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Abstract

First-law scalar energy accounting, expressed in joules, kilowatt-hours, megawatt-hours,
quads, barrels-of-oil-equivalent, and related quantities, does not encode the second-law distinc-
tion between energy magnitude and accessible work potential unless an additional quality field
is provided. Classical exergy analysis restores that distinction, but routine adoption has been
limited by reference-state dependence, carrier-specific terminology, data requirements, and the
perceived burden of full thermodynamic accounting. The result is a persistent operational gap
between thermodynamic rigor and the low-overhead reporting interfaces used by plant engineers,
utility managers, regulators, market designers, and investors.

This paper proposes a dual-layer framework for closing that gap. The physics layer preserves
carrier-level thermodynamics. It defines the intensive carrier potential as the exergy voltage,
A@ch) =dX4/dC, and uses it to recover the carrier-current relation X4 = C’A(bff), which can
be written at a reporting boundary as X4 = fxE. The interface layer compresses that physics
into a practical reporting token, (Ecarrier, fx ), Where Ecarier i a first-law energy quantity with
explicit carrier and basis context, such as MWh_e, MWh_th, or MWh_HHV_CH4, and fx is the Exergy
Factor, the accessible work potential per unit reported energy at the declared boundary.

Five Fidelity Tiers, FO through F4, allow the notation to scale from conventional scalar
reporting, through presumptive lookup factors, asset-specific metadata, dynamic interval com-
putation, and full state-vector engineering analysis without changing the public interface. The
paper also defines optional diagnostics: Exergy Capital Efficiency for capital screening, and
the Exergy Loss Angle, Oioss = atan2(Xost, X useful,out ), as & bounded display coordinate derived
from second-law efficiency. The angle is not a new thermodynamic property; it is a visualization
of retained versus lost useful work potential over a declared boundary and interval.

The framework is demonstrated with public XAI4HEAT district-heating telemetry. Four pro-
cessed substations, covering 51,592 synchronized 15-minute intervals from the 2024-2025 heating
season, are converted into dynamic F3 Exergy Factor records using measured primary supply
temperature, measured ambient temperature, and the reported thermal-delivery field as an inter-
val weight. The delivery-weighted portfolio Exergy Factor is 0.216 with a dynamic ambient sink
and 0.173 with a fixed 20°C sink. A supply-return sensitivity check shows that an integrated
primary water-stream model gives 0.172, while a secondary-side proxy gives 0.125, reinforcing
that the public token must carry method and tier metadata. The empirical demonstration is
limited to thermal district-heating telemetry and does not validate the chemical-carrier registry
or optional diagnostic metrics. The central practical claim is therefore narrow and operational:
every reported energy quantity should carry an Exergy Factor, and supply, demand, storage,
and conversion pathways should be matched by both quantity and quality.
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Two-layer architecture. The physics layer preserves thermodynamic rigor across carriers. The
interface layer compresses the result into a scannable operational token.

Primary reporting token. Every energy quantity is reported as

(Ecarrierv fX ) 9

where Ecarier carries a carrier suffix and fx = X4 /F is accessible work potential per unit reported
energy at a declared boundary. For rates, Pearrier, fx is used and fx = X A/P. The factor is not an
efficiency; when the denominator is an accounting basis such as LHV, fx can exceed 1.

Carrier Registry. Underscore-delimited suffixes identify the carrier and, where required, the basis:
MWh_e for electricity, MWh_m for mechanical or shaft work, MWh_th for thermal energy, MWh_HHV_CH4 for
methane on higher heating value basis, MWh_LHV_CH4 for methane on lower heating value basis, and
Mwh_HHV_H2 for hydrogen on higher heating value basis.

Universal flow law.
dXa

ac -
For multi-carrier systems, use the summed form X4 = > y Cqu)Ef").
Thermal streams. For a constant-temperature source Ty and sink 7., with entropy as carrier,

Xa=0Cad' =B, A =

A =Ty~ T, fxo=—1- 2=
T

Non-isothermal streams require integration or a higher Fidelity Tier.
Default reference. Unless otherwise declared, this paper uses T, = 20°C or 293.15 K and pg = 101.325
kPa for thermal examples. Other sinks are allowed, but must be declared.
Five Fidelity Tiers. FO scalar legacy; F1 presumptive lookup; F2 asset-specific; F3 dynamic interval;
F4 full vector audit. FO through F4 are used to avoid conflict with Tg, the reference temperature.
Illustrative Reference Exergy Factors, sink at 20°C unless noted.

Electricity fx = 1.000
Mechanical or shaft work fx = 1.000
Heat at 150°C fx =0.307
Heat at 80°C fx =0.170
Heat at 40°C fx = 0.064
Methane, HHV basis AV ~0.93

Hydrogen, HHV basis AV ~0.83

Geometric diagnOStiC° XA = EfXa Xlost = Xin - Xuscful,out; eloss = aJtan2<){lostvAXruscful,out)' The
angle is a display coordinate derived from second-law efficiency, not a new thermodynamic state variable.
Matching rule. Supply (Es, fx,s) and demand (Ey, fx q4) should be matched in both quantity and
Exergy Factor.




1 Introduction

The scalar reporting gap

Modern energy reporting treats joules as joules. International accounting systems, national statis-
tical agencies, corporate sustainability disclosures, building energy codes, utility tariffs, engineer-
ing spreadsheets, and energy-transition dashboards converge on a first-law scalar quantity as the
standard unit of analysis: kilowatt-hours, megawatt-hours, terawatt-hours, quads, barrels-of-oil-
equivalent, tonnes of oil equivalent, or similar measures. This convention is simple, additive, and
compatible with the first law of thermodynamics.

The convention is also incomplete for operational decision-making. One megawatt-hour of electricity,
one megawatt-hour of natural gas reported on a higher heating value basis, one megawatt-hour of
heat at 80°C, and one megawatt-hour of heat at 40°C are not equivalent useful-work resources.
They contain the same scalar energy magnitude, but they do not provide the same accessible work
potential, service flexibility, or downstream option value. The second law has been understood for
more than a century; what remains underdeveloped is a lightweight, standards-compatible reporting
layer that makes work-potential grade visible at the same moment, and in nearly the same format,
as energy quantity.

The same interface gap appears in power reporting. A plant may consume megawatts of electricity,
a heat loop may deliver megawatts of thermal output, and a tariff may charge for peak kilowatts.
These rate quantities describe how fast energy crosses a boundary. They do not describe how much
useful work potential crosses that boundary. A megawatt of electricity, a megawatt of heat at 80°C,
and a megawatt of heat at 40°C can be equal as first-law rates while being sharply unequal as
second-law resources.

The paradox of efficiency

The problem is most visible in heating. A direct electric-resistance heater delivering low-
temperature space heat is often reported as approximately 99 percent efficient on a first-law basis:
nearly every joule of electrical input becomes a joule of thermal output. The second-law account
is almost the inverse. High-grade electricity has an Exergy Factor near unity at the point of use.
Low-temperature space heat may have an Exergy Factor near 0.06 when referenced to a 20°C sink
and a 40°C delivered temperature. The device satisfies the energy quantity, but it destroys or
degrades most of the accessible work potential consumed to produce that service. What the first
law presents as nearly perfect, the second law identifies as severe mismatch.

This paradox is structural, not numerical. It appears whenever a high-work-potential stream is
used for a low-work-potential service without a cascade, storage, or upgrading logic that preserves
useful options elsewhere. District heating systems can report megawatt-hours of delivered heat
while hiding whether those megawatt-hours were delivered at an unnecessarily high temperature.
Industrial sites can list waste-heat resources in aggregate megawatt-hours while obscuring which
streams have realistic recovery value. Hydrogen, methane, synthetic fuels, and storage assets can
be compared on a nominal energy basis while silently mixing lower heating value, higher heating
value, chemical exergy, and service-specific work potential. Scalar accounting does not encode these
distinctions unless an additional quality field is provided.



The operational gap

Classical exergy analysis has been capable of resolving these confusions for decades. Kotas, Szargut,
Bejan, and related thermodynamic literature established the mathematical machinery for distin-
guishing energy from useful work potential [12, 16, 1]. The problem is not that the second law
lacks analytical tools. The problem is that the tools have not become a routine reporting inter-
face. Three barriers recur. First, exergy is reference-dependent, and the selected environment,
sink, boundary, and service materially affect the reported value [9]. Second, conventional exergy
treatments are often carrier-isolated, with separate terminology and calculation habits for thermal,
chemical, mechanical, electrical, and pressure-driven streams. Third, full exergy balances require
data and expertise that exceed the budget of many operational reporting workflows.

The unmet need is therefore not a more sophisticated exergy method. It is a practical reporting
layer that is rigorous enough to be defensible, simple enough to be adopted, and structured enough
to scale from a spreadsheet lookup to full engineering analysis without changing its public interface.

This paper proposes such a layer. The framework is organized as a two-layer architecture. The
physics layer preserves the full thermodynamic backend: accessible exergy as a relational quantity,
exergy voltage as the carrier-level intensive variable, a universal flow law, and a unified carrier
matrix. The interface layer converts that backend into a typed reporting token, (Ecarrier; fx ), five
Fidelity Tiers, a Carrier Registry, a declare-once basis block, and optional diagnostics for matching,
visualization, and capital screening. The operational goal is not to replace existing meters, tariffs,
ISO 50001 energy management systems, IPMVP measurement and verification reports, or ISO
14040 life-cycle inventories [6, 10, 11]. The goal is to attach a minimal second-law field to the
first-law quantities already being reported.

Novel contributions
This work builds on established exergy theory and on the exergy-voltage concept introduced by Li

et al. [13], but contributes the following operational reporting elements:

1. A dual-layer architecture that preserves full carrier-level thermodynamics in a physics layer while
exposing a compact interface token, (Fearrier, fx)-

2. The Exergy Factor, fx = X4/FE or X4 / E. as a declared-context scalar for cross-carrier com-
parison without erasing carrier identity.

