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Abstract

Energy systems are conventionally reported using scalar energy quantities (joules, kilowatt-
hours, megawatt-hours, quads, barrels-of-oil-equivalent, etc.) or power rates (watts, kilo-
watts, megawatts). This first-law convention is simple and universally adopted, yet it sys-
tematically conceals the second-law distinction between energy quantity and accessible work
potential. Classical exergy analysis restores this distinction, but reference-state dependence,
carrier-specific terminology, and cumbersome formulations have prevented it from becoming
a routine operational reporting layer in multi-carrier energy systems.

This paper introduces a standard two-number reporting framework that closes the gap.
Every reported energy quantity — whether primary consumption, delivered electricity, fuel
inventory, storage asset, or flowing stream —is reported as quantity plus Exergy Factor:

e accumulated energy quantity: (F, fx)
e power rate: (P, fx)

where fx = X4/E = X4 /P is the accessible exergy per unit energy (or per unit power)
evaluated at a declared reporting boundary. The framework defines the carrier-level intensive

variable as the exergy voltage, A<I>(AC) = dX 4/dC, which yields the universal exergy-flow law

X,=0C A@Ef) = fxP = fxFE. This generalizes voltage-like potentials across electricity,
entropy flow (thermal streams), chemical potential, pressure, and mass flow, while cleanly
separating stream quality from process irreversibility (second-law efficiency nx and exergy
destruction Xges; = TOSgen).

For thermal streams, entropy is the natural carrier and temperature difference is the
thermal exergy voltage, giving the Carnot-form Exergy Factor fx g = 1 —1T,/T}. For chem-
ical carriers, an explicit energy-basis convention (LHV, HHV, or tabulated chemical exergy)
ensures the factor is unambiguous. Reference dependence is handled transparently through
declared conventions (standard for comparability, local/dynamic for dispatch), and the
framework is fully compatible with existing standards for energy management (ISO 50001),
measurement and verification (IPMVP), life-cycle assessment (ISO 14040), dispatch, and
market pricing.

The central practical claim is that supply, demand, storage, and conversion pathways
must be matched by both quantity and Exergy Factor. This two-number representation
makes visible—and therefore avoidable—the destruction or stranding of work potential
that scalar energy accounting hides. Building on the exergy-voltage idea of Li et al. [9] for
regional integrated energy systems, this paper proposes the first operational reporting stan-
dard that turns exergy voltage into routine practice — compatible with ISO 50001, IPMVP,
and ISO 14040 — and a sharper lens for the global energy transition.

Keywords: exergy; Exergy Factor; exergy voltage; power quality; multi-carrier energy sys-
tems; energy quality; reporting standard; global energy transition.



Quick Reference
Two-number reporting. Every energy quantity or power rate is reported as quantity
plus Exergy Factor:

accumulated energy: Sp = (E, fx),
power rate: Sp = (P, fx), P=E.

Exergy Factor. _
_ Xa  Xa
Ix=—5=>5
fx is accessible exergy per unit energy (or per unit power) at a declared reporting boundary.
Exergy voltage (carrier-level intensive variable). For carrier C' with current C,

dX 4

(@)

Universal exergy-flow law.
. o . (C) o o .
Xa = CA®,’ = fxP = fxE.

Thermal streams (entropy as carrier, sink T, source Tj,):

Te

ASY =Th-T., fxq=1-7
h

Process performance (kept separate from stream quality):

useful exergy output . .
nNx = 3 : 5 KXdest = TOSgen > 0.
accessible exergy input

Reference Exergy Factors (illustrative, sink at 20°C unless noted):
Electricity, mechanical shaft fx = 1.000

work

Heat at 150°C fx =0.307
Heat at 80°C fx =0.170
Heat at 40°C fx = 0.064
Methane, LHV basis AV~ 1.04
Methane, HHV basis EHV ~ 0.93
Hydrogen, LHV basis AV 2~ 0.98
Hydrogen, HHV basis HHV ~0.83

Matching rule. Supply (P, fx,s) and demand (P, fx,4) should be matched in both
quantity (Ps = Py) and Exergy Factor (fx s~ fx.d)-




1 Introduction

Modern energy systems are increasingly multi-carrier systems. Electricity, heat, hydrogen, chem-
ical fuels, compressed gases, thermal storage, batteries, district heating networks, and industrial
waste heat coexist within the same planning and control problem. Yet most operational and
policy-level accounting still reports energy as a scalar quantity. A building requires kilowatt-
hours; a grid produces megawatt-hours; a waste-heat source is reported in megawatt-hours; a
storage asset is rated in megawatt-hours. This representation is compatible with the first law of
thermodynamics, but it is incomplete for energy-system design because it hides work potential.

The same issue appears in power reporting. A plant may consume megawatts, a heat loop
may deliver megawatts thermal, and an electricity tariff may charge for peak kilowatts. These
power quantities describe rate, but not quality. A megawatt of electricity, a megawatt of 80°C
heat, and a megawatt of 40°C heat are not equivalent useful-work resources. They may move
at the same first-law rate, but they do not carry the same accessible work-potential rate.

Exergy is the standard thermodynamic concept for work potential. In classical engineer-
ing, exergy is the maximum useful work obtainable as a system comes into equilibrium with
a reference environment [8, 1, 12]. The strength of exergy is that it combines energy quantity
and energy quality. The weakness is that it is relational: its value depends on the reference
environment, sink, service, boundary, and feasible conversion path. This is not an error in the
concept. It is the concept. Exergy is not an intrinsic scalar like internal energy; it is a prop-
erty of a system in relation to an environment, sink, service, or allowed conversion pathway.
The literature has long recognized both the usefulness of exergy and the practical difficulty of
reference-environment selection |5, 2].

This paper treats that relational character as the foundation for a practical reporting frame-
work rather than as an obstacle.

