet there could not be
two more different states by any measure. Both states display steeply declining DI trajectories
with similar renewable energy profiles, dropping from ca. 120 to 60 over 60-years (Fig. 10). In
both cases, the energy use year-to-year is similar. Overtime, both states made substantial gains in
energy efficiency and thus, progress toward energy sustainability as their DI) declined by
approximately 50%.
The scaling of DIs among the states is a phenomenon that may be investigated by future
studies, but is beyond the scope of this preliminary evaluation of DI as an appropriate proxy of
energy intensity and energy sustainability. The observed trajectories of DIs among states do not
appear to correspond to state majority political affiliation, or dominant economic sector (e.g.,
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Fig. 10. Demotechnic Index of Arkansas (top) and California (bottom) from 1960-2019. These
two very different states display similar declining DI trajectories over time. The dashed
lines are linear trendlines added to indicate declining trajectory only; they are not
regression lines with statistical meaning.
agriculture or industrial), or population alone. Causes of these unusual aspects of the DI are not
easily determined from common measures (e.g., GDP, Figs. 10-12). While state population
seems to correlate well with state Gross Domestic Product (GDP, Fig. 11), there is poor
correlation of state GDP to total energy (Fig. 12) and state GDP to DI (Fig. 13). The observed
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Fig. 11. State GDP versus state population. There is a strong correlation of state GDP to
population (r2 =.96, α = 0.05, p < 0.0001. GDP data source: Bureau of Economic
Analysis, U.S. Department of Commerce.
(https://apps.bea.gov/itable/iTable.cfm?ReqID=70&step=1).