3. Five Fidelity Tiers, FO through F4, that allow the same token to scale from legacy scalar
reporting to full vector audit.

4. A Carrier Registry with underscore-delimited typed suffixes and declare-once basis blocks for
industrial data schemas.

5. A minimum machine-readable record, conformance fields, and registry-version convention for
data systems.

6. Exergy Capital Efficiency, ECE = AX4/capital cost, as a thermodynamic screen for capital
allocation.

7. The Exergy Loss Angle, 0055 = atan2(Xiost, Xuseful,out), and Loss Angle Velocity, wiess, as op-
tional geometric diagnostics for dashboards and prognostics.



8. A Thermodynamic Honesty Rule and supply-demand matching rule that connect first-law me-
tering to second-law interpretation.

Li et al. provide the network-theoretic bridge. This paper generalizes the exergy-voltage idea into
the carrier-level backend of a proposed reporting protocol and adds the interface, registry, fidelity,
diagnostic, empirical-demonstration, and conformance machinery needed for routine adoption.

The remainder of the paper develops the framework in that order. Section 2 positions the work
against classical exergy analysis and the multi-carrier network literature. Section 3 establishes the
physics layer. Sections 4 and 5 define the interface layer and its Fidelity Tiers. Section 6 preserves
the stream-versus-process separation and supply-demand matching machinery. Section 7 treats
the Exergy Loss Angle as an optional diagnostic visualization of second-law efficiency. Section 8
gives illustrative applications and screening examples. Section 9 provides an empirical F3 proof-of-
implementation using public XAI4HEAT district-heating data. Section 10 delimits the framework’s
epistemological boundaries and institutional adoption constraints. Section 11 concludes with the
central claim: energy systems should report not only how much energy they move, store, or consume,
but how much useful work potential remains accessible.

2 Foundational Literature and the Network Bridge

Classical exergy and its operational ceiling

Energy is conserved. Exergy is not. In a process that generates entropy, total energy is conserved
but accessible useful work potential is destroyed. For a reference environment at Ty, the Gouy-
Stodola theorem gives

Xdest = T()Sgem (1)

and, in rate form,
Xdest = TOSgen > 0. (2)

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

X = (U = Uo) +po(V = Vo) = To(S — So), (3)

with chemical, kinetic, and potential contributions added as required. For steady-flow streams,
specific flow exergy includes enthalpy, entropy, chemical-potential, kinetic, and potential terms.

These formulas are indispensable for engineering design. They are also too heavy to serve directly as
the public language of every energy report, invoice, operating dashboard, planning model, or policy
table. The exergy literature has long recognized that reference-environment selection affects inter-
pretation and sustainability decisions [9]. Energy quality and energy grade literature has similarly
identified the need to generalize energy-quality concepts across energy forms while acknowledging
terminology and benchmark ambiguity [2]. Chemical exergy tables provide essential values for fuels
and elements, but they carry their own reference-environment conventions [14, 15, 16]. These are
not defects in exergy. They are signs that exergy is a relational quantity.

Chen et al. [2] provide the closest prior conceptual neighbor by synthesizing energy quality and
energy grade across forms of energy. Their work identifies the need for broader quality metrics, but
it does not specify a compact operational reporting token, fidelity-scaled implementation tiers, a
machine-readable carrier registry, or conformance metadata for industrial systems. In that sense,
Chen et al. diagnose the problem class, while the present paper proposes a deployable reporting



protocol for carrying those quality concepts into spreadsheets, SCADA tags, ISO 50001 performance
indicators, and IPMVP-style measurement-and-verification reports.

The practical ceiling of classical exergy is therefore institutional as much as mathematical. A full
exergy balance can answer a detailed engineering question, but most organizations need a smaller
question answered repeatedly: when a stream is reported as a megawatt-hour, how much useful
work potential does that quantity actually represent at the declared boundary? This paper treats
that smaller question as the basis for a proposed operational reporting protocol.

The multi-carrier network bridge

The key bridge between classical exergy and operational multi-carrier reporting is the exergy-voltage
work of Li et al. [13]. Their formulation analyzes exergy-flow distributions in regional integrated
energy systems using voltage-like and impedance-like analogies adapted from electrical network
theory. The importance of that contribution is not merely terminological. It shows that exergy
can be represented as a network quantity governed by carrier-agnostic flow relationships across
electricity, heat, and gas networks.

This paper builds directly on that bridge, but with a different objective. Li et al. establish the
network-theoretic viability of unified exergy modeling. The present work translates that type of
unified physical architecture into a reporting interface designed for plants, markets, public datasets,
storage comparisons, district-energy systems, and standards bodies. In this sense, the paper is not
claiming to discover the second law, nor to replace classical exergy analysis, nor to make exergy
independent of reference conditions. It is proposing a standardized operational abstraction: the
typed energy quantity plus Exergy Factor.

Positioning

The proposed framework sits between two extremes. On one side is conventional first-law scalar
reporting, which is easy to adopt but incomplete when energy grade matters. On the other side
is full exergy analysis, which is rigorous but too burdensome for routine reporting. The proposed
protocol is a translation layer between those poles. It preserves the physics through declared carriers,
boundaries, reference sinks, bases, and fidelity tiers. It exposes the operational result through the
compact token (Ecarrier, fX)-

The intended use is supplemental rather than substitutive. In an ISO 50001 energy management
system, the Exergy Factor can become an additional energy performance indicator. In IPMVP-style
measurement and verification, savings can be reported as both energy savings and exergy savings.
In ISO 14040 life-cycle inventory work, energy and material flows can carry thermodynamic quality
attributes without replacing emissions, resource, or impact categories. In dispatch and markets, the
same energy interval can carry both MWh and MWh__ex fields. The framework extends existing
accounting rather than asking institutions to abandon it.



Table 1: Positioning relative to adjacent literature and reporting systems.

Prior work or system

What it provides

What this paper adds

Classical exergy analysis [12,
16, 1]

Energy quality and energy
grade literature [2]

Exergy-voltage and integrated
energy-system modeling [13]

ISO 50001, IPMVP, and life-
cycle reporting interfaces [6,
10, 11]

Rigorous thermodynamic account-
ing, reference-environment meth-
ods, and process-level exergy bal-
ances.

Conceptual quality metrics and
recognition that energy forms dif-
fer in ability to perform useful
work.

Network-theoretic exergy-flow
modeling across electricity, heat,
and gas systems.

Energy management, savings ver-
ification, and structured environ-
mental reporting.

A lightweight reporting interface that
can be attached to existing first-law
quantities without requiring every re-
port to become a full exergy audit.

A typed token, Carrier Registry, Fi-
delity Tiers, and conformance meta-
data for operational datasets.

A standards-compatible reporting
layer for SCADA tags, tables, APIs,
audits, and public datasets.

A supplemental second-law quality
field attached to the quantities those
systems already collect.

3 Unified Carrier Theory: The Physics Layer

This section establishes the physical architecture that justifies the operational reporting protocol
introduced later. The architecture rests on three elements: accessible exergy as a relational quantity
bounded by a declared reporting context; a carrier-level intensive variable, the exergy voltage; and
a universal carrier-current-times-potential structure that can be expressed for electricity, thermal
streams, chemical carriers, pressure-driven flow, and mechanical work.

3.1 Thermodynamic exergy, accessible exergy, and the Exergy Factor

This paper distinguishes conventional thermodynamic exergy, X, from accessible or admissible ex-
ergy, X . Conventional exergy is the maximum useful work potential of a system relative to a
declared reference environment under the assumptions of the thermodynamic model. Accessible
exergy is the portion of that potential admitted by a declared reporting boundary, service require-
ment, carrier definition, and operationally available conversion path. A compact way to express
the distinction is

(4)

where iaccess is a declared boundary and pathway factor. In many operational cases 0 < qaecess < 1,
but it is not a universal material property; it is part of the reporting context. This distinction
prevents the interface layer from quietly redefining classical exergy. The physics layer retains X as
the conventional thermodynamic quantity and uses X 4 when the report intentionally limits analysis
to accessible or admissible pathways.

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

XA = Qaccess X,

The word accessible is retained because operational reports often need to exclude pathways that
are physically possible in principle but unavailable within the declared boundary. A waste-heat
stream can have nonzero thermodynamic exergy but no recoverable site value if the site lacks a



heat exchanger, sink, network, storage asset, or demand capable of using it. A fuel can have a
stable tabulated chemical exergy but still be poorly matched to a particular service. The declared
boundary and allowed conversion path are therefore part of the reported X4 value, not hidden
assumptions.

Definition 2: Exergy Factor. The Exergy Factor of an energy quantity is the accessible exergy
per unit reported energy:

XA
= —. 5
x=—4 (5)
For a power flow, the same factor is accessible exergy rate per unit reported power:
X4 Xa
fx f2 B (6)

The factor can be written in units such as J_ex/J, MW__ex/MW, or MWh__ ex/MWh, but it is
most often used as a dimensionless ratio once the reported basis is declared.

The Exergy Factor is not a second-law efficiency and is not guaranteed to lie between 0 and 1 under
every accounting denominator. For thermal factors on a heat basis, 0 < fx < 1 under ordinary
positive-temperature assumptions. For chemical fuels reported on lower heating value or another
partial accounting basis, fx may exceed 1 because the denominator is not the full thermodynamic
work-potential inventory. A value above 1 is therefore a basis signal, not a violation of the second
law.

Principle 1: Relational work potential. Exergy is fundamentally relational, not absolute. 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.

3.2 The exergy voltage

Definition 3: Exergy voltage. Building on the exergy-voltage concept introduced by Li et al.
[13], the carrier-level intensive variable of this framework is the exergy voltage. For a carrier C,

o)  dXy

The unit is J_ex per unit carrier. The carrier may be electric charge, entropy, mole amount,
volume, mass, or another physically measured extensive carrier. The exergy voltage is the accessible-
potential difference associated with a differential increment of that carrier.