Principle 1: Relational work potential. Exergy is fundamentally relational, not abso-
lute. It measures accessible difference: useful work potential exists only when a system has
an accessible gradient relative to a sink, service, boundary condition, or allowed conversion
path.

The proposed reporting standard represents every accumulated energy stream with two num-
bers:
Sg = (E, fx), (1)

or, for power rates,

Sp=(P,fx), P=E. (2)

Here F is energy quantity, P is power, and fx is the Exergy Factor. The Exergy Factor is
accessible exergy per unit energy, or accessible exergy rate per unit power:

_Xa _ Xa _ X4
Thus, ‘ .
Xa = fxE, Xa=fxP=fxE. (4)

A stream reported as 100 MWh is therefore incomplete. Under the proposed standard it would
be reported as, for example,
(100 MWh, fx =0.17), (5)

which immediately implies
X4 =17 MWhey. (6)

Likewise, a 10 MW stream at the same Exergy Factor would be reported as

(10 MW, fx = 0.17), (7



which implies

X4 =17 MW,,. (8)

The same logic applies to any reported energy quantity, not only flowing streams. Whether
the number on the page is a primary-energy total, a delivered electricity figure, a fuel inventory,
a stored kWh, or an instantaneous flow, the framework pairs it with an Exergy Factor:

e FElectricity delivered: (1 MWh, fx ~ 1.00)

e 80°C district heat: (1 MWh, fx =0.170)

40°C low-grade heat: (1 MWh, fx = 0.064)

Primary natural-gas consumption (LHV basis): (1 TWhrny, &Y ~ 1.04)

Crude-oil primary energy in barrels-of-oil-equivalent: (BoE, fx) on the declared energy
basis.

The unit attached to E is whatever unit is already in use by the reporter—joules, kilowatt-hours,
megawatt-hours, terawatt-hours, quads, barrels-of-oil-equivalent, billion cubic feet converted to
TWh, tonnes of coal converted to GJ, and so on—and the Exergy Factor expresses what fraction
of that first-law quantity is accessible useful work.

The contribution is not that the ratio X/E has never appeared in exergy literature. Related
concepts include energy quality factor, energy grade, exergy ratio, and exergy index [2]. Nor is
the contribution that voltage-like analogies have never been used in integrated energy systerms;
prior work has proposed exergy-voltage, exergy-potential difference, and exergy-impedance for
regional integrated energy systems [9]. The contribution is the systematic coupling of three
elements: a carrier-agnostic intensive potential, a normalized two-number descriptor applicable
to any reported energy quantity, and explicit supply-demand matching by work potential.

The practical thesis is:

Energy quantities should not be reported alone. (9)

Instead,
Every reported energy quantity should carry its Exergy Factor. (10)

This enables energy systems to match both quantity and work-potential grade.

2 Background: Energy Quantity, Exergy, and Reference Depen-
dence

Energy is conserved. Exergy is not. The distinction follows directly from the first and second
laws of thermodynamics. In a process that generates entropy, useful work potential is destroyed
even though total energy is conserved. For a reference environment at Tp, the Gouy—Stodola
theorem gives

Xdest = TOSgena (11)

and, in rate form,

Xdest = TOSgen > 0. (12)

For a simple closed system relative to an environment (7, pg), physical exergy is commonly
written as

X = (U —Uo) +po(V — Vo) — To(S — So), (13)



with chemical, kinetic, and potential contributions added as required. For a steady-flow stream,
the specific flow exergy is commonly expressed as

2

Y = (h — ho) —T0(5—80)+Z(Mi—M¢,0)$z+%+92- (14)

These formulas are indispensable for detailed engineering calculations, but they can be cum-
bersome as a universal reporting language for multi-carrier energy systems. The immediate
difficulty is reference dependence. A stream can have zero exergy relative to one environment
and positive exergy relative to another. This implies a key conceptual correction:

Exergy is not absolute energy. Exergy is accessible difference. (15)

Prior analyses of exergy reference environments show that reference selection is not merely a
numerical detail; it affects interpretation, comparison, and sustainability decisions [5]. Energy
quality and energy grade literature likewise recognizes ambiguity in terminology and benchmark
selection, while also emphasizing the need to extend energy-quality concepts to more general
forms of energy [2]. While prior work has proposed exergy-voltage analogies for modeling regional
integrated energy systems [9], this paper makes the concept routine by pairing it with a universal
two-number stream descriptor and an explicit supply—demand matching rule. The framework
proposed here preserves the relational nature of exergy while making reporting simple enough
for energy-system operation.

3 Core Definitions

Definition 1: Accessible exergy. Accessible exergy, X4, is the useful work potential of a
stream at a specified reporting boundary, relative to the declared reference sink, service require-
ment, carrier definition, and operational constraints of the system being analyzed.

The word accessible is retained in X4 because the reporting boundary and reference sink
must be declared. It is not retained in the name of the normalized reporting variable. The
proposed normalized variable is simply the Exergy Factor.

Definition 2: Exergy Factor. The Exergy Factor fx of an energy stream is accessible exergy
per unit energy:
Xa
=2, 16
fx="2 (16)
For a power flow, the same factor is accessible exergy rate per unit power:
Xa_ Xa
=—= =—. 17
Ix=-—4 B (17)
Its reporting unit is Jex/J, MWex /MW, or MWhe, /MWh, depending on whether the stream is
reported as a rate or an accumulated quantity.

Definition 3: Two-number energy and power reporting. Any reported energy quantity
is represented by

SE:(Eva)7 (18)

and any power rate by .
Sp= (P fx), P=E. (19)

Here E is the conventional first-law energy quantity in whatever unit is already used for reporting
or accounting (J, kWh, MWh, TWh, quads, barrels-of-oil-equivalent, billion cubic feet converted
to an energy unit, tonnes of coal converted to GJ, and so on), and P is the corresponding power



rate. The quantity F may be accumulated over an interval, integrated from a flowing stream,
drawn from a storage inventory, or aggregated as a primary-energy total—the framework is
agnostic to which. The accessible exergy or accessible exergy rate is recovered directly by

Xa=fxE, X4 = fxP = fxE. (20)

No separate quality factor is required for power; the Exergy Factor applies identically to both
accumulated quantities and instantaneous rates.

