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ABSTRACT

Levelized cost of electricity treats every kilowatt-hour as equivalent regardless of the thermodynamic quality of the
process that produced it, obscuring where within a renewable energy conversion system cost and irreversibility
actually accumulate. We apply the Specific Exergy Costing (SPECO) method to four renewable conversion
systems, a parabolic-trough concentrated solar power plant, a geothermal organic Rankine cycle (ORC) plant, a
utility-scale wind-to-hydrogen electrolysis system, and a biomass-fired Rankine plant, evaluating 36
component-level exergy balances across the four systems using plant specifications representative of currently
deployed mid-scale installations (5-50 MW). Overall exergy efficiency ranged from 21% (wind-to-hydrogen,
dominated by electrolyzer irreversibility) to 44% (geothermal ORC), while the levelized cost of exergy ranged from
18.4 $/GJ (geothermal ORC) to 52.7 $/GJ (wind-to-hydrogen), a 2.9-fold spread not reflected in the corresponding
levelized-cost-of-electricity figures, which spanned only a 1.6-fold range across the same four systems. Exergy
destruction cost-rate analysis identified the solar receiver and heat-transfer-fluid loop as the single largest
cost-weighted irreversibility source in the concentrated solar plant, accounting for 38% of total exergy-destruction
cost despite representing only 19% of total exergy destruction by magnitude, because the exergy lost there occurs
early in the conversion chain, before subsequent capital investment has extracted value from it. A sensitivity
analysis varying capital recovery factor (effectively, discount rate and plant lifetime assumptions) by +25% shifted
levelized cost of exergy by 14-19% across the four systems but left the relative cost ranking of system components
unchanged in every case, indicating that component-level thermoeconomic priorities are robust to financing
assumptions even though absolute cost figures are not. Exergoeconomic factor analysis, which apportions
component cost between capital investment and exergy-destruction cost, showed that the electrolyzer stack in the
wind-to-hydrogen system was capital-dominated (exergoeconomic factor 0.81) while the solar receiver was
destruction-dominated (factor 0.29), implying opposite priorities for cost-effective design improvement, capital cost
reduction in the former, efficiency improvement in the latter. These results demonstrate that component-resolved
thermoeconomic analysis surfaces cost-effectiveness priorities invisible to system-level levelized-cost metrics and
provides quantitative guidance for where renewable conversion system investment yields the greatest return.
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thermal power; geothermal organic Rankine cycle; levelized cost of exergy
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1. INTRODUCTION

Levelized cost of electricity (LCOE) has become the
dominant metric for comparing renewable energy
conversion technologies, condensing capital cost,
operating cost, and lifetime energy output into a single
dollar-per-kilowatt-hour figure that is straightforward to
compute and compare across technologies [1,2]. This
simplicity comes at a cost of its own: LCOE treats a
kilowatt-hour of electricity as thermodynamically
equivalent regardless of how much exergy, useful work
potential, was consumed or destroyed in producing it,
and says nothing about where within a multi-component
conversion system cost and irreversibility actually
concentrate [3,4].

Exergoeconomics, and specifically the Specific Exergy
Costing (SPECO) methodology, addresses this gap by
combining exergy analysis, which tracks the destruction
of thermodynamic work potential through each system
component via the second law, with cost accounting,
assigning a cost per unit exergy to every stream in the
system and propagating capital and operating costs
through component-level exergy balances [5,6,7]. This
produces not just a system-level cost figure but a
cost-weighted map of exergy destruction, showing which
components are the most economically consequential
sources of thermodynamic inefficiency, information that
aggregate LCOE cannot provide [8,9].

Exergoeconomic analysis has been applied extensively
to individual conventional power plants and, more
recently, to individual renewable technologies, but
systematic side-by-side comparison across structurally
different renewable conversion pathways, concentrated
solar thermal, geothermal binary cycles,
wind-to-hydrogen electrolysis, and biomass combustion,
using a consistent costing methodology remains
comparatively uncommon [10,11,12]. Without such
comparison, it is difficult to say whether the components
identified as cost-critical in one renewable technology
generalize to others, or whether each conversion
pathway has a distinct, technology-specific
thermoeconomic bottleneck.

This study applies the SPECO exergoeconomic
methodology consistently across four representative
renewable energy conversion systems, a
parabolic-trough concentrated solar plant, a geothermal
organic Rankine cycle plant, a wind-to-hydrogen
electrolysis system, and a biomass-fired Rankine plant,
to quantify exergy efficiency and levelized cost of exergy
for each, identify the dominant cost-weighted
exergy-destruction source within each system, test the
sensitivity of these cost figures to financing assumptions,
and apply exergoeconomic factor analysis to determine
whether component-level cost-effectiveness priorities are
capital-dominated or destruction-dominated in each
case.
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2. MATERIALS AND METHODS

We modelled four representative renewable energy
conversion systems at mid-utility scale, performed
component-level exergy balances and Specific Exergy
Costing (SPECO) analysis for each, and computed
exergy efficiency, levelized cost of exergy,
exergy-destruction cost rates, and exergoeconomic
factors to identify cost-critical components and test
sensitivity to financing assumptions.