Fig. 12. State GDP versus state total energy. There is poor correlation of state GDP to total
energy (r2 = .30, α = 0.05, p = 0.065). GDP data source: Bureau of Economic Analysis,
U.S. Department of Commerce.
(https://apps.bea.gov/itable/iTable.cfm?ReqID=70&step=1).
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Fig. 13. State GDP versus state DI. There is poor correlation of state GDP to DI(r 2 = 0.012, α =
0.05, p = 0.93). GDP data source: Bureau of Economic Analysis, U.S. Department of
Commerce (https://apps.bea.gov/itable/iTable.cfm?ReqID=70&step=1).
variability of DIs and DI trajectories among the states must derive from very complex economic,
political, and social drivers as well as interstate interactions and interactions at federal levels.
More detailed investigation of these complex interactions and their impact on state DIs is
certainly warranted but beyond the scope of this study.
Consumption of non-renewable energy resources significantly impacts the environment
(Rappaport 2008). Non-renewable resources are also finite (Meadows at al. 1972). The
environmental impact of non-renewable resource consumption is exacerbated by cascading
resource depletion over time (Meadows et al., 1972). Mata et al. (2012) demonstrated that
consumption of resources is as important a consideration as population growth, and both must be
addressed by global human society if civilization is to be sustained. The DI illustrates that the
birth of each child in a developed country can add more stress to the global environment than the
birth of a child in a developing country because the resource demand and consumption patterns
for the developed nations are so large (Rappaport 2008).
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Thus, the relationship between population and consumption is interrelated and very important to
sustainable development in the future (Khan et al., 2010; Kates, 2000). The calculation of the DI
illustrates the impact of high consumption in an easily comprehensible metric that equalizes the
burden of consumption and population for future sustainable development (Ryerson 2012). On
the other hand, the introduction of renewable energy into total energy profiles of states reveals
additional interesting aspects of state DIs related to energy intensity, energy efficiency, and
retreat from or progress toward energy sustainability.
One of the main goals of this study was to determine which states use the most renewable
energy, and how those states were able to utilize renewable energy sources to progress toward
improved energy efficiency and energy sustainability. Once renewable energy was subtracted
from the total energy, DI graphs showed the plots excluding renewable energy as more energy
efficient, illustrating a common misconception that renewable energy does not contribute to the
total energy contribution of a state. Of course, subtracting renewable energy reduces the total
energy for each state and results in lower DI values, but for a number of states it also altered the
DI trajectory from 1960-2019 to stable) or declining. This is displayed, for example, by
Michigan, New Mexico, Nevada, and South Dakota (Fig. 14). For each state, DI derived from
total energy is increasing or stable after 2010. For each state, however, DI derived with
renewable energy subtracted from total energy after 2010 is stable or declining. This indicates
greater energy efficiency without renewables. Thus, energy intensity is increasing after 2010,
even as non-renewable energy sources are replaced by renewable energy sources and this has
significance with respect to overall energy sustainability.
States with very low renewable energy sources rely on non-renewable energy sources,
principally fossil fuels. These fuels are finite (Meadows at al., 1972) and, therefore limited, but
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also incur large environmental impacts from extraction and emissions of greenhouse gases
(primarily carbon dioxide and methane). Replacing these non-renewable sources with renewable,
non-carbon energy sources over time benefits the environment and is progress toward
sustainability. However, if overall total energy continues to increase faster than population, then
energy intensity (i.e., per capita energy use, DI) increases. Increasing energy intensity represents
retreat from sustainability because it requires increasing energy production per capita over time.
Even if renewable energy sources replace non-renewable sources, increasing energy intensity
requires increased capacity to generate energy from renewable sources – thus, more wind farms,
solar arrays, hydroelectric dams, etc. Infrastructure for power generation from renewable sources
must therefore increase, and this infrastructure can be limited. Ideally, achieving energy
sustainability requires replacing non-renewable, carbon-based energy sources with renewable,
non-carbon energy resources combined with increasing energy efficiency (i.e., reducing per
capita energy use, DI). Indeed, the nation’s largest provider of renewable energy, the Bonneville
Power Administration (BPA), declares energy efficiency an “energy resource” that it actively
manages and “develops” as official policy (BPA 2021).
An unexplored aspect of the DI that is beyond the scope of this study is determination of
an optimum DI. Given that state DIs range over four orders of magnitude, is there an optimum
DI and what might it be? How would it be assessed, defined, or achieved by all states or nations?
If we consider that the maximum observed DI in New York (>2,100) was excessive and the
typical DI observed for Vermont (4 to 8) was unrealistic for most states, what value(s) might be
appropriate? It remains uncertain why California and Arkansas share similar DIs, or why some
state DIs are in the 10’s and others in the 100’s.
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Fig. 14. Demotechnic Index trajectories of Michigan, New Mexico, Nevada, and South Dakota
from 1960-2019. DI derived from total energy (blue) and DI derived with renewable
energy subtracted (orange). For each state, DI derived from total energy is increasing or