The carrier-normalized flow relation follows directly from the chain rule. If accessible exergy is
transported by a carrier C' with carrier current C, then

dXa  dXadC

daa _ YN Y=ol
dt dC dt a ¢ (8)

Xa=
The derivation is simple, but its value lies in abstracting across carriers without erasing carrier
identity. Electrical voltage is one member of a broader family of exergy-potential differences. Tem-
perature difference becomes the exergy voltage when entropy is the carrier. Chemical potential
difference becomes the exergy voltage when mole amount is the carrier. Pressure difference be-
comes the exergy voltage when volume is the carrier. Specific work potential becomes the exergy
voltage when mass is the carrier.



3.3 The universal flow law

Combining the carrier-normalized form with the Exergy Factor definition yields the central equation

of the framework: ] ] .

This is the single-carrier universal exergy-flow law. In the carrier formulation it is a definitional
identity: carrier current multiplied by accessible carrier potential gives accessible exergy flow, and
normalization by the reported energy rate gives fx. When used as an operational model, however,
it depends on the declared boundary, carrier aggregation, reference environment, and equilibrium
assumptions. Coupled transport, finite heat exchange, composition changes, non-equilibrium states,
and interacting carriers require the summed or full-vector forms below and may require F4 treat-
ment.

The relation is the generalized analogue of electrical power,

W =IAV, (10)

where carrier current times carrier potential equals accessible exergy flow.

For multi-carrier systems, the correct generalization is a sum or vector inner product:

Xa=>"¢n0. (11)
J

The scalar reporting token does not deny this vector structure. It projects the multi-dimensional
carrier physics into a declared boundary-specific factor, fx, for the purpose of operational reporting.
The details remain available through metadata and Fidelity Tiers.

3.4 The unified carrier matrix

Table 2 maps the principal carriers to their exergy voltages and exergy-flow forms. The table does
not imply that all carriers are physically identical. It shows that a common structural relationship,
carrier current times accessible potential difference, governs the exergy flow in each case. For the
entropy row, the unit K follows from the dimensional relation J_ex/(J/K). For the mass-flow row,
At denotes a difference in specific flow exergy. For a nonreacting stream, a representative form is
¥ = (h — ho) — To(s — 80) + v?/2 + gz, with chemical-potential terms added when composition is
part of the state description.

Table 2: Unified carrier matrix: exergy voltage and exergy-flow forms across carriers.

Carrier C' Carrier current ¢ Exergy voltage A@ff) Unit Exergy flow

Electric charge I=g Electric potential differ- J/C =V X4 =IAV
ence AV

Entropy S Temperature  difference K X, =8 (T, —
T, — T, Te)

Mole amount 7 Chemical potential differ- J/mol X4 =
ence Au; IR ITAVTS

Volume 1% Pressure difference Ap J/m3 = Pa X,=VAp

Mass m Specific work potential J/kg X4 =1mAyY
Ay




General photon exergy and information-theoretic work limits, including Landauer-type questions,
are outside the routine plant-level Carrier Registry proposed here. Solar radiation is common
enough in energy-system reporting to receive a limited registry token, but its fx value must be
tied to a declared spectral, source-temperature, or receiver-boundary model rather than treated as
a universal constant.

The reporting layer converts these carrier-specific potentials into a normalized factor, fx = X4/F
or fx = X4/P. The carrier suffix preserves identity; the Exergy Factor expresses boundary-specific
work potential in a comparable form.

3.5 Thermal streams as a worked example

Thermal streams are the most common operational case where fx differs sharply from unity. Heat
is energy transferred because of a temperature difference, but entropy is the natural extensive
carrier for thermal exergy. For reversible heat transfer at temperature 7',

5Qrey = T dS. (12)

For a constant-temperature heat source at T}, delivering to a sink at T, the maximum reversible

work rate is
X4 = Q 1-— —< . 13

Using Q=T,5 gives . _
Xa=8T,—-T,). (14)

The Exergy Factor of heat referenced to sink T, is therefore the Carnot factor:

T

Ixg=1- sz (15)

Principle 2: Thermal exergy voltage. When entropy is the carrier, temperature difference is
the thermal exergy voltage: A@Ef) =T, —T..

With T, = 20°C = 293.15 K, heat at 7}, = 80°C = 353.15 K has

293.15

fxq =1~ 5z57 = 0.170. (16)
Heat at 40°C has fx g = 0.064, and heat at 150°C has fx,g = 0.307. These values are used as illus-
trative anchors throughout the paper. The default Ty = 20°C is chosen here because it aligns with
common building-service, HVAC, and district-heating boundary interpretations. Thermochemical
tables often use 25°C, and oil-and-gas conventions sometimes use 15°C; those references are valid
when declared. Figure 1 shows that the thermal factor for 80°C heat shifts from 0.184 at a 15°C
sink to 0.156 at a 25°C sink, which is small enough for screening but material enough for audited
reporting.
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80°C Heat: Sensitivity to Reference Sink

0.24
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Thermal Exergy Factor, fx
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0 5 10 15 20 25 30 35
Reference sink temperature, Ty (°C)

Figure 1: Sensitivity of the thermal Exergy Factor for 80°C heat to the selected reference sink.

This constant-temperature form is a reporting simplification, not a universal thermal exergy for-
mula. Non-isothermal streams, finite heat exchangers, and distributed temperature profiles require
integration over the temperature path. In the Fidelity Tier language introduced later, a fixed-
temperature Carnot factor is suitable for F1 or F2 reporting when its assumptions are declared. F4
analysis uses the full temperature history and state description.

3.6 Chemical carriers and energy-basis convention

For chemical streams, the carrier is mole amount and the exergy voltage is chemical-potential
difference. The exergy flow in a stream of species ¢ relative to a reference environment is

Xa=) il (17)

For a tabulated standard chemical exergy on a mass basis,
XA = m@ch, (18)
where ey, is the specific chemical exergy. The Exergy Factor on a declared energy basis hp is

1= (19)
B

For the recommended higher-heating-value fuel token, this becomes

HOV €ch
p— 2
X HHV’ (20)

which is the basis used for tokens such as MWh_HHV_CH4 and MWh_HHV_H2. Common choices for
hp are lower heating value, higher heating value, Gibbs free energy of reaction, and full chemical
exergy. The denominator matters. For methane, lower heating value can yield f}(HV > 1 because

11



the denominator is a selected accounting basis rather than the total accessible work inventory. This
is not a physics violation. It is a basis effect.

Practical chemical implementation also requires more than choosing HHV or LHV. Reports should
declare the reference-species model, the standard-state convention, and whether water is treated as
liquid or vapor in hydrogen-related calculations. Szargut-style and Ahrendts/Rivero-style conven-
tions can differ, and ambient composition, humidity, temperature, and pressure can affect chemical
exergy values for atmospheric gases and gaseous fuels [8]. The Carrier Registry and bracket meta-
data are the enforcement mechanism: a chemical token is incomplete if its basis and reference table
are not recoverable.

For public-facing and cross-sector reporting, this framework recommends HHV as the default fuel
basis because it is common in national energy statistics and keeps fx below unity for common
combustion fuels. LHV remains valid where entrenched, but it must be visible in the carrier suffix,
such as MWh_LHV_CH4. A report that writes only MWh_CH4 is incomplete.

For hydrogen on an HHV basis, ngV ~ 0.83 is an engineering reference value using standard

HHYV and tabulated chemical exergy; exact values depend on the selected chemical-exergy table
and water reference state [15, 14].

3.7 The matching principle

The physics layer has one direct operational implication: supply and demand should be matched
by both energy quantity and Exergy Factor. A supply with the right MWh but the wrong fx can
be operationally wasteful or technically insufficient.

Principle 3: Quantity-factor matching. Energy systems should match supply and demand
in both quantity and Exergy Factor. A megawatt-hour of supply and a megawatt-hour of demand
are not equivalent unless their Exergy Factors are also compatible.

Principles 1 through 3 define the conceptual scope of the framework. Exergy is relational, ther-
mal voltage is temperature difference when entropy is carrier, and supply-demand matching must
address both energy magnitude and work-potential grade.

4 The Core Reporting Protocol: The Interface Layer

4.1 The reporting tuple

The interface layer compresses the physics layer into the primary operational token:

(Ecarriery fX) (21)

The first term, Fecarrier, is the conventional first-law energy quantity with an explicit carrier and
basis suffix. The second term, fx, is the Exergy Factor associated with that quantity at the declared
boundary. For power rates, the same structure is written as

(Pcarrier’ fX) (22)

In plain operational syntax, examples include:

12



100 MWh_e, fx = 1.000 delivered electricity,

100 MWh_th, fx = 0.170 thermal energy at 80°C relative to 20°C,
100 MWh_HHV_CH4, fx = 0.93 methane on HHV basis,

100 MWh_HHV_H2, fx = 0.83  hydrogen on HHV basis.

The notation is intentionally plain. It can fit in a spreadsheet cell, meter display, historian tag,
CSV column, API payload, invoice, procurement table, or engineering report. The token is not
meant to expose every physical assumption. It is meant to prevent scalar energy quantities from
traveling alone.

4.2 The Thermodynamic Honesty Rule

The simplicity of the tuple creates a risk: a user may mistake fx for an intrinsic property of a
stream or substance. That interpretation must be rejected. The Exergy Factor is not a material
constant. It is a scalar projection of a relational thermodynamic state, computed under declared
assumptions.

Thermodynamic Honesty Rule. An Exergy Factor is valid only with respect to its declared
carrier, reference sink, reporting boundary, energy basis, and allowed conversion path. The public
interface may remain compact, but the audit layer must retain enough information to reproduce
the factor at the claimed Fidelity Tier.

The Thermodynamic Honesty Rule is the bridge between usability and rigor. It allows the front-end
notation to remain compact while preventing hidden assumptions from becoming invisible. A value
such as £x = 0.170 is not free-floating. It is meaningful because the carrier is thermal, the source
temperature is 80°C, the reference sink is 20°C, and the calculation uses the constant-temperature
Carnot factor.