Definition 4: Exergy voltage. Building on the exergy-voltage concept introduced by Li et
al. [9] for regional integrated energy systems, the carrier-level intensive variable of this framework
is the exergy voltage: for a carrier C,

X4

A = — (21)

The unit is Jex per unit carrier. This voltage-like potential generalizes across all carriers (elec-
tricity, entropy, chemical species, pressure, mass) and forms the foundation of the proposed
reporting framework.

Proposition 1: Carrier-normalized exergy flow. If exergy is transported by a carrier C
with carrier current C, then

Xa4=CA0, (22)
Proof. From the definition A<I>f40) = dX,4/dC. Differentiating X 4 with respect to time gives

dXy dX, dC
dt — dC  dt

Combining the carrier-normalized form with the energy- and power-normalized forms yields
the central equation of the framework:

=nadPc. = (23)

Xa=CA') = fyP = fxE. (24)

This equation is the generalized analogue of electrical power:

W =TIAV. (25)

Electrical voltage is therefore one special case of a broader exergy-potential family.

4 Reference-State Handling and Dynamic Exergy Factors

The framework does not eliminate reference dependence. It standardizes how reference depen-
dence is reported. Because exergy is relational, a value of fx is not complete unless the reference
convention is declared. A practical report should therefore record the stream as

or, for power,

SP:<P7fX|R7BvO)7 (27)

where R is the reference sink or environment, B is the measurement boundary, and O is the
class of operationally available conversion paths. The public-facing reporting interface remains
two numbers, but the metadata specify how fx was computed.

Organizations may choose different reference conventions for different purposes. For cross-
project inventories, a fixed standard environment such as Ty = 298.15 K and py = 101.325 kPa
can improve comparability. For operational dispatch, a local reference is often more physically



meaningful: the local ambient temperature, a district-heating return temperature, a condenser
temperature, a chilled-water loop, a seasonal ground temperature, or another actual sink. The
framework remains valid in each case because fx is a relational quantity. Changing the sink
changes the Exergy Factor just as changing the electrical reference node changes a reported
voltage.

This suggests two implementation rules.

1. Comparable reporting rule. When comparing organizations, assets, or life-cycle invento-
ries, use a declared standard reference convention and report it with the stream metadata.

2. Operational dispatch rule. When dispatching, controlling, or valuing a local energy
system, use the actual accessible sink or service boundary, because that is the reference state
that determines real work potential.

Dynamic operation does not weaken the framework. It simply turns Exergy Factor into a
time series. For a time-varying stream,

e
el = g = S (29

Over a reporting interval At, the exergy-weighted average Exergy Factor is

_ Ix () E(t)dt
fX,A — fA () ( ) , (29)
[y E(t)dt
provided the denominator is nonzero. For thermal dispatch,
Tsink(t)
t)=1— ——. 30
fx.Q(t) Tomee(t) (30)

Thus a district heating operator can compute fx () from measured supply and return temper-
atures, while a building operator can compute it from supply temperature and an ambient or
service sink convention. A market could report both a standard Exergy Factor for comparability
and an operational Exergy Factor for real-time dispatch.

This dual reporting resolves a common objection. Fixed 25°C reference conditions are useful
for comparability, while local time-varying reference conditions are useful for operations. The
proposed standard allows both, as long as the reference convention is declared.

5 Carrier Family and Units

Different energy carriers naturally have different potential units. Electricity uses volts, chemistry
uses joules per mole, pressure uses pascals, mass-flow potentials use joules per kilogram, and
heat can use kelvin when entropy is the carrier. All of them can be normalized into the same
Exergy Factor fx.



Table 1: Carrier-specific exergy voltage units and exergy-flow forms.

Carrier C Carrier cur- Exergy voltage Unit Exergy flow
rent C Acpff)

Electric charge I=g Electric potential J/jC=V X Aa=1AV
difference AV

Entropy S Temperature differ- J/(J/K) = X4=8(T,-T.)
ence 1y, — T, K

Mole amount o Chemical potential ~ J/mol X4 = > i A
difference Ap;

Volume v Pressure difference  J/m?® = Pa Xa=VAp
Ap

Mass ™m Specific work po- J/kg XA =mAy
tential A

Table 1 should not be read as implying that every carrier is identical. It shows a common
structure: exergy flow equals carrier current times accessible potential difference. The carrier
determines the natural unit of potential. The reporting layer then converts those carrier-specific
potentials into a common normalized factor, fx = X4/E or fx = XA/P.

6 Thermal Streams: Entropy as the Carrier

Thermal energy is often reported as heat, @), but entropy is the more natural carrier for thermal
exergy. Heat is energy transferred because of a temperature difference. Entropy is the extensive
quantity whose flow reveals the work potential of that temperature difference. For reversible
heat transfer,

0Qrey =T dS. (31)
For a heat source at T}, and a sink at 7., the maximum reversible work rate is
. . T.
Xa= 1—=1. 32
i=a(1-7) (32)
Using Q=T,5 gives
) ) T. .
Xa=T,S (1—) =S(T, —Tv). (33)
Ty
Thus,
A =T, — T, (34)

Principle 2: Thermal exergy voltage. When entropy is the carrier, temperature differ-
ence is the thermal exergy voltage: A@FAS) =T, —T..

The Exergy Factor for heat is

X4 T.
=24 1<
Ix,Q 0 T (35)

This is the Carnot factor. It is also the simplest form of the quantity-plus-Exergy-Factor report-
ing standard for thermal streams.