I 2.1 System configurations and scale

Four systems were modelled: a 50 MW parabolic-trough
concentrated solar power (CSP) plant with molten-salt
heat-transfer fluid and a two-tank thermal storage
system; a 20 MW geothermal binary organic Rankine
cycle (ORC) plant using a 150°C geothermal brine
resource; a 30 MW wind-to-hydrogen system comprising
a wind farm, AC/DC rectification, and a
proton-exchange-membrane electrolyzer stack; and a 25
MW biomass-fired subcritical Rankine plant. Component
specifications were drawn from published performance
data for installations of comparable scale.

I 2.2 Exergy balance formulation

Each system was decomposed into its constituent
components, 36 components in total across the four
systems, and steady-state mass, energy, and exergy
balances were solved for each component using
standard physical and, where relevant, chemical exergy
definitions, with a reference (dead-state) environment at
298.15 K and 101.325 kPa.

I 2.3 Specific Exergy Costing (SPECO) methodology

Cost balances were formulated for each component
following the standard SPECO approach, defining fuel
and product exergy streams for each component,
assigning auxiliary costing equations where multiple
output streams required additional closure relations, and

solving the resulting linear cost-balance system
simultaneously across each plant's full component
network.

I 2.4 Capital cost estimation and levelization

Component capital costs were estimated from
established cost-correlation functions scaled to each
system's component sizing, annualized using a capital
recovery factor computed from an assumed interest rate
of 8% and component-specific economic lifetimes of
20-25 years, and combined with operating and
maintenance cost estimates to obtain the levelized cost
of product exergy for each system.

I 2.5 Exergy-destruction cost-rate analysis

For each component, the cost rate associated with
exergy destruction was computed as the product of the
component's average cost-per-unit-exergy of fuel and its
exergy-destruction rate, allowing direct comparison of
components' economic significance independent of their
raw exergy-destruction magnitude.
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I 2.6 Exergoeconomic factor and sensitivity analysis

The exergoeconomic factor, the fraction of a
component's total cost rate attributable to capital
investment rather than exergy-destruction cost, was
computed for each of the 36 components. A one-way
sensitivity analysis varied the capital recovery factor by
+25%, corresponding to plausible variation in discount
rate and plant lifetime assumptions, and recomputed
levelized cost of exergy and component cost rankings for
all four systems.

I 2.7 Numerical implementation

All exergy and cost balances were solved using a custom
linear-system solver implemented in Python with NumPy,
with component-level cost-balance systems ranging from
6 to 12 equations per plant, solved directly without
iterative approximation.

3. RESULTS

Overall exergy efficiency varied substantially across the
four systems, from 21% for the wind-to-hydrogen system,
where electrolyzer overpotential losses dominate exergy
destruction, to 44% for the geothermal ORC plant, with
the concentrated solar and biomass plants falling in
between at 31% and 36% respectively. Levelized cost of
exergy showed an even wider relative spread, ranging
from 18.4 $/GJ for the geothermal ORC plant to 52.7
$/GJ for the wind-to-hydrogen system, a 2.9-fold
difference, whereas levelized cost of electricity for the
same four systems spanned only a 1.6-fold range,
indicating that exergy costing reveals economic
differentiation = among these technologies that
electricity-based costing substantially compresses. Table
1 summarizes exergy efficiency and levelized cost of
exergy for all four systems.

Table 1. Exergy efficiency and levelized cost of exergy
versus levelized cost of electricity for four renewable
conversion systems.

. Levelized cost
Levelized cost
Exergy of

System efficiency (%) of electricity
exergy ($/GJ) ($/MWh)
E:gg;zyegt(;a'\tﬂevt\jl)solar 31 34.6 118
ggomﬁ)mal ORC 44 18.4 76
ggc&b?/;hydrogen 21 52.7 122
Biomass Rankine 36 27.9 94

(25 MW)
Levelized cost of exergy is computed relative to product exergy
output; levelized cost of electricity is the conventional
energy-based metric shown for comparison.
Exergy-destruction cost-rate analysis identified the solar
receiver and heat-transfer-fluid loop as the single largest
cost-weighted irreversibility source in the concentrated
solar plant, responsible for 38% of total
exergy-destruction cost across that system's nine
modelled components, despite the receiver accounting
for only 19% of total exergy destruction by raw
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magnitude. This disproportion arises because exergy
destroyed early in the conversion chain, before the
power block's capital investment has extracted value
from it, carries a correspondingly higher unit cost than
exergy destroyed downstream.

Exergoeconomic factor across 36 modelled components, showing opposite
cost-improvement priorities for two contrasting components
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Figure 1. Exergoeconomic factor (capital-cost share of total
component cost rate) versus component-level exergy efficiency
across all 36 modelled components, highlighting the contrasting
capital-dominated electrolyzer stack and destruction-dominated
solar receiver.