4.3 Typed units and the Carrier Registry
The typed energy suffix is the immutable part of the reporting token. The proposed Carrier Reg-

istry uses underscore-delimited suffixes because they are readable by humans and safe for common
databases, file names, industrial tags, historian variables, and message payloads.
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Table 3: Core Carrier Registry entries and notation examples.

Suffix Meaning Reporting implication

MWh_e Electricity Treated as high-grade work potential at point
of use; fx =~ 1 unless boundary losses are in-
cluded.

MWh_m Mechanical or shaft work Separate from electricity to avoid using _e for
non-electrical work.

MWwh_th Thermal energy Temperature grade is represented by fx and,
at F2 or above, bracket metadata rather than
by separate low/high-temperature suffixes.

MWh_solar Solar radiation Boundary is the receiving surface or aper-
ture. fx requires a declared spectrum, source-
temperature approximation, or radiation-
exergy model; PV output is reported sepa-
rately as MWh_e.

Mwh_HHV_CH4 Methane, HHV basis Recommended default public fuel basis.

Mwh_LHV_CH4 Methane, LHV basis Explicitly labels a denominator that can yield
fx>1

MWh_HHV_NG Natural gas mixture, HHV  Use when the stream is a commodity gas mix-

basis ture rather than pure methane; composition or
tariff gas quality should be metadata at F2 or
above.

Mwh_HHV_H2 Hydrogen, HHV basis Recommended public hydrogen basis for cross-
sector comparisons.

Mwh_HHV_NH3 Ammonia, HHV basis Chemical-carrier token; toxicity, cracking

MWh_HHV_CH30H

Mwh_HHV_diesel

Mwh_HHV_gasoline

MWh_HHV_crude

MWh_HHV_coal

MWh_HHV_biomass

MWh_fission

Methanol, HHV basis

Diesel, HHV basis

Gasoline, HHV basis

Crude oil, HHV basis

Coal, HHV basis

Biomass, HHV basis

Nuclear fission energy po-
tential

pathway, and end-use boundary remain out-
side the suffix and must be metadata when rel-
evant.

Example liquid synthetic-fuel token; fuel pu-
rity and water content should be declared
when material.

Commodity petroleum-product token; grade,
sulfur specification, bio-blend, and table source
should be declared when material.
Commodity petroleum-product token; blend-
stock, ethanol content, and table source should
be declared when material.

Heterogeneous feedstock token; API gravity,
assay, sulfur content, and reference table
should be metadata.

Heterogeneous solid-fuel token; rank, moisture,
ash, sulfur, and ultimate/proximate analysis
should be metadata.

Heterogeneous biogenic-fuel token; moisture
content and feedstock class are mandatory for
meaningful comparison.

Fuel-inventory token only. Reactor heat is re-
ported as MWh_th, and electricity as MWh_e;
isotope, enrichment, burnup, and fuel-cycle
boundary must be declared.
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The registry should be extendable, but new suffixes should be added only when they reduce am-
biguity rather than encode details better handled as metadata. Single-suffix forms are preferred
when the carrier is already clear: MWh_solar denotes incident solar radiation at a declared re-
ceiving boundary, while solar photovoltaic output is MWh_e and solar-thermal delivery is MWh_th;
MWh_fission denotes nuclear fuel energy potential, while reactor heat is MWh_th and nuclear elec-
tricity is MWh_e. Steam, chilled water, and hot water usually remain MWh_th with temperature,
pressure, and phase metadata. Compressed air, cryogenic storage, pressure products, and special-
ized radiation models can receive suffixes when the reporting community defines stable boundaries
and calculation rules. The proposed registry does not require the same suffix list forever. It requires
that suffixes be declared, stable, parseable, and unambiguous.

4.4 Bracket metadata

The typed suffix does not eliminate metadata. It moves metadata into the appropriate tier. At F1,
a lookup value may omit brackets because the value is presumed from a standard registry. At F2
and F3, bracket metadata provide auditability:

100 MWh_th, fx = 0.170 [Th = 80C, TO = 20C].

The bracket notation records the inputs needed to reproduce the value. For chemical fuels, the
bracket may record the basis, table version, or reference condition:

100 MWh_HHV_CH4, fx = 0.93 [basis = HHV, table = standard].
For dynamic operation, the bracket may point to a time-series rule or dataset:
P_th(t), fx(t) [Th = semnsor.A, TO = return.loop, interval = 15min].

The typed unit is the primary token. The brackets are tier-dependent verification metadata.

4.5 Declare-once basis block

To avoid clutter in large datasets, the framework supports a declare-once basis block. A report,
table, API endpoint, or SCADA namespace can state shared assumptions once and then emit
compact row-level tokens.

Reference sink: TO = 20C, pO = 101.325 kPa

Chemical basis: HHV unless suffix declares LHV

Thermal model: Carnot factor for constant-temperature streams
Carrier registry: underscore-delimited suffixes

Carrier registry version: 0.1

Fidelity tier: F2 unless otherwise marked

Rows can then be written compactly:
stream_id, energy_token, fx, metadata
HX-17, 240 MWh_th, 0.307, Th = 150C
LO0P-04, 180 MWh_th, 0.064, Th = 40C
NG-01, 500 MWh_HHV_CH4, 0.93, basis = HHV
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The declare-once block is essential for adoption because real industrial systems contain thousands
of tags. The framework should not force every tag to repeat the same sink, pressure, table, and
basis assumptions. It should require those assumptions to be declared at the correct scope.

4.6 Minimum machine-readable record

For standards use, the tuple should be carried by a small structured record rather than by prose
alone. Table 4 gives the minimum fields proposed for a conforming machine-readable record. FO0
records may leave fx null, but F1 through F4 records should populate the quality field and the
metadata needed to interpret it.

Table 4: Minimum machine-readable fields for Exergy Factor reporting.

Field Required Purpose

stream_id Yes Stable stream, meter, asset, or interval identifier.

quantity Yes First-law energy or rate value.

unit Yes Carrier-aware unit, such as MWh_th, MW_e, or
MWh_HHV_CHA4.

fx Fl+ Exergy Factor at the declared boundary; null for FO.

tier Yes Fidelity Tier FO through F4.

reference F2+ Reference sink, pressure, chemical basis, or reference
environment.

boundary F2+ Physical or accounting boundary for the reported
value.

basis As applicable Energy denominator and table convention, such as
HHV, LHV, or thermal delivery.

method_id F2+ Calculation method or model identifier used to com-
pute fx.

timestamp F3+ Interval timestamp or validity window.

uncertainty As applicable Reported uncertainty, confidence band, or propaga-
tion method.

data_quality_flag F3+ Missing-data, outlier, sensor-quality, or synchroniza-
tion flag.

carrier_registry_version Yes Registry version used to parse the carrier suffix; this

draft uses 0.1.

4.7 Reference-state handling

The framework does not eliminate reference dependence. It standardizes how reference dependence
is reported. A complete stream declaration can be written as

S = (Ecarriera fX | R, B, O), (23)

where R is the reference sink or environment, B is the reporting boundary, and O is the class
of operationally available conversion paths. For operational front ends, the public token remains
(Ecarriers fx)- The metadata preserve reproducibility.

Two reference conventions should coexist. Comparable reporting, such as inventories, standards,
benchmarking, and life-cycle analysis, should use a declared standard reference. Operational dis-
patch should use the local accessible sink or service boundary because that is what determines
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actual work potential. A district-heating operator may therefore publish both a standard fx for
comparability and a dynamic fx(¢) for control.

5 Implementation Flexibility: The Five Fidelity Tiers

A practical reporting protocol must support organizations with different data maturity. It must
work for a policy table that has only energy totals, a plant operator with local temperatures, a
district-energy network with continuous sensors, and an engineering team performing full exergy
analysis. The public token should remain stable across those settings. The Fidelity Tier identifies
how the Exergy Factor was obtained.

The tiers are labeled FO through F4. This avoids conflict with T, the reference temperature.

Table 5: Five Fidelity Tiers for Exergy Factor reporting.

Tier Name Output format Use case and audit burden

FO Scalar legacy 100 Mwh Existing first-law reporting. Use-
ful only as a baseline or for com-
patibility. The Exergy Factor is
null or undefined, not implicitly
1.000.

F1 Presumptive 100 MWh_th, fx Zero-hardware deployment using

lookup 0.170 registry lookup values. Suitable
for screening, education, and ini-
tial reporting. Not suitable for
asset-specific claims when local
conditions materially differ.

F2 Asset-specific 100 MWh_th, fx Uses fixed local process constants,
0.170 [Th = 80C, TO engineering models, and bracket
= 20C] metadata. Suitable for audits,

procurement comparisons, and fa-
cility reporting.

F3 Dynamic interval P_th(t), fx(t) Uses time-series sensors, edge
gateways, historian calculations,
weather feeds, return tempera-
tures, composition data, or oper-
ational sinks. Suitable for dis-
patch, control, tariffs, and predic-
tive maintenance.
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Tier Name Output format Use case and audit burden

F4 Full vector audit Full state-vector exergy Uses detailed thermodynamic
balance states, non-isothermal  inte-
gration, chemical potentials,

cross-coupled processes, and rig-
orous exergy balances. Suitable
for plant design, legal disputes,
research, and high-stakes engi-
neering decisions.

Minimum conformance criteria. A report can claim F1 conformance only if the carrier token
and lookup table are declared. A report can claim F2 conformance only if bracket metadata
contain enough information to recompute fx from the stated assumptions. A report can claim F3
conformance only if the sampling interval, synchronization window, missing-data rule, and reference
signal are declared. A report can claim F4 conformance only if the full state-vector method and
reference-environment convention are auditable.

5.1 Tier FO: Scalar legacy

FO0 is conventional reporting: 100 MWwh, 10 MW, 1 TWh, or equivalent first-law quantities. FO0 is not
wrong within its scope. It records energy magnitude. It becomes misleading when used to compare
streams with different work-potential grades. For an FO dataset, the Exergy Factor is null or unde-
fined; it must not be silently imputed as fx = 1.000. Under the proposed framework, FO remains
as a compatibility layer and as a marker for reports that have not yet adopted thermodynamic
quality tagging.