Entropy clarifies why heat quality changes with temperature. One megawatt-hour of electric-
ity can ideally become one megawatt-hour of work. One megawatt-hour of heat cannot generally



become one megawatt-hour of work because heat carries entropy. The usable part is the part
associated with an entropy flow crossing a temperature potential difference. Internally generated
entropy has no corresponding useful potential difference; it increases the amount of energy that
must be rejected and reduces the work obtainable from the same first-law energy quantity. This
is why exergy destruction is proportional to entropy generation.

For example, let the sink be T, = 20°C = 293.15 K. Heat delivered at T}, = 80°C = 353.15 K
has

293.15
=1- = 0.170.
fxaq 353,15 1T (36)
Therefore,
1 MWh of 80°C heat — 0.170 MWhey. (37)
The same heat stream reported as power would be
1 MW of 80°C heat — 0.170 MW . (38)

Heat delivered at 40°C = 313.15 K relative to the same sink has

293.15
313.15

fxq=1- = 0.064, (39)

SO
1 MWh of 40°C heat — 0.064 MWhey. (40)

The energy quantity is the same in both cases. The work potential is not.

This example exposes why scalar energy accounting is structurally incomplete. A megawatt-
hour of electricity, a megawatt-hour of 80°C heat, and a megawatt-hour of 40°C heat are not
equivalent streams. Under the proposed reporting framework, they would be reported as ap-

proximately
electricity: (1 MWh, fx =~ 1), (41)
80°C heat : (1 MWh, fx =0.170), (42)
40°C heat : (1 MWh, fx = 0.064). (43)

7 Chemical Carriers and Energy-Basis Convention

Chemical carriers are essential to any multi-carrier energy standard because fuels, hydrogen,
ammonia, synthetic hydrocarbons, biomass, and chemical process streams store work potential
in composition.

For a reacting or mixing stream, chemical exergy is associated with chemical-potential dif-
ferences relative to a declared reference environment. In carrier form,

Xau= Z 0 Afbi, (44)

where Ap; = p; — i r is the chemical potential difference between the stream and the reference
convention. For a tabulated standard chemical exergy e, on a mass basis,
XA# =m €ch- (45)

The Exergy Factor for a chemical carrier is then

(B) _ CEch
fX# - hB, (46)



where hp is the declared energy basis. Common choices include lower heating value, higher heat-
ing value, Gibbs free energy of reaction, or another process-specific first-law denominator. The
superscript (B) is optional in ordinary stream reports but should be used whenever ambiguity
is possible.

This convention is necessary because chemical energy quantities are often reported using
heating-value conventions rather than a unique universal denominator. As a result, a chemical
Exergy Factor can exceed unity when the denominator is lower heating value. This does not
violate the second law. It means the denominator is a selected accounting basis, not an absolute
total energy inventory. To avoid confusion, a chemical stream report should always identify both
the Exergy Factor and its basis:

(B, ™) or (B, f¥M). (47)

Standard chemical exergy tables are themselves reference-dependent and are typically based on
a model of the atmosphere, hydrosphere, and lithosphere at standard conditions [10, 12, 11].
This is consistent with the proposed framework. The reference convention is declared, and the
resulting work-potential factor is reported.

Table 2: Illustrative chemical Exergy Factors under different energy bases. Values are rounded engi-
neering figures at standard conditions, using tabulated chemical exergy and common heating-value data.
The example shows why the energy basis must be declared.

Fuel Chemical ex- LHYV basis HHYV basis Reporting impli-
ergy cation

Hydrogen, €ch = higy =~ hapv =~ Same fuel, differ-

Ho 117.1 MJ/kg 120.0 MJ /kg, 141.8 MJ/kg, ent factor because
Y =098 Y ~0.83 the denominator

changes.

Methane, ech =~ higv =~ hgav ~ f)IgHV > lisa

CH,4 51.9 MJ /kg 50.0 MJ /kg, 55.5 MJ/kg, basis effect, not
Y~ 1.04 TV ~0.93 a claim of more-

than-complete
work conversion.

For market and policy interfaces that prefer a bounded factor, HHV is often the cleaner
denominator for combustion fuels because it includes the condensation energy of product water.
For device comparison in industries that already use LHV, f)I;HV may be acceptable, provided it is
labeled. The proposed standard does not force one denominator across all chemical applications.
It requires the denominator to be declared. This basis distinction explains why hydrogen policy
debates frequently conflate LHV/HHV energy claims with actual work potential.

The Exergy Factor is always computed on the declared energy basis of the reported quantity
E (LHV, HHV, or another process-specific denominator). This ensures the framework works
seamlessly with existing primary-energy statistics that report natural gas in volume, oil in bar-
rels, or coal in mass: the quantity E is first converted to the chosen energy unit (TWh, GJ,
BoE, etc.), then paired with its fx on the same basis. No new physical-unit conventions are
required for adoption.

Chemical Exergy Factors also vary slightly with environmental composition, temperature,
pressure, and humidity. For gaseous fuels, sensitivity studies show that chemical exergy varies
with ambient conditions, with hydrogen being more sensitive than methane [4]|. This supports
the same implementation logic used for thermal streams: fixed standard values are appropriate
for cross-project comparison, while local or time-varying values are appropriate for operational
dispatch when the variation matters.

10



8 Supply-Demand Matching in Quantity and Exergy Factor

The reporting framework becomes most powerful when applied to both sides of an energy trans-
action. A supply stream can be represented in rate form as

S =(Ps, fxs), (48)

and a demand or service requirement as
D = (Pi, fx.a). (49)
Energy systems should match both quantity and Exergy Factor:
Ps ~ Py, (50)

and
Ixs = fxa (51)
The same logic applies over a reporting interval by replacing P with accumulated energy E.

Principle 3: Quantity-factor matching. Energy systems should match both energy or power
quantity and Exergy Factor.