flat after 2010For each state, DI derived with renewable energy subtracted from total
energy after 2010 is flat or declining. This indicates greater energy efficiency without
renewables. Thus, energy intensity is increasing even as non-renewable energy sources
are replaced by renewable energy sources.
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Another aspect of DI that was not investigated was its relation to other sustainability
indices. In addition to Mata et al. (2012), Soytas et al. (2007) and Soytas et al. (2015) analyzed
energy consumption, carbon emissions, and income in the United States. Although the main
focus of prior research was energy consumption, income inequality and carbon emissions are
important considerations with respect to the three pillars of sustainability, economics,
environment, and equity. Future research with the DI might focus on assessing emissions
reductions from renewable energy sources or mapping state DIs to metrics of human well-being
(e.g., Gini Index, De Maio, 2007; Human Development Index, HDI, Deb, 2015; Gross National
Happiness, GNH, Sithey et al. 2015; or the renowned U.S. metric, the Misery Index, Nessen,
2008).
This thesis simply sought to document the DI for each state and the District of Columbia
and track the trajectory of state DIs over 60 years from 1960-2019. It was a first attempt to
evaluate the utility of the DI at state-level. Resulting values and plots determined the energy use
of each state in the U.S and provide estimates of energy intensity, energy efficiency, and
progress toward or retreat from energy sustainability, over the last 60 years. With the calculated
DI values, states presented long term DI patterns representative of their energy usage trends.
These resulting patterns will allow for the conceptualization of states renewable or nonrenewable usages, and how that pattern of energy consumption has trended over the last 60
years. The DI appeared to be a sensitive index of energy use and responsive to a broad range of
economic events that impact energy use (Fig.1). The documented events were identifiable on the
DI trajectories of states and manifested as similar perturbations on those trajectories. As such, DI
appears to be a valid measure and meaningful as an index of energy use that does, indeed, track
energy intensity, energy efficiency, and aspects of energy sustainability. The strengths of the DI
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are its ease of calculation and its evident scalability. It should be more widely adopted as an
energy index.
CONCLUSIONS
This state-level calculation of DI was used to determine the trajectory of energy
efficiency of each state in the United States over the period 1960-2019. Within the 60-year DI
record, state values ranged from 4.69 (Vermont), to 2,127.03 (New York). Nationally, the
average annual DI among states ranged from 133.49 to 199.89. The national DI average for the
United States was 99.49, with a peak DI of 110.40 in the year 2000. The lowest value of DI in
the United States was recorded in 1960 at 75.34. Among the fifty U.S. States, increasing DI
trajectories were observed in 28 states (54.9%), stable DI trajectories were observed in 11 states
(23.5%), and decreasing DI trajectories were observed in 12 states (23.5%).
DI trajectories with and without renewable energy sources were useful visualizations of
the contributions of renewable energy to overall energy intensity and energy efficiency. In
general, replacing non-renewable energy sources with renewable ones represents progress
toward sustainability. However, states must also monitor increases in energy intensity as
renewable energy sources replace non-renewable sources; increasing energy intensity may
undermine sustainability gains a increasing renewable energy-generating capacity can be limited.
The best-case scenario for sustainable energy progress is to replace non-renewable energy
sources with renewable ones while also reducing energy intensity.
Future directions for this research include studies to better understand scaling of DI
among states, exploring the prospect for achieving DI parity among states, and better articulating
contributions of specific energy sources to DI in order to develop strategies for reducing state DI
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and achieving greater energy efficiency and, thus, progress toward energy sustainability for
every state.
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APPENDICES
Appendices are included as a supplemental data file in a spreadsheet workbook. The full data file
can be downloaded from ProQuest using this link:
APPENDIX 1
Contents Content page describing energy data by energy source in billions of BTU for
each U.S. state from U.S. Energy Information Administration (EIA)
Coal EIA energy data for coal in billions of BTU
Natural Gas EIA energy data for natural gas in billions of BTU
Petroleum EIA energy data for petroleum in billions of BTU
Nuclear EIA energy data for nuclear energy in billions of BTU
Total Renewable EIA energy data for total renewable energy in billions of BTU
Energy
Coal (KJ) Energy data for coal in kilojoules
Natural Gas (KJ) Energy data for natural gas in kilojoules
Petroleum (KJ) Energy data for petroleum in kilojoules
Nuclear (KJ) Energy data for nuclear energy in kilojoules
Total Renewable Energy data for total renewable energy in kilojoules
Energy (KJ)
Total Energy (KJ) Sum of energy from coal, natural gas, petroleum, nuclear, and total
renewable energy in kilojoules

APPENDIX 2
Population State populations from 1900-2019 from U.S. Census Bureau
D-Unit Calculated metabolic energy demand (EM) for states, 1960-2019

APPENDIX 3
DI Calculated Demotechnic Index for states, 1960-2019

APPENDIX 4
DI-Renewable Calculated Demotechnic Index with Total Renewable Energy subtracted for
states, 1960-2019

APPENDIX 5
% Renewable Proportion of renewable energy in total energy portfolio of each state
% Renewable Chart Graphic showing maximum, mean, minimum % renewable energy in state
total energy from 1960-2019
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