5.2 Tier F1: Presumptive lookup

F1 uses default Exergy Factors from a standard registry. It is designed for zero-hardware deploy-
ment. An organization can begin reporting approximate quality without installing new meters or
building detailed models. Examples include MWh_e, fx = 1.000, MWh_HHV_CH4, fx = 0.93, and
MWh_th, fx = 0.170 for thermal energy at a standardized 80°C bin relative to the default sink.

F1 should be used for screening, early adoption, public education, rough benchmarking, and policy
tables. It should not be used where site-specific temperature, composition, pressure, or boundary
conditions materially alter the value. F1 is useful because an imperfect Exergy Factor is often
better than no quality field at all, provided its presumptive nature is explicit.

5.3 Tier F2: Asset-specific reporting

F2 uses site-specific constants and declared assumptions. It remains simple, but the value can be
reproduced by an auditor. A thermal report might write:

100 MWh_th, fx = 0.170 [Th = 80C, TO = 20C].

A chemical report might write:

18



100 MWh_HHV CH4, fx = 0.93 [basis = HHV].
F2 is appropriate for facility reporting, procurement, project screening, regulatory filings, internal

dashboards, and capital planning when the operating conditions are stable enough that a static
factor is defensible.

5.4 Tier F3: Dynamic interval reporting

F3 treats the Exergy Factor as a time series:

For thermal dispatch,
Tsink (t)
Tsource (t)

Over an interval A, the exergy-weighted average factor is

PN IULOY
BT By dt

fxqt)=1-

; (26)

provided the denominator is nonzero.

F3 is suitable for district energy, waste-heat recovery, real-time dispatch, control-room monitoring,
tariffs, and predictive maintenance. The data governance burden is higher: sampling interval,
sensor quality, missing values, reference source, smoothing method, and outlier handling must be
defined.

5.5 Tier F4: Full vector audit

F4 is the full engineering or research form. It includes state vectors, non-isothermal integration,
composition, pressure, phase, chemical potential, kinetic and potential terms where relevant, and
process-specific irreversibilities. F4 does not change the public token. It supplies the strongest
audit layer beneath it. In legal, safety-critical, high-capital, or research contexts, F4 should be
considered the authoritative tier.

The tiers are not a ladder every organization must climb. They are a way to label confidence, data
intensity, and reproducibility. A public policy report may use F1 for broad screening. A plant may
use F2 for monthly reporting and F3 for real-time operation. A design engineer may use F4 for
equipment specification and still publish a simplified F2 factor for management review.

6 Process Diagnostics: Streams, Processes, and Matching

6.1 Separating stream quality from process irreversibility

A critical feature of the framework is the separation between stream reporting and process perfor-
mance. The stream descriptor is

(Ecarriem fX) or (Pcarriera fX) (27)

19



The process descriptor is
nx, Xdest- (28)

The Exergy Factor describes the accessible work potential of the stream at a boundary. Second-law
efficiency describes how effectively a process converts accessible input exergy into useful output
exergy. Exergy destruction describes irreversibility internal to the process.

The accounting sequence is
E— XA = fXE — Xuseful,out = TIXXA, (29)

or, in rate form, . ' ‘ ‘ )
E— Xy= fXE — Xuseful,out = 7’/XAXVA- (30)

This separation prevents two common errors. The first error is treating a low-fx stream as useless.
Low-temperature heat can be valuable when matched to a low-temperature service. The second
error is treating a high-fx input as efficient simply because it carries high work potential. High-
grade electricity can be wasted in an irreversible or poorly matched process.

6.2 Supply-demand matching

A supply stream can be represented as

S = (Psan,S)a (31)
and a demand or service requirement as
D = (Py, [x.d)- (32)
A quantity match requires
Ps ~ Pd~ (33)
A quality match requires
Ixs = fxa (34)

For accumulated interval quantities, replace P with F.
Three cases follow.

1. Good match. fxs ~ fxq. The supply has the right quantity and work-potential grade for
the service.

2. Wasteful over-grade match. fx, > fxq. A high-exergy supply is used for a low-exergy
service. The service may be satisfied, but excess work potential is destroyed, stranded, or
degraded unless cascaded elsewhere.

3. Insufficient-grade supply. fxs < fxq. The supply cannot satisfy the demanded grade
without an upgrading process such as a heat pump, compressor, electrolyzer, boiler, reactor, or
other conversion device.

A simple mismatch index is

Afx = fxs — fx.d- (35)
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For a matched power quantity P,,, the avoidable exergy oversupply associated with using a higher-
grade source for a lower-grade demand is

Xmismatch = P max(O, fX,s - fX,d)- (36)

For an interval quantity F,,,

Xmismatch - Em max(O, fX,s - fX,d)- (37)

This quantity is not automatically destroyed. A system with cascade recovery, storage, or additional
services may use it. If no such pathway exists, the mismatch becomes exergy destruction, rejected
exergy, or stranded potential.

6.3 System-level accounting

A first-law planning model often asks whether energy quantities balance:

Z Esupply = Z Edemand- (38)

A second-law-aware model must also track accessible work potential:

Z fX,sPs > Z fX,de + Xdest + Xloss' (39)

This expression does not replace mass, charge, momentum, or energy balances. It augments them
with work-potential accounting. It is particularly useful in systems where energy carriers are
interchangeable in first-law units but not in service value: district heat, industrial waste heat,
hydrogen, synthetic fuels, batteries, thermal storage, combined heat and power, and multi-energy
hubs.

6.4 Exergy Capital Efficiency

Capital allocation often begins with dollars per MWh saved, recovered, or produced. In multi-carrier
systems, dollars per MWh can reward thermodynamically weak projects because the denominator
is scalar energy rather than retained work potential. An exergy-aware screening metric is Exergy

Capital Efficiency:

AX
ECE=——4 (40)
capital cost

In rate-sensitive contexts, the analogous metric is
AX 4

ECE;ate = ————.
rate capital cost

(41)

ECE is not a replacement for net present value, internal rate of return, reliability, emissions, incen-
tive capture, or risk. It is a thermodynamic screen that prevents a large scalar-MWh project from
outranking a smaller project that preserves more useful work potential per dollar.
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Figure 2: Illustrative comparison showing how scalar MWh screening can rank a large low-grade
project above a smaller high-grade project, while ECE reverses the ranking on a work-potential
basis. The examples are 1,000 MWh at fx = 0.04 (40 MWh_ex; 20 MWh_ex per million dollars) and
300 MWh at fx = 0.307 (92.1 MWh_ex; 61.4 MWh_ex per million dollars).

Suppose Project 1 recovers 1,000 MWh of low-temperature heat at fx = 0.04 for 2 million dollars.
It yields 40 MWh_ ex, or 20 MWh_ ex per million dollars. Project 2 recovers 300 MWh of higher-
temperature heat at fx = 0.307 for 1.5 million dollars. It yields 92.1 MWh__ex, or 61.4 MWh_ ex
per million dollars. Scalar MWh screening favors Project 1. ECE favors Project 2. The final invest-
ment decision still depends on demand, siting, utilization, cost, emissions, risk, and alternatives,
but ECE surfaces the thermodynamic opportunity that scalar accounting hides.

7 Optional Diagnostics: Exergy Loss Angle

7.1 Definition and relationship to second-law efficiency

Before defining the angle, two implementation caveats are important. First, the angle is a display
and diagnostic coordinate, not a new state variable. Second, it should be computed from synchro-
nized exergy inputs and outputs over a declared interval; otherwise a dashboard can display a
precise-looking angle assembled from asynchronous measurements.

Second-law efficiency is the standard process metric:

Xuseful,out ‘ (42)
Xi

For this diagnostic, the non-retained useful work potential over the declared boundary and interval

is

nx =

Xlost = Xin - Xuseful,out- (43)

Here Xt is a diagnostic residual. It may include exergy destroyed by irreversibility, exergy rejected
to the environment, or residual work potential that is not recovered at the declared boundary. It
should not automatically be equated with Xgest = T0Sgen unless a full process balance shows that
the residual is thermodynamic destruction.
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The Exergy Loss Angle is defined as
Oloss = a'tanQ(‘Xlosty Xuseful,out)' (44)

The two-argument form is intentional because it handles the zero-output boundary correctly. If
Xusefulout = 0 and Xjoee > 0, a control system should report fiss = 90°, or 7/2 radians, rather
than divide by zero or return an error. If both X = 0 and X seful,ous = 0, the angle is physically
undefined and should be reported as null rather than imputed. For 0 < X seful,out < Xin, this can
be written in terms of second-law efficiency:

1—
Bloss = tan ™! (nX”X> . (45)

The inverse relationship is
1

= - 46
1 + tan O)ss (46)

nx
The Exergy Loss Angle is therefore not a new thermodynamic property. It is a geometric trans-
formation of second-law efficiency. Its contribution is visual ergonomics and cognitive framing. It
maps retained useful work potential to the horizontal axis and non-retained work potential to the
vertical axis. A reversible process has Xj,st = 0 and 6,ss = 0°. A process that retains almost
no useful exergy approaches 90°, and a complete dump with nonzero input is reported at the 90°
boundary.

7.2 Why use an angle?

Efficiency metrics can visually compress severe degradation. The difference between nxy = 0.02
and nx = 0.06 can look like a small movement near zero on a conventional efficiency scale, even
though the second process retains three times as much useful exergy as the first. The angular
representation expands the high-loss region into a bounded visual space from 0° to 90°. It is not
more fundamental than nx. It is often easier to scan.

For example:

nx Xlost/Xuseful,out eloss

0.93 0.075 4.3°
0.83 0.205 11.6°
0.50 1.000 45.0°
0.192 4.208 76.6°
0.064 14.625 86.1°
0.020 49.000 88.8°

The angle makes the distinction between moderate degradation and catastrophic degradation vi-
sually immediate. A dashboard can show a near-horizontal process line for efficient retention and
a steep line for severe destruction. The information-design rationale is that angular displays ex-
pand the visually compressed high-loss region of the efficiency scale into a bounded coordinate that
operators can scan quickly, especially when trends and thresholds matter.
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Bounded Display Coordinate for Exergy Non-Retention
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Figure 3: Mapping from second-law efficiency to Exergy Loss Angle. The transformation does not
add new physics; it changes the visual coordinate used for diagnostics.
7.3 Visual grammar

The framework supports a simple visual grammar:

Table 6: Visual grammar for typed energy and Exergy Loss Angle displays.