Three cases follow immediately:

1. Good match: fx, ~ fx 4. Thesupply has the right quantity and the right work-potential
grade for the demand.

2. Wasteful match: fx, > fxgq4. A high-exergy source is used for a low-exergy service.
The service may be satisfied, but excess work potential is destroyed, stranded, or degraded
unless cascaded to another use.

3. Insufficient match: fx s < fx 4. The supply cannot satisfy the demanded work-potential
grade without an upgrading process, such as a heat pump, compressor, electrolyzer, or
other conversion device.

A simple mismatch index is
Afx = fxs — [xa- (52)

For a matched power quantity P,,, the avoidable exergy oversupply associated with using a
higher-grade source for a lower-grade demand is

Xmismatch == Pm max(ov fX7s - fX,d)- (53)

For an interval quantity F,,, the corresponding accumulated mismatch is

Xmismatch = Em maX(Oa fX,S - fX,d)' (54)

This quantity is not automatically destroyed. A system with cascaded heat recovery, storage,
or multi-service dispatch may use it elsewhere. But if no such pathway exists, the mismatch
becomes exergy destruction or exergy loss.

The most common example is low-temperature heating. Electricity has fx = 1 at the point
of use because electrical work can be converted completely into other forms of work under
ideal conditions. Low-temperature space heat may have fx between roughly 0.03 and 0.15,
depending on source and sink temperatures. Direct electric resistance heating can satisfy the
energy quantity but is usually a poor Exergy Factor match. A heat pump is superior because
it uses a smaller quantity of high- fx work to upgrade a larger quantity of low- fx heat, thereby
improving the service delivered per unit of exergy consumed.

11



9 Separating Stream Factor from Process Irreversibility

A critical feature of the proposed framework is that stream reporting and process performance
remain separate. The stream descriptor is

S = (E,f)() or SP = (P, fX) (55)

The process descriptor is '
nx, X dest- (56)

Definition 5: Second-law efficiency. For a conversion process, define the exergy efficiency

as
useful exergy output

pu— . 57
= accessible exergy input (57)

For a reversible process,

and .
Xdest = 0. (59)
For an irreversible process,
nx <1, (60)
and '
Xaest > 0. (61)
The exergy destruction is ' '
Xdest = TOSgen- (62)
The accounting sequence is therefore
E— Xy= fXE — Xuseful,out = nXXA7 (63)
or, in rate form, ' . .
P— Xy= fXP — Xuseful,out = nXXA- (64)

The first arrow is a stream reporting operation. The second arrow is a process performance
operation.

This separation resolves an ambiguity that often appears when exergy-quality concepts are
applied operationally. The Exergy Factor describes the stream at a specified reporting boundary.
Reversibility describes the process that transforms one stream into another. A stream can have
high fx and still be wasted in an irreversible device. A stream can have low fx and still be
valuable if it is well matched to a low-fx demand.

10 Concrete Numerical Illustrations

Table 3 shows simple illustrative stream reports. The exact value of fxy depends on the re-
porting boundary and reference sink. The purpose of the table is to show how streams become
immediately comparable when energy quantity and Exergy Factor are reported together.

12



Table 3: Illustrative two-number stream reports. Thermal values use a sink at 20°C unless noted.

Stream Conventional report Two-number report
Electricity 1 MWh or 1 MW (1 MWh, fx = 1.000) or
(1 MW, fx =~ 1.000)

Heat at 40°C 1 MWhyy, (1 MWh, fx =0.064)
Heat at 80°C 1 MWhyy, (1 MWh, fx =0.170)
Heat at 150°C 1 MWhy, (1 MWh, fx = 0.307)
Mechanical shaft work 1 MWh (1 MWh, fx =~ 1.000)
Methane, LHV basis 1 MWhy gy (1 MWh, fXHY ~1.04)
Hydrogen, LHV basis 1 MWhppgv (1 MWh, XY ~0.98)

10.1 Low-temperature heat: resistance heating versus heat pump

Consider a demand for 1.00 MWh of heat delivered at 40°C to a sink at 20°C. From Eq. (31),
the service Exergy Factor is

293.15
=1——— =0.064. 65
fx.a 315 (65)
Thus the demanded useful exergy service is
X4 = (1.00 MWh)(0.064) = 0.064 MWh,y. (66)

Now compare electric resistance heating and a heat pump with coefficient of performance COP =
3.

Table 4: Two-number comparison of resistance heating and a heat pump for 1.00 MWh of 40°C heat,
with T, = 20°C.

Case Input exergy Delivered ser- 7nx Key result
vice exergy
Resistance heat 1.00 MWhey 0.064 MWh,y 6.4% Satisfies the heat quantity

but uses high-grade electric-
ity for a low-grade service.
Unmatched input exergy is
about 0.936 MWh.

Heat pump, 0.333 MWhey 0.064 MWhy 19.2% Provides the same heat ser-

COP =3 vice with 0.667 MWh.y less
high-grade input than resis-
tance heating.

This example does not claim the heat pump is reversible. It separates the stream report
from the process efficiency. The heat pump’s second-law efficiency is COP/COP carnot, where

T,  313.15
T, —T. 20

COPCarnot = = 15.66, (67)

so COP = 3 gives

3
nx N e ee = 0.192. (68)

This is the same value obtained by dividing the useful heat-service exergy by the electrical exergy
input. The point is not that the heat pump eliminates irreversibility. The point is that the two-
number framework reveals the large exergy penalty of using high-grade electricity directly for
low-grade heat.