The sensitivity analysis varying capital recovery factor by
+25% shifted levelized cost of exergy by 14-19% across
the four systems, with the wind-to-hydrogen system
showing the largest absolute shift (its levelized cost of
exergy ranged from 44.8 to 61.3 $/GJ across the tested
range) but the component-level cost ranking within every
system remained unchanged across the full sensitivity
range tested, indicating that thermoeconomic design
priorities identified here are robust to plausible
financing-assumption variation (Table 2).

Table 2. Sensitivity of levelized cost of exergy to +25%
variation in capital recovery factor.

Baseline LCOEx  Component
at +25%  cost
LCOEx .
($/GJ) CRF ranking
($/GJ) preserved?
Concentrated
solar (CSP) 29.1 34.6 39.8 Yes
Geothermal ORC 15.6 18.4 21.3 Yes
\:/'”d"m"hydmge 44.8 52.7 61.3 Yes
Biomass Rankine 23.7 27.9 32.2 Yes

Exergoeconomic factor analysis showed pronounced
differences in whether components' costs were capital-
or destruction-dominated. The electrolyzer stack in the
wind-to-hydrogen system had an exergoeconomic factor
of 0.81, indicating its cost rate was overwhelmingly
capital-driven, while the concentrated solar receiver had
a factor of just 0.29, indicating its cost rate was
dominated by the economic penalty of exergy destruction
rather than capital investment, implying opposite design
priorities for the two components, capital-cost reduction
for the electrolyzer and efficiency improvement for the
receiver (Figure 1).

4. DISCUSSION
These results demonstrate that levelized cost of
electricity,  despite its  widespread use for

Frontiers in Entropy | ISSN 2989-5413 (Online) | https://trpubonline.org/index.php/Entropy


https://doi.org/10.5281/zenodo.22698428

DOI: 10.5281/zen0d0.22698428  Malek et al. (2025)

cross-technology comparison, obscures
thermodynamically meaningful cost differentiation that
exergy-based costing recovers, consistent with earlier
arguments that exergy is the more appropriate common
currency for comparing energy conversion technologies
of differing quality and complexity [3,4,8,9]. The near
two-fold compression of the cost spread under LCOE
relative to levelized cost of exergy suggests that
technology comparisons based solely on LCOE risk
understating genuine differences in the
thermodynamic-economic  efficiency of competing
renewable pathways.

The finding that the solar receiver's cost-weighted
exergy-destruction share (38%) substantially exceeds its
raw exergy-destruction share (19%) illustrates a general
exergoeconomic principle established in conventional
power-plant analysis, that exergy destroyed early in a
conversion chain is economically more consequential
than equivalent destruction occurring downstream
[5,6,10], and confirms that this principle carries over to
solar-thermal conversion chains with their characteristic
combination of a high-irreversibility collection stage
followed by a comparatively efficient power block.

The contrasting exergoeconomic factors for the
electrolyzer stack (capital-dominated) and the solar
receiver (destruction-dominated) have direct design
implications: for wind-to-hydrogen systems,
cost-effective improvement is more likely to come from
electrolyzer stack cost reduction, through manufacturing
scale or materials substitution, than from incremental
efficiency gains, whereas for concentrated solar plants,
investment in receiver efficiency, improved selective
coatings or reduced thermal losses, offers more
cost-effective improvement than further capital-cost
reduction on an already comparatively low-cost
component [11,12,13].

Several limitations should be considered. First,
component capital costs were drawn from published
cost-correlation functions rather than site-specific vendor
quotations, which introduces uncertainty into the
absolute levelized-cost figures reported, though the
sensitivity analysis suggests component rankings are
robust to this uncertainty. Second, each system was
modelled at a single representative scale (20-50 MW);
economies of scale could shift relative cost rankings for
substantially smaller or larger installations. Third, only
steady-state, nameplate-capacity = operation  was
modelled; renewable resource variability, particularly for
the solar and wind-based systems, was not incorporated
into the exergy or cost balances and could alter effective
exergy efficiency and cost figures under realistic
intermittent operation. Fourth, the analysis did not
incorporate environmental or externality costs, which
could shift the relative economic attractiveness of the
four technologies independent of the thermoeconomic
factors examined here.
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5. CONCLUSION

Applying  SPECO exergoeconomic analysis to four
renewable energy conversion systems showed that
exergy efficiency ranged from 21% (wind-to-hydrogen) to
44% (geothermal ORC), and levelized cost of exergy
ranged from 18.4 to 52.7 $/GJ, a 2.9-fold spread nearly
double the 1.6-fold range seen in levelized cost of
electricity for the same systems. Component-level
analysis identified the concentrated solar receiver as
responsible for 38% of cost-weighted exergy destruction
despite only 19% of raw exergy destruction, and
exergoeconomic factor analysis showed opposite
cost-improvement priorities for the wind-to-hydrogen
electrolyzer (capital-dominated, factor 0.81) and the solar
receiver (destruction-dominated, factor 0.29). These
results show that component-resolved thermoeconomic
analysis surfaces investment priorities that system-level
cost metrics obscure, offering renewable energy
developers a more targeted basis for cost-effective
design improvement.
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