Visual element Meaning

Flat bar Static stream. The bar represents a reported energy quantity after mul-
tiplication by fx.

Area of bar Accessible work potential, X4 = Efx.

Sloped process line Retention of useful output exergy relative to non-retained work poten-
tial.

Angle of process line Severity of exergy loss or non-retention, fogs.

Stacked bars Multi-carrier portfolio expressed on a comparable MWh__ex axis.

Color or line type Optional encoding for carrier family, tier, or uncertainty.

The grammar should avoid implying more precision than the data support. A F1 lookup factor
should not be displayed with the same confidence as a F4 audit unless the graphic visibly encodes
tier or uncertainty. The angle is a display layer on top of a declared calculation.

7.4 Tllustrative angle bands

For operational dashboards, angle bands may be useful as reference points. The bands below are
illustrative only. They are not universal normative thresholds because acceptable loss depends on
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service, cost, infrastructure, safety, carbon intensity, and alternatives.

Table 7: Illustrative Exergy Loss Angle bands.

Band Approximate an- Interpretation
gle
Low loss 0° to 15° High retention of accessible work potential.
Moderate loss 15° to 45° Noticeable degradation; check whether the
service justifies it.
High loss 45° to 75° Severe degradation; evaluate matching, cas-
cading, or technology substitution.
Extreme loss 75° to 90° Most accessible work potential is lost or de-

graded; strong diagnostic alarm unless the
service has no better pathway.

7.5 Loss Angle Velocity

The time derivative of the Exergy Loss Angle is the Loss Angle Velocity. Because derivatives
amplify noise, the calculation rule must be declared before the value is interpreted. In industrial
historian systems, At should represent a fixed, normalized calculation window, such as synchro-
nized 15-minute averages, not raw sequential polling intervals. Temperature, pressure, flow, and
composition signals should be resampled or aggregated onto the same time base before wiygs is
computed; otherwise timestamp jitter and sensor polling latency can create artificial spikes.

With that synchronized window defined,

d@ 0SS
Wloss = C;t . (47)

In discrete data,

Oross (tr) — Oross (t—
wloss(tk) ~ loss( k) Atloss( k 1)‘ (48)

The units are degrees per hour, degrees per day, or radians per unit time depending on the dash-
board. Positive w).ss means worsening exergy retention. Negative wiogs means improving retention.
F3 and F4 implementations should declare smoothing, filtering, deadbands, and missing-data rules.
In industrial monitoring, wy.ss is most useful as a trend and anomaly indicator, not as a standalone
proof of failure.

8 Illustrative Applications and Screening Examples

The following cases demonstrate how the framework changes interpretation while preserving ex-
isting energy quantities. They use rounded engineering figures for illustration. The empirical
demonstration is separated into Section 9 so that illustrative examples are not confused with mea-
sured operational results. In each case, the public token is compact, while the fidelity tier and
metadata determine audit strength.
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Case A: Plant operator thermodynamic mismatch log

A plant operator managing boilers, steam headers, condensate return, heat exchangers, and waste-
heat loops often sees energy quantities as separate instrumentation streams. The proposed reporting
layer converts those streams into a common work-potential log:

Stream Conventional report Typed report

Electric drive input 50 MWh 50 MWh_e, fx = 1.000

Steam header heat 100 MWh 100 MWh_th, fx = 0.307 [Th = 150C]
Warm water return 80 MWh 80 MWh_th, fx = 0.064 [Th = 40C]
Methane fuel 500 MWh 500 Mwh_HHV_CH4, fx = 0.93

The operator can now distinguish energy throughput from thermodynamic grade. A 100 MWh
steam header at 150°C carries approximately 30.7 MWh_ ex. An 80 MWh warm-water return at
40°C carries about 5.1 MWh__ex relative to the same sink. The scalar report sees the warm-water
loop as a large resource. The typed report sees a low-grade resource that must be matched to a
low-grade demand or upgraded.

The mismatch log can be expressed as Afx between supply and service. If a high-temperature
source with fx = 0.307 is routed to a service requiring fx = 0.064, the oversupplied work-potential
grade is 0.243 per MWh of matched heat. If no cascade exists, that mismatch becomes a loss
candidate. This is not a condemnation of the heat service. It is a diagnostic for whether the plant
is using too much grade for too little thermodynamic requirement.

Case B: District heating network

District heating is an ideal early domain because temperatures and heat flows are already measured.
Consider a network delivering 1.00 MWh of heat demand composed of 0.40 MWh at 80°C and 0.60
MWh at 40°C, both relative to a 20°C sink. The factors are

fx(80°C) = 0.170, (49)
fx(40°C) = 0.064. (50)
If the whole network is supplied uniformly at the higher grade, the report is
1.00 MWh_th, fx = 0.170, (51)
with 0.170 MWh__ex supplied. If the service portfolio is reported by grade, the demand is
0.40 MWh_th, fx = 0.170+0.60 MWh_th, fx = 0.064, (52)
with service exergy
X4 = (0.40)(0.170) + (0.60)(0.064) = 0.106 MWh_ex. (53)
The hidden mismatch is about 0.064 MWh ex.

In F3 operation, fx(t) can be computed continuously from supply and return temperatures. A
tariff or dispatch optimizer can then reward lower return temperatures, cascading, and heat-pump
integration not merely because they save heat quantity, but because they preserve or recover work-
potential grade.
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Case C: Industrial waste-heat recovery

Industrial waste heat is commonly screened by total MWh available. This can mislead capital
allocation. Compare two candidate streams:

Stream Energy fx  Accessible exergy

High-temperature exhaust 300 MWwh_th 0.307  92.1 MWh_ ex
Ultra-low-temperature loop 1000 MWwh_th 0.040  40.0 MWh_ ex

The scalar report ranks the second stream as more than three times larger. The exergy-aware
report ranks the first stream at more than twice the accessible work potential. Capital screening
should not ignore location, capture cost, heat exchanger economics, operating hours, fouling, or
service match. But the typed report prevents the most basic error: confusing large heat quantity
with high recoverable utility.

If the high-temperature stream is recovered through a process that delivers 60 MWh_ ex useful
output from 92.1 MWh__ex input, then nnx = 0.651 and #,ss = 28.2°. If the ultra-low-temperature
loop requires substantial parasitic energy and delivers only 10 MWh_ ex useful output from 40
MWh__ex accessible input, then nx = 0.25 and fj,ss = 71.6°. The angle reveals that the larger
scalar-MWh project may be a worse thermodynamic conversion opportunity.

Case D: Electrification, resistance heating, and heat pumps

Consider a demand for 1.00 MWh of heat delivered at 40°C to a sink at 20°C. The service Exergy
Factor is

293.15
=1——— =0.064. 4
fxa 313.05 0 (54)
The demanded useful exergy service is therefore
X4 = (1.00)(0.064) = 0.064 MWh_ex. (55)

A resistance heater consumes approximately 1.00 MWh of electricity, or 1.00 MWh__ex input, to
deliver the heat service. Its second-law efficiency relative to the low-temperature heat service is
therefore

0.064
= —— =0.064
and its Exergy Loss Angle is
1—0.064
Bloss = tan~ 1 [ ———— | = 86.1°.
1 an < 5064 ) 86 (57)

A heat pump with COP = 3 consumes 0.333 MWh of electricity to deliver the same 1.00 MWh of
heat. Its second-law efficiency is

0.064
= 0% 0192
X = o333~ V192 (58)
with
Broes = T6.6°. (59)

Both devices deliver the same first-law heat quantity. The heat pump consumes much less high-
grade input exergy and shifts the loss angle downward. The angle remains high because low-
temperature heat is a low-exergy service and real heat pumps are irreversible. The key point is
that the framework makes the difference visible in one line of reporting.
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Case E: Stationary storage systems

Storage assets are often compared by rated MWh. That comparison is incomplete because the
stored carrier matters. A battery, a hot-water tank, and hydrogen storage may all be reported as
1 MWh, but their accessible work potential differs.

Storage asset Typed report fx  MWh_ex per MWh
Battery 1 MWh_e 1.000 1.000
Hot-water storage, 80°C 1 Mwh_th 0.170 0.170
Hot-water storage, 40°C 1 MWh_th 0.064 0.064
Hydrogen, HHV 1 Mwh_HHV_H2  0.83 0.83
Methane, HHV 1 MWh_HHV_CH4 0.93 0.93

This does not mean batteries are always better than thermal storage. A hot-water tank can be
excellent if the demand is hot water or space heating. The table means that storage valuation must
specify the service. A low-fx storage asset can be the best match for a low-fx demand, while a
high- fx storage asset should be reserved for services requiring high work potential.

Case F': Investor screening

Case F applies the Exergy Capital Efficiency diagnostic defined in Section 6.4. A scalar investment
screen may rank a project by MWh recovered, while an exergy-aware screen ranks by MWh_ ex
delivered per dollar. In the example used above, a 1,000 MWh low-temperature recovery project
delivers only 40 MWh__ex, while a 300 MWh higher-temperature project delivers 92.1 MWh_ ex.
The exergy screen does not make the investment decision by itself, but it prevents capital allocators
from mistaking large low-grade heat quantity for high thermodynamic utility.