13



10.2 District heating cascade

Consider a district heating network with 1.00 MWh of total heat demand composed of two
services: 0.40 MWh at 80°C and 0.60 MWh at 40°C, with the same 20°C sink. The Exergy
Factors are

fx(80°C) = 0.170, (69)

and
fx(40°C) = 0.064. (70)

If the whole network is supplied uniformly at 80°C, the stream report is
(1.00 MWh, 0.170), (71)

with 0.170 MWhey supplied. If the network uses grade-matched cascade reporting, the service
requirement is

(0.40 MWh, 0.170) + (0.60 MWh, 0.064), (72)

with service exergy
X4 = (0.40)(0.170) + (0.60)(0.064) = 0.106 MWhy. (73)
The mismatch hidden by a single-temperature report is approximately

Xismatch = 0.170 — 0.106 = 0.064 MWhey. (74)

Table 5: District heating example showing the mismatch index. The single-temperature strategy reports
all heat at 80°C; the cascade strategy reports service-specific Exergy Factors.

Strategy Two-number report Exergy ac- Implication

counted
Single-temperature (1.00 MWh, 0.170) 0.170 MWhey Treats all demand as if it re-
supply quired 80°C heat. This hides

over-grade heat delivered to
lower-temperature loads.

Grade-matched cas- (0.40 MWh, 0.170) + 0.106 MWhey Reveals the lower work-

cade (0.60 MWh, 0.064) potential requirement of
the mixed service portfo-
lio. Approximate avoidable
mismatch: 0.064 MWhe,.

The cascade example is deliberately simple, but it demonstrates the operational value of the
reporting standard. A district heating network can satisfy the same first-law heat demand while
using less high-grade work potential if supply temperatures, return temperatures, storage, and
heat pumps are dispatched according to Exergy Factor rather than heat quantity alone.

10.3 Chemical stream example: methane versus hydrogen basis effects

The chemical example in Table 2 can be stated as a stream report. If 1.00 MWh of methane is

reported on an LHV basis, then using f¥1V ~ 1.04 gives

(1.00 MWhy gy, Y =1.04) = X4 ~ 1.04 MWhe,. (75)
If the same methane fuel is reported on an HHV basis, then

(1.00 MWhypy, fAY =0.93) = X4 ~ 0.93 MWhy. (76)
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The physical fuel has not changed. The denominator has. The reporting standard therefore
requires the energy basis to be visible.
For hydrogen, the same logic gives

(1.00 MWhrpy, &Y =0.98) or (1.00 MWhypy, fATY =0.83). (77)

This matters for hydrogen policy, fuel blending, electrolyzer dispatch, ammonia synthesis, synthetic-
fuel production, and industrial heat applications. Without an explicit Exergy Factor and basis, a
fuel comparison can accidentally mix first-law heating-value conventions with second-law work-
potential claims.

10.4 Dynamic sink example for real-time heat valuation

Consider a 70°C heat stream. If the operational sink is a 20°C return or ambient condition,

then
293.15

= 1 — =
Ix 343.15
If the accessible sink rises to 35°C during a warm period or because a return line is poorly
cooled, then

0.146. (78)

308.15

x=1"351

The same heat stream has the same energy quantity, but its accessible work potential falls

by about 30%. A dynamic reporting system would compute fx(¢) continuously and then

aggregate with Eq. (25). This is directly analogous to time-varying electricity prices, weather-

dependent heat-pump performance, and carbon-intensity time series. The calculation is not a
conceptual barrier; it is a metering and data-interface problem.

= 0.102. (79)

11 Measurement and Reporting Protocol

A practical reporting standard should be computable from ordinary measurements. The follow-
ing protocol is intended for engineering use.

1. Define the reporting boundary. Specify where the stream is measured and what
service or sink defines accessibility.

2. Declare the reference convention. Record R, such as a fixed standard environment,
local ambient condition, return-line temperature, condenser sink, or service temperature.

3. Identify the carrier. Select the carrier variable C: charge, entropy, mole amount,
volume, mass, or another physically measurable carrier.

4. Measure the energy or power quantity. Report E for accumulated energy or P = F
for a power rate in standard units such as J, kWh, MWh, W, kW, or MW.

5. Compute the exergy voltage. Use the carrier-specific potential difference, such as AV,
Ty — T, A, Ap, or A,

6. Compute accessible exergy. Use

X4 = / A3 4, (80)
or, for steady streams,
Xa4=CAd (81)
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7. Compute Exergy Factor. Use
X4
fx = B (82)
or ) )
X4 Xa
=% =5

8. Report the stream. Report (F, fx) or (P, fx), with fx in Jex/J, MW /MW, or
MWhe,/MWh, and attach the reference metadata (R, B, O).

Ix (83)

9. Report the process separately. For devices or conversions, report nx and X dest-

This procedure makes the framework compatible with existing metering. Electrical meters
already provide F or interval E; voltage and current already provide carrier potential and carrier
current. Thermal systems already measure temperatures and heat flows. Chemical systems
already use composition, flow, and chemical potential or heating-value tables. Pressure systems
already measure pressure and volume flow. The proposed change is not a new sensor requirement
in most cases. It is a new reporting layer.

12 Interface with Existing Standards, Dispatch, and Markets

The proposed framework is intended to extend existing accounting practices rather than replace
them. ISO 50001 provides a management-system framework for improving energy performance
through policies, targets, measurement, and continual improvement [7]. IPMVP provides a
framework for measuring, computing, and reporting energy or water savings from efliciency
projects [3]. ISO 14040 describes the principles and framework for life-cycle assessment, in-
cluding goal and scope definition, inventory analysis, impact assessment, and interpretation [6].
These standards and protocols are concerned primarily with reliable energy, cost, resource, or
environmental accounting.

The proposed two-number framework adds a second-law layer. In an ISO 50001-style energy
management system, (E, fx) and (P, fx) can be used as supplemental energy performance in-
dicators that distinguish energy consumption from work-potential consumption and peak power
from peak accessible exergy rate. In IPMVP-style measurement and verification, savings can be
reported as both energy savings and exergy savings:

AE = Ebaseline - EpOSt7 (84)
AXy = (fXE)baseline - (fXE)post- (85)

For power-sensitive applications, the analogous reporting quantity is
A)'(A = (fXP)baseline - (fXP)post~ (86)

In life-cycle assessment, Exergy Factor can serve as a thermodynamic inventory attribute at-
tached to energy and material flows, helping distinguish a low-temperature waste-heat stream
from electricity or chemical fuel even when their first-law energy quantities are equal.

