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Exergetic Productivity approach for evaluating
production factors in the industry sector

Abstract

The energy sector, a central lever for environmental sustainability, needs
precise indicators to evaluate how production factors mitigate resource
degradation. This study introduces the Exergetic Productivity (ExP) index to
quantify the exergy-based utility of capital and labor across industries. We
employ an analytical panel-data design covering fourteen industries in nine
developed economies from Y:«+ to Y:)4 with data compiled from
international statistical databases. ExP is derived from the marginal rate of
technical substitution between exergy and the other production inputs (labor
and capital) implied by a Cobb-Douglas production function, whose
coefficients are estimated via panel regression. The results show that in
energy-intensive industries, inputs exhibit higher exergetic productivity and
thus greater effectiveness in preventing exergy destruction. Over time, this
potential has trended downward for capital while remaining broadly stable for
labor. These patterns highlight heterogeneity in how industries convert
investments and work effort into avoided exergy loss. Overall, the ExP index
offers a concise and policy-relevant metric for tracking energy policy
performance, prioritizing technological upgrades, and steering sustainable
industrial transformation.

Introduction

Energy systems are central to environmental sustainability, making it
essential to evaluate how production inputs contribute to lowering
resource degradation. Beyond first-law energy accounting, second-law
analysis using exergy provides a physically grounded basis to value
resource quality, irreversibility, and useful work. Extended Exergy
Accounting (EEA) integrates not only physical energy flows but also
labor, capital services, and environmental remediation into a single
exergy-based metric, enabling whole-system assessments of resource
costs over life cycles.

Despite these advances, a key knowledge gap persists: there has
been no explicit empirical estimation of the marginal substitutability
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between exergy and conventional inputs such as capital and labor. In
microeconomic terms, it remains unclear how many joules of exergy
could substitute for an hour of work or a unit of capital, and vice versa.
Prior macro-production estimates that include energy often focus on
quantities rather than quality (exergy), and rarely translate estimates
into rates of technical substitution at the unit level. Related theoretical
proposals, such as the exergetic opportunity cost frame input
performance as capacity to substitute for one another in producing
useful, exergy-oriented output, but these ideas have not been
implemented empirically.

Addressing this gap, the paper develops and applies an
Exergetic Productivity index that reorients analysis from exergy-based
costs (as in EEA) to exergy-based benefits: how much exergy
destruction can be avoided at the margin by providing an additional unit
of labor or capital. By embedding exergy explicitly in a standard
production function and deriving MRTS-based indices, the study links
thermodynamics to production theory in an empirically tractable way,
aiming to inform both academic debates and policy design on energy
efficiency and industrial upgrading.

Methods and Material

The study adopts an aggregate Cobb-Douglas production function
with exergy as a third factor:Y, = ge?*t K# Lf EY, imposing constant
returns to scale (a + g +y =). Here, Y denotes value added, K the
productive capital stock, L labor input, and Ex the exergy input derived

from final energy use. Time-varying technical progress is captured by
et

ExP is defined from the marginal rate of technical substitution between

exergy and a non-exergy input. For capital, ExPy = —MRTSg, x(t) =
5—’( X b;{—x expressed in megajoules per unit currency [MJ/$]. For labor,
Ex

ExPL=—MRTSEx.L(t)=LfTL><EL—x , reported as megajoules per

X

workhours [MJ/wh]; the paper uses “workhour” for labor units.
Intuitively, these indices measure the marginal exergy savings (reduced
exergy destruction) enabled by an additional unit of capital or labor
while holding output and the other input constant.
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The dataset spans fourteen industries in nine developed
countries (United States, Germany, France, Japan, United Kingdom,
Canada, Italy, Sweden, and Austria) over Y«++-Y+Y4, Final energy
consumption by carrier (e.g., natural gas, oil products, coal, electricity,
heat, biomass) and sectoral value added are drawn from international
energy statistics. Final energy is converted to exergy using standard
second-law coefficients reported in the paper (e.g., electricity =), +, oil
~+,qA, natural gas ~+,%¢, low-temperature heat at Y«+ °C =+,YV),
Labor data (employment and hours) come from international labor
statistics; labor is homogenized in hours using a uniform assumption of
about Y, + « hours per person-year. Capital is treated as an accumulated
stock and, where not directly available, is reconstructed via the
permanent inventory method with a Y7 depreciation rate, consistent
with the production and productivity literature.

The paper estimates panel regressions with country fixed
effects to obtain output elasticities (a,f,y) under constant returns to
scale. The panel structure helps control for unobserved heterogeneity
(e.g., technology levels) and mitigates edge-year data gaps without
imputation. Model adequacy is assessed via F-tests (reported significant

at the ©7 level across industries), and bivariate correlations among
regressors are reported below +,A; suggesting no severe
multicollinearity. Parameter estimates are then used to compute ExP
indices and to analyze their association with sectoral energy intensity
(MJ per currency unit).