9 Empirical Demonstration: F3 District-Heating Implementation

9.1 Data and method

A proposed reporting framework becomes more credible when it can be applied directly to opera-
tional telemetry without adding new sensors. This paper therefore analyzes the public XAI4HEAT
GitHub repository at commit fc7ee9a [5], using the processed files xaidheat_2024-25_L4.csv,
xaidheat_2024-25_L12.csv, =xaidheat_2024-25_L17.csv, and =xaidheat_2024-25_L22.csv.
The repository is associated with the XAI4HEAT SCADA dataset and its Data in Brief description
[4, 3]. Each file is a 15-minute district-heating time series spanning 17 November 2024 through 31
March 2025. The repository also contains raw SCADA files for L4, L8, L12, 117, and L22 with a
shared structure containing timestamps, ambient temperature, primary and secondary supply and
return temperatures, and meter fields, confirming that the F3 computation pathway generalizes
across substations.

For each processed interval, the base F3 reporting factor was computed from measured primary
supply temperature and measured ambient temperature:

Tamb,k 1 tamb,kz + 273.15
Tsup,prim,k tsup,prim,k +273.15 ‘

R =1- (60)
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This supply-temperature Carnot factor is intentionally a reporting approximation. It is appropriate
for demonstrating F3 interval tagging from measured telemetry, but a district-heating water stream
is not a constant-temperature heat source. The processed files include primary and secondary return
temperatures, so the analysis also computes a supply-return integrated water-stream factor:

int __ 1 TO,k 1n(TSup,k/Tret,k)
Xk —
Tsup,k - Tret,k

, (61)

which is the exergy fraction of sensible heat delivered as water cools from supply to return temper-
ature under a constant heat-capacity approximation. A third sensitivity treats the primary return
temperature as the operational sink:

freturn Tret prim (62)
Xk - T ] .
sup,prim,k

These alternatives do not replace the base F3 tag; they show how the reported factor changes when
the method boundary moves toward a fuller stream description.

The processed files also contain a nonnegative thermal-delivery field, gizm, which is used here as the
interval weight for exergy-weighted averaging. Across four substations and 51,592 valid 15-minute
intervals, the qizm-weighted portfolio Exergy Factor is 0.216 with the measured ambient sink. If
the same intervals are reported under a fixed default sink of 20°C, the weighted factor is 0.173. The
dynamic-sink treatment therefore changes the seasonal portfolio factor by 0.044 in absolute terms,
or about 25% relative to the fixed-sink value.

9.2 Results

During the cold event centered on 20 February 2025, dynamic interval Exergy Factors peaked
between 0.277 and 0.286 across the processed substations. These results are operationally important
because they show that the same heat network can move across materially different quality states
without changing carrier identity. A flat MWh_th thermal-energy total cannot reveal that shift; an
F3 stream tag can.

Table 8: Empirical F3 summary for XAI4HEAT processed 2024—-2025 season files. Dynamic factors
use measured ambient temperature as sink; fixed factors use Ty = 20°C.

Station Intervals fx dynamic fx fixed Afx Peak fx

L4 12,898 0.217 0.172  0.045 0.286
L12 12,898 0.219 0.174 0.044 0.284
L17 12,898 0.217 0.173 0.044 0.284
L22 12,898 0.212 0.172  0.041 0.277
Portfolio 51,692 0.216 0.173 0.044 0.286
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Table 9: Thermal-model sensitivity for the XAI4HEAT portfolio. Values are qizm-weighted over
the processed substations 14, 12, 117, and L22.

Model Portfolio fx Valid intervals Purpose

Primary supply, ambient sink 0.216 51,592 Base F3 reporting approxima-
tiOIl, 1- Tamb/Tsup,prim-

Primary supply-return integra- 0.172 46,434 More thermodynamically de-

tion tailed water-stream estimate

using primary supply and re-
turn temperatures.

Secondary supply-return integra- 0.125 49,385 Service-side proxy using sec-

tion ondary supply and return tem-
peratures where available.

Primary return as sink 0.106 51,592 Operational sink sensitivity,
1- Tret,prim/Tsupprim-

Primary supply, fixed 20°C sink 0.173 51,592 Comparable-reporting  refer-
ence using the paper’s default
sink.

The sensitivity table narrows the empirical claim. The XAI4HEAT pass demonstrates that the
interface can be computed from real telemetry and that sink and method choices materially change
reported quality. It does not validate the full Carrier Registry, chemical-carrier treatment, Exergy
Capital Efficiency, or Exergy Loss Angle. Instead, it shows why the Fidelity Tier, method_id,
boundary, and reference fields are required: the same MWh_th interval can reasonably carry different
fx values under different declared thermal models. The primary integrated model excludes 5,158
intervals with missing or invalid supply-return conditions, and the secondary integrated proxy
excludes 2,207 intervals.

Table 10: Temperature-only uncertainty sensitivity for the XAI4HEAT portfolio. Ranges assume
symmetric 0.5°C uncertainty on measured temperature fields; no qizm meter uncertainty is prop-
agated because meter specifications were not available in the processed files.

Model Base fx Perturbed range Approx. |Afx]
Primary supply, ambient sink 0.216 0.214-0.219 0.003
Primary supply-return integration 0.172 0.169-0.175 0.003
Secondary supply-return integration  0.125 0.122-0.128 0.003
Primary return as sink 0.106 0.103-0.108 0.003
Primary supply, fixed 20°C sink 0.173 0.171-0.174 0.001

This uncertainty treatment is intentionally modest. It is not a substitute for a metrologically
complete F4 uncertainty propagation with sensor calibration records, meter uncertainty, timestamp
uncertainty, and missing-data imputation. It is included to make the F3 demonstration auditable:
under a simple +0.5°C temperature perturbation, the temperature-only uncertainty is much smaller
than the method and reference-sink differences reported in Table 9.

Figure 4 shows the resulting empirical F3 demonstration. The top panel reports daily qizm-weighted
Exergy Factors for the full season across the processed substations, comparing the dynamic ambient
sink with a fixed 20°C sink. The bottom panel zooms into the February cold event and shows how
the portfolio Exergy Factor rises as supply temperature increases and ambient temperature falls.
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Figure 4: Empirical F3 demonstration using processed XAI4HEAT district-heating data. Top:
daily qizm-weighted Exergy Factors for the 2024-2025 heating season across processed substations
L4, L12, L17, and L22. Bottom: cold-snap zoom showing portfolio primary supply temperature,
ambient temperature, and the resulting dynamic fx.

9.3 Interpretation

This empirical proof-of-implementation materially strengthens the framework, but its scope is delib-
erately limited. It demonstrates that the typed reporting token can be computed from operational
telemetry, that the F3 tier survives real time-series data, and that reference-sink and method
choices have measurable effects on reported thermodynamic quality. A larger follow-on validation
study should reconcile the processed and raw meter fields, extend the analysis to the repository’s
raw L8 data, compare against full F4 stream balances, and publish a full reproducible workflow.

10 Epistemological Boundaries and Institutional Friction

10.1 What the framework does not claim
The framework is an accounting and reporting proposal, not a new thermodynamic law. It does

not claim that Exergy Factor is intrinsic to matter. It does not claim that a single scalar captures
every detail of a non-equilibrium system. It does not replace plant design, equipment sizing, de-
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tailed chemical calculations, phase-equilibrium modeling, life-cycle assessment, carbon accounting,
economic dispatch, reliability analysis, or localized COP modeling. It does not make reference-state
dependence disappear.

The claim is narrower and more practical: when institutions already report energy quantities, those
quantities should carry enough carrier and Exergy Factor information to avoid false comparabil-
ity across unlike work-potential grades. The public token is minimal, but the Fidelity Tier and
metadata determine what the token can be used for.

10.2 Reference dependence is managed, not eliminated

Because exergy is relational, every fx value depends on a reference. The framework manages this
in three ways. First, it recommends default references for comparability. Second, it allows local
or dynamic references for operational control. Third, it requires metadata at the appropriate tier.
A reviewer should reject any claim that reports fx without carrier, basis, boundary, or reference
context when those details materially affect the value.

10.3 Data resolution and uncertainty

Thermal reporting requires temperature resolution. Chemical reporting requires basis and com-
position. Pressure and compressed-gas reporting require pressure, volume, and system boundary.
Dynamic operation requires interval rules, sensor quality, outlier handling, and missing-data gover-
nance. These are implementation burdens, but they are not unique to exergy. Carbon accounting,
electricity settlement, weather-normalized savings, and IPMVP baselines all require data gover-
nance. The proposed Fidelity Tiers exist so a report can state how strong its data foundation
is.

10.4 Data readiness

The XAI4HEAT demonstration shows that some operational datasets already contain the fields
needed for dynamic Exergy Factor reporting: energy or thermal-delivery increments, temperatures,
timestamps, and a plausible reference signal. Other public datasets show a complementary readi-
ness pattern. The Foundational Industry Energy Dataset compiles unit-level industrial facility
information, including unit type, fuel type, design capacity, and energy estimates from public U.S.
EPA sources [7]. It does not by itself provide enough temperature-grade information to compute
stream-specific Exergy Factors, but it shows that industrial data systems already have facility and
unit identifiers to which carrier, basis, reference, and fidelity metadata could be attached.

This distinction matters. The proposed framework does not require every dataset to become a
full exergy audit. It requires datasets to stop treating first-law energy quantities as self-describing.
Where a dataset has enough temperature, pressure, composition, or service-boundary information,
it can support F2 or F3 factors directly. Where it does not, it can still expose the missing field
explicitly and avoid implying false comparability.
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10.5 Interoperability with industrial systems

The interface layer is deliberately compatible with existing data infrastructure. The underscore-
delimited token can be used in SCADA tags, historian variables, SQL columns, CSV headers,
MQTT Sparkplug B metrics, JSON payloads, regulatory forms, invoices, and dashboards without
changing the physical meter. Examples include:

site.loop4.energy_token = "MWh_th"
site.loopd4.fx = 0.170

site.loop4.fx_tier = "F2"
site.loop4.metadata = "Th = 80C; TO = 20C"

or, in a structured payload:

{
"stream_id": "loop4",
"energy": 100.0,
"unit": "MWh_th",
"fx": 0.170,
"tier": "F2",
"method_id": "thermal.carnot.constant_temperature.vi",
"reference": {"TO_C": 20.0, "pO_kPa": 101.325},
"boundary": "district_heat_primary_supply",
"basis": "thermal_delivery",
"timestamp": "2026-05-01T00:00:00Z",
"uncertainty": {"fx_abs": 0.005},
"data_quality_flag": "measured",
"carrier_registry_version": "0.1",
"source": {"Th _C": 80.0}

b

The point is not to force a new metering stack. It is to add fields to the systems that already
store energy quantities. Adoption should begin as a supplemental column, not as a replacement
architecture.