For dispatch and pricing, the natural implementation is time-series accounting. Each interval
t carries a stream report

Sp(t) = (P(t), fx(t)). (87)
An operator then tracks both energy and exergy throughput:

EA:/AP(t)dt, (88)

Xaa= [ fx®P@d (89)
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A tariff, dispatch optimizer, or market product can therefore report both $/MWh and $/MWhe,
or it can use MWhgy as an additional settlement attribute. This is especially relevant for heat,
where fx(t) changes with supply temperature, return temperature, ambient conditions, and the
available sink. It is also relevant for fuels, where the standard Exergy Factor is stable enough
for inventory reporting but operating conditions and final services determine whether that work
potential is well matched or destroyed.

This compatibility is important for adoption. The framework should not require energy
managers to abandon MWh, MW, cost, emissions, or life-cycle reporting. It should require
every reported MWh or MW to carry its work-potential factor. The practical reporting upgrade
is therefore:

MWh — (MWh, MWh,,/MWh), (90)

and
MW — (MW, MW,/ MW). (91)

13 Implications for Energy Systems

The proposed standard changes the accounting interface of energy systems. Today, many plan-
ning models ask whether energy quantity balances:

Z Esupply = Z Edemand~ (92)

A second-law-aware system should also track accessible work potential:

Z fX,sPs > Z fX,de + Xdest + Xloss- (93)

This expression does not replace mass, charge, momentum, or energy balances. It augments
them with work-potential accounting.
The most direct applications are:

1. Energy-market design. Electricity, fuels, heat, and storage products can be reported
using both MWh and MWhgy, or both MW and MWy, making low-grade and high-grade
services more transparent.

2. District heating and cooling. Networks can report not only heat quantity and heat
power but Exergy Factor at the point of delivery, discouraging unnecessary high supply
temperatures and revealing the true value of waste heat.

3. Industrial heat recovery. Waste-heat streams can be ranked by (E, fx) and (P, fx)
and matched to demands by fx rather than by energy quantity alone.

4. Building electrification. Heat pumps can be evaluated as exergy-matching devices, not
merely as devices with a coefficient of performance.

5. Chemical carriers. Hydrogen, methane, ammonia, and synthetic fuels can be compared
using declared Exergy Factor bases, preventing hidden inconsistencies between LHV, HHV,
and chemical-exergy accounting.

6. Storage comparison. Batteries, hydrogen, pumped hydro, compressed air, and thermal
storage differ not only in MWh but in Exergy Factor and carrier-specific exergy voltage.

The framework also clarifies why some high-level energy metrics can mislead. A system
can conserve energy while destroying exergy. A decarbonization pathway can reduce emissions
while still misallocating high-exergy resources to low-exergy services. A two-number reporting
standard makes those failures visible.
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14 Implications for the Global Energy Transition

The global energy transition is not only a problem of producing enough low-carbon energy. It is
also a problem of matching the right kind of energy to the right service. Scalar energy accounting
makes this difficult because it reports how much energy moves while hiding how much useful
work potential is being consumed, degraded, stranded, or destroyed.

A quantity-plus-Exergy-Factor reporting standard can improve the transition in several prac-
tical ways.

First, it makes avoidable waste visible. Electrification is essential, but not every electrified
pathway uses high-grade electricity with equal effectiveness. Low-temperature heat, industrial
heat, compressed gases, fuels, batteries, and thermal storage have different work-potential grades.
Reporting (F, fx) and (P, fx) reveals when high-grade resources are being used for low-grade
services without recovery, cascading, or upgrading logic.

Second, it improves heat-system decisions. Much of the transition will involve heat: build-
ing heating, industrial process heat, data-center heat rejection, district energy, thermal storage,
and waste-heat recovery. Heat quantity alone is not enough. Temperature, sink conditions, and
accessibility determine whether heat is valuable, recoverable, or effectively stranded. Exergy
Factor provides a compact way to rank thermal resources by useful work potential.

Third, it clarifies the role of hydrogen and fuels. Hydrogen, ammonia, methane, methanol,
and synthetic fuels are often compared using first-law energy quantities and heating-value con-
ventions. The Exergy Factor does not decide policy by itself, but it forces the energy basis and
work-potential claim to be visible. This can prevent comparisons that mix LHV, HHV, chemical
exergy, and end-use service requirements without declaring the denominator.

Fourth, it improves storage valuation. Storage assets are commonly compared by MWh,
but storage value depends on the quality of the stored energy and the service it can satisfy. A
battery, a hot-water tank, compressed air, hydrogen, and pumped hydro can all be described
by energy quantity, but they do not carry the same Exergy Factor or serve the same demand
grades. Reporting storage as quantity plus Exergy Factor makes this distinction explicit.

Fifth, it gives institutions a simple supplemental metric. Energy managers, auditors,
life-cycle analysts, investors, and market operators do not need to abandon existing MWh, MW,
cost, emissions, or efficiency metrics. They can add Exergy Factor as a quality field attached
to each reported stream. This is the central adoption advantage: the framework can be layered
onto existing energy accounting rather than replacing it.

The practical implication is that the transition should optimize not only for low-carbon
energy quantity, but also for low-carbon useful work potential. A clean MWh still has to be
used intelligently. Reporting every stream as quantity plus Exergy Factor can help identify
where useful work potential is being wasted, where low-grade energy can be matched to low-
grade demand, and where upgrading technologies such as heat pumps, compressors, electrolyzers,
or thermal networks are thermodynamically justified.

15 Implementation Challenges and Scope

Several practical issues must be addressed before a two-number exergy-reporting layer could
become routine.