Results and Discussion

Across the fourteen industries, the Exergetic Productivity of both
capital and labor is higher in energy-intensive sectors. Notably, basic
metals and coke/refined petroleum show elevated ExP values relative
to less energy-intensive industries such as machinery or transport
equipment. This pattern is visually corroborated in the paper by plotting
ExP against energy intensity, revealing a positive association: as
sectoral MJ per currency unit increases, ExP for both inputs tends to
rise. Two interpretations are considered. First, high energy intensity
may signal technical and structural limits to direct energy reduction,
ostensibly restricting optimization through input substitution; second,
high intensity may indicate substantial untapped savings that become
accessible through technological upgrading and structural
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improvements. The paper’s interpretation aligns with the second view:
high intensity provides fertile ground for exergy-oriented productivity
gains by capital deepening and process improvements.

The paper presents two complementary time-series
perspectives. A case analysis for U.S. mining (used as a stylized
example representative of broader industrial patterns) indicates rising
ExPK over Y.+ +-Y )4 with relatively stable EXPL. This is interpreted
in light of growing automation, digitalization, and the declining
marginal role of manual labor in capital-intensive production lines
(features that enable additional capital to save more exergy at the
margin). At the same time, in the cross-country aggregate, the
conclusion section notes a declining trend for EXPK and stability ExPL
across many industries and economies. Read together, these results
suggest heterogeneity: some capital-intensive sectors and country—
industry pairs experienced increases in capital’s exergy-saving potency,
while the broader average may reflect saturation effects, technology
plateaus, or differing energy price environments.

The constant-returns restriction is reported as broadly consistent
with the data; fixed-effects panel estimates are statistically significant
across all fourteen industries. Pairwise correlations among inputs
remain below common concern thresholds, supporting interpretability
of elasticities. Nonetheless, the authors acknowledge simplifying
assumptions that bound inference: a fixed Y7 depreciation rate for
capital stock construction, uniform annual hours per worker, and the
Cobb-Douglas form with constant elasticities. The inability to
differentiate labor quality (e.g., skilled versus unskilled) or capital
vintages may attenuate observed substitution patterns. Furthermore,
exergy coefficients (particularly for low-temperature heat) introduce
domain-specific uncertainty that future sensitivity analysis could
explore.

The empirical association between energy intensity and ExP
highlights a pragmatic diagnostic: energy-intensive industries offer
disproportionately large marginal exergy-saving opportunities per
additional unit of capital or labor. From a policy perspective, EXP can
help prioritize technology modernization, target fiscal incentives
toward high-leverage sectors (e.g., basic metals, refining), and inform
redesign of energy subsidies to encourage exergy-efficient investment.
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Methodologically, recasting MRTS in exergy terms bridges
thermodynamic accounting with production theory, complementing
EEA’s cost orientation by providing a benefit-oriented index that is
directly interpretable in units of avoided exergy destruction.

Data availability constrained the study horizon to Y+Y% for
capital and labor, despite longer series for energy and value added.
Combining sources with different statistical conventions required
careful ISIC alignment. The paper notes that richer models (e.g.,
translog or CES) and explicit sensitivity checks (e.g., depreciation rates,
exergy coefficients) could refine estimates of substitution and
strengthen causal interpretation. Extending the framework to
developing economies and finer industrial granularity may also reveal
institution- and technology-specific substitution regimes.

Conclusion

The paper develops a physically grounded, empirically implementable
Exergetic Productivity index that quantifies how much exergy
destruction can be averted (at the margin) by supplying additional
capital or labor. By embedding exergy as a production input and
deriving MRTS-based measures from an estimated Cobb-Douglas
function, the analysis links thermodynamics to production theory in a
form suitable for cross-industry, cross-country —comparison.
Empirically, energy-intensive industries show higher ExP for both
inputs, underscoring their priority for technology upgrading and
productivity policy. Temporal patterns appear heterogeneous: a sectoral
case demonstrates rising EXPK with stable EXPL, whereas aggregate
results suggest a broader decline for capital and stability for labor. The
index complements Extended Exergy Accounting by shifting focus
from exergy-based costs to exergy-based benefits, offering a concise
metric (MJ saved per unit of input) that is actionable for industrial
policy, investment screening, and performance monitoring. The authors
recommend institutionalizing ExP alongside energy and carbon
intensity indicators, extending the framework to more flexible
production forms (e.g., CES, translog), and deepening sensitivity
analyses and labor-quality distinctions. Used in concert with EEA, ExP
can support targeted, evidence-based pathways toward exergy-efficient,
low-impact industrial systems.
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