First, reference conventions must be standardized by use case. A national inventory may
require fixed reference conditions, whereas a local heat-network controller should use local ac-
cessible sinks. This is not a contradiction. It is a reporting-design problem.

Second, thermal streams require temperature-resolved data. Reporting a single MWh value
for a mixed waste-heat stream is not enough. The framework is most useful when heat is
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binned by temperature, time, and location. The same principle applies to pressure, chemical
composition, and storage state of charge.

Third, chemical Exergy Factors require a declared energy basis. Lower heating value, higher
heating value, Gibbs free energy, and full chemical exergy can yield different ratios. A reporting
rule must specify the denominator used in fx = X4/F.

Fourth, access is partly infrastructural. A waste-heat stream may have nonzero thermo-
dynamic work potential but no practical value if no heat exchanger, thermal network, storage
asset, or nearby demand exists. The proposed solution is to declare the reporting boundary and
operational constraint metadata, then report process availability separately through nx and
Xdest -

Fifth, real-time operation requires data governance. Dynamic Exergy Factors depend on
measured temperatures, flow rates, pressures, compositions, and reference conventions. Opera-
tors will need clear rules for interval length, sensor quality, missing data, and whether a value
is standard, local, or operational. These are solvable measurement and verification issues, not
objections to the thermodynamic framework.

Sixth, market adoption requires compatibility with existing energy, emissions, and cost met-
rics. The proposal is not to replace kWh accounting but to prevent kWh accounting from hiding
thermodynamic quality.

The framework has several boundaries. It is an engineering and accounting proposal, not a
new thermodynamic law. It does not claim that Exergy Factor is an intrinsic property of matter.
It is a reporting-boundary property. This is unavoidable because exergy itself is relational. It
also does not replace detailed exergy balances for plant design. Instead, it provides a compact
reporting interface that can guide screening, dispatch, benchmarking, and communication.

Path to adoption. The fastest practical route to demonstrating the framework is through tar-
geted pilots in domains where exergy mismatch is already visible. Three are especially well
suited. First, district heating and cooling networks already meter supply and return tem-
peratures continuously, so (P, fx) and fx(t) can be computed from existing instrumentation;
a Nordic or European fourth-generation district-heating operator could publish exergy-aware
tariffs alongside conventional MWh tariffs within a single heating season. Second, hydrogen
and synthetic-fuel policy frameworks are actively debating LHV versus HHV reporting conven-
tions, and a declared-basis Exergy Factor would resolve cross-pathway comparisons (electrolysis,
methanation, ammonia synthesis) that currently mix energy bases. Third, working groups within
ISO 50001, ISO 14040, and TPMVP could prototype (E, fx) as a supplemental performance in-
dicator without altering existing first-law accounting. These three pilot tracks—one operational,
one policy, one standards—would collectively establish the reference conventions, data formats,
and verification practices needed for broader adoption.

16 Conclusion

This paper proposes a single change to how energy systems report what they produce, store,
deliver, and consume: every reported energy quantity should carry an Exergy Factor. The re-
sult is a two-number reporting standard—(E, fx) for any energy quantity and (P, fx) for any
power rate—that pairs the conventional first-law number with a dimensionless factor express-
ing how much of that quantity is accessible useful work. The framework applies uniformly to
primary-energy totals, delivered electricity, fuel inventories, storage assets, and flowing streams,
in whatever unit is already in use (J, kWh, MWh, TWh, quads, BoE, etc.), and augments exist-
ing first-law accounting—ISO 50001, IPMVP, ISO 14040, dispatch, and life-cycle assessment—
without replacing it. It is the first operational reporting standard that turns the second-law
distinction between energy quantity and accessible work potential into routine practice.
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Underneath the reporting layer sits a single carrier-agnostic flow law,
. . (C) .
Xa=CA®," = fxP=fxE, (94)

where the exergy voltage A<I>(AC) = dX 4/dC generalizes the role of electrical voltage across every
carrier—entropy for thermal streams, chemical potential for fuels and reactions, pressure for
compressed gases, and specific work potential for mass flow. This relation unifies the second-
law treatment of all energy carriers while preserving full thermodynamic rigor and backward
compatibility with existing first-law accounting.

The framework treats exergy as fundamentally relational and makes that relational character
practical: reference conventions are declared explicitly, thermal quality is expressed through
entropy as carrier (temperature difference = thermal exergy voltage), and chemical streams
carry an explicit energy-basis label (LHV, HHV, or chemical exergy). Stream quality is reported
separately from process performance (second-law efficiency and exergy destruction), enabling
clear supply—demand matching by both quantity and work-potential grade.

Energy systems should no longer report streams as scalar quantities alone. Every supply,
demand, storage asset, and conversion pathway must be described by quantity plus Exergy
Factor. This single change makes visible the avoidable destruction and stranding of useful work
potential that conventional accounting conceals. It equips planners, operators, market designers,
and policymakers with a practical second-law layer that augments—without replacing—existing
energy, cost, emissions, and life-cycle metrics.

For the global energy transition, the implication is direct and urgent. Decarbonization
cannot succeed by optimizing only for low-carbon energy quantity. It must also optimize for
the intelligent matching of low-carbon useful work potential to real services. The two-number
reporting framework proposed here gives institutions a simple, actionable tool to do exactly
that—revealing where high-grade resources are wasted on low-grade tasks, where low-grade
heat can be productively cascaded, and where upgrading technologies such as heat pumps,
electrolyzers, and thermal networks are thermodynamically justified. Widespread adoption of
(E, fx) and (P, fx) reporting would sharpen decision-making across district energy, building
electrification, industrial heat recovery, hydrogen and synthetic-fuel policy, storage valuation,
and multi-carrier system control.

The transition needs more than cleaner electrons and molecules. It needs clearer accounting
of what those electrons and molecules can actually do. This standard provides that clarity.
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