10.6 Institutional adoption path

Concretely, candidate institutional homes include ISO/TC 301 for energy management systems,
ISO/TC 207 for life-cycle assessment interfaces, IEC TC 8 for system aspects of electrical energy
supply, and an IEEE Power and Energy Society working group for machine-readable energy-quality
tags. The most immediate first movers are district-heating operators already collecting supply and
return temperatures, as demonstrated by XAI4HEAT, and industrial sites already maintaining
ISO 50001 energy performance indicators. Early pilots are especially plausible in district-heating
utilities in Denmark, Sweden, Serbia, or other regions with mature temperature telemetry and
active network optimization programs.

The fastest path is targeted pilots. District heating and cooling networks can compute fx(t)
from existing supply and return temperatures. Industrial sites can screen waste heat by MWh_ ex
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rather than MWh. Hydrogen and synthetic-fuel policy frameworks can declare HHV or LHV basis

explicitly. ISO 50001 programs can test Exergy Factor as a supplemental performance indicator.
IPMVP reports can include both AFE and AX 4:

AE = Ebaseline — Lpost (63)

AAXA = (fXE)baseline - (fXE)post' (64)

Life-cycle inventories can attach carrier and Exergy Factor attributes to energy flows. Markets
can settle heat products with both MWh and MWh__ex attributes. None of these pilots requires
abandoning existing accounting. They require adding a thermodynamic quality layer.

10.7 Social and institutional friction

The greatest barrier may be that scalar energy reporting is familiar. Institutions prefer metrics
that are additive, stable, and easy to compare. Exergy is relational, which makes it more precise
but operationally less comfortable. The two-layer architecture is designed to meet that reality.
The physics layer protects rigor. The interface layer protects adoption. The Fidelity Tiers protect
transparency. Optional diagnostics such as the Exergy Loss Angle support interpretability when a
dashboard needs them.

The proposed protocol should therefore be introduced as an upgrade path, not as a critique of every
existing metric. MWh remains useful. Cost remains useful. Emissions remain useful. Life-cycle
impacts remain useful. The missing field is work potential. Adding it makes existing metrics more
informative.

11 Conclusion

This paper proposes a single practical change to energy reporting: every reported energy quantity
should carry an Exergy Factor. The result is a typed two-number framework, (Ecarier, fx), that
preserves conventional first-law quantities while attaching a second-law quality field. Electricity,
heat, fuels, storage assets, pressure systems, and mechanical work can continue to be reported in
familiar units, but those units no longer travel without carrier and work-potential context.

The physics layer provides the justification. Accessible exergy is relational. The exergy voltage,
A(D;C) = dX 4/dC, generalizes voltage-like potentials across carriers. The universal flow law, X4 =

C’A@EL‘C) =f <FE , links carrier current, accessible potential, and normalized reporting. The unified
carrier matrix shows why a single public interface can be defensible without pretending that all
carriers are physically identical.

The interface layer provides the adoption path. Typed-energy notation, a Carrier Registry, bracket
metadata, a declare-once basis block, and Fidelity Tiers FO through F4 allow the same framework
to function in a spreadsheet, a plant historian, a district-energy control room, a fuel policy report,
or a full engineering audit. The Thermodynamic Honesty Rule prevents the simplicity of the front
end from becoming a false claim of intrinsic scalar quality.

The diagnostic layer provides operational meaning. Supply and demand should be matched in
both quantity and Exergy Factor. Stream quality must be separated from process irreversibility.
The Exergy Loss Angle converts second-law efficiency into a bounded angular display coordinate
for visual diagnostics, while the Loss Angle Velocity supplies a trend signal for degradation and

34



predictive maintenance. These diagnostics are secondary to the proposed reporting protocol, but
they show how the quality field can be used once it exists.

The empirical demonstration shows that the framework is not merely notational. Public XAI4HEAT
district-heating data can be converted into F3 interval Exergy Factor records from measured supply
temperature, ambient temperature, and thermal-delivery weights. The difference between the dy-
namic ambient-sink factor, the fixed-reference factor, and the supply-return sensitivity cases is large
enough to matter for reporting, dispatch, and benchmarking. Existing datasets already contain
much of the required structure; the missing element is a shared thermodynamic quality field.

Energy-transition reporting would benefit from a quality field that distinguishes energy magnitude
from accessible work potential. Decarbonization changes the sources of energy, but it does not
remove the need to match high-grade resources to high-grade services and low-grade resources
to low-grade services. Low-grade heat can be ignored because it looks small in market terms or
overvalued because it looks large in scalar MWh. Storage, fuels, industrial heat, district energy,
and electrification all require clearer accounting of what reported energy can actually do.

Cleaner energy carriers still need clearer accounting. The proposed (Fcarier, fx) framework is a
minimum practical upgrade for making useful work potential visible alongside energy quantity.

A Quick Start Implementation Cheat Sheet

This appendix condenses the reporting protocol into an implementation checklist for data teams,
plant engineers, and reviewers. It is not a substitute for the Fidelity Tiers; it is the minimum
practical pattern for making the framework machine-readable.

A.1 Public token

Report every energy quantity with a carrier suffix and Exergy Factor:

Example token Meaning

100 MWh_e, fx = 1.000 Electricity, work-equivalent at point of use.
100 MWh_th, fx = 0.170 [Th = 80C, TO = 20C] Thermal energy at 80°C relative to a 20°C sink.
100 MWh_HHV_CH4, fx = 0.93 [basis = HHV] Methane on higher-heating-value basis.

A.2 Minimum fields

A machine-readable record should carry at least the following fields:
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Field Required Purpose

stream_id Yes Stable stream, meter, asset, or interval iden-
tifier.

quantity Yes First-law energy or rate value.

unit Yes Carrier-aware unit, such as MWh_th or MW_e.

fx Yes for F1+4 Exergy Factor at the declared boundary.

tier Yes Fidelity Tier FO through F4.

reference Yes for F2+ Reference sink, pressure, basis, or environ-
ment.

boundary Yes for F2+ Physical or accounting boundary for the re-
ported value.

basis As needed Energy denominator and table convention.

method_id Yes for F2+ Calculation method or model identifier.

timestamp Yes for F3+ Interval timestamp or validity window.

uncertainty As needed Reported uncertainty or confidence band.

data_quality_flag Yes for F3+ Missing-data, outlier, sensor-quality, or syn-
chronization flag.

carrier_registry_version Yes Registry version used to parse the suffix;
this draft uses 0.1.

metadata As needed Additional temperature, pressure, composi-

tion, interval, source, and QA fields.

A.3 Core formulas

Xa= fxE, (65)
Xa = fxP, (66)
To
~ [ fx(®)E(t)dt
fx = [Etdt (68)

For interval data, replace the integrals with synchronized sums:

e = W (69)

A.4 Fidelity Tier shortcut

Tier Minimum interpretation

FO Scalar legacy reporting only; no Exergy Factor claim.

F1 Presumptive lookup factor; useful for screening only.

F2 Asset-specific factor with declared reference, basis, and boundary.
F3 Dynamic interval factor from synchronized operational telemetry.
F4 Full state-vector audit with engineering-grade exergy balance.
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A.5 Conformance checklist

A conforming report should declare the carrier, basis, reference, boundary, and Fidelity Tier once,
then attach f£x values to every reported energy quantity covered by that declaration. F3 records
should additionally declare interval length, timestamp convention, synchronization method, missing-
data rule, and outlier rule. F4 records should declare the full state variables, model assumptions,
and balance closure criteria.

A.6 Structured payload

{
"stream_id": "loop4",
"quantity": 100.0,
"unit": "MWh_th",
"fx": 0.170,
"tier": "F2",
"method_id": "thermal.carnot.constant_temperature.vl",
"reference": {"TO_C": 20.0, "pO_kPa": 101.325},
"boundary": "district_heat_primary_supply",
"basis": "thermal_delivery",
"timestamp": "2026-05-01T00:00:00Z",
"uncertainty": {"fx_abs": 0.005},
"data_quality_flag": "measured",
"carrier_registry_version": "0.1",
"metadata": {"Th_C": 80.0%}

b

B XAI4HEAT Reproducibility Notes

This appendix gives the exact reproducibility path for the empirical district-heating demonstration
in Section 9. It is intended to make the proof-of-implementation auditable without implying that
the demonstration is a full F4 validation study.

B.1 Source repository and files

The analysis uses the public XAI4HEAT repository at commit fc7ee9a [5]. The processed files
used for Tables 8, 9, and 10 are:

runtime/external/xaidheat/datasets/xaidheat_2024-25_L4.csv
runtime/external/xaid4heat/datasets/xaidheat_2024-25_L12.csv
runtime/external/xaidheat/datasets/xaidheat_2024-25_L17.csv
runtime/external/xaidheat/datasets/xaidheat_2024-25 1.22.csv

The columns used directly are datetime, t_amb, t_sup_prim, t_ret_prim, t_sup_sec, t_ret_sec,

and qizm. The field qizm is treated as a nonnegative interval weight. Negative weights are clipped
to zero in the analysis script.
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B.2 Reproduction commands

From the repository root, the demonstration can be reproduced with:

git clone https://github.com/xaidheat/xaidheat runtime/external/xaidheat
cd runtime/external/xaidheat

git checkout fc7ee9a

cd /home/chris/quantity-and-quality

/home/chris/.pyenv/shims/python scripts/analyze_xaidheat.py
/home/chris/.pyenv/shims/python scripts/generate_paper_figures.py
TEXENGINE=/home/chris/.local/bin/tectonic make -C paper pdf

The analysis script accepts an explicit root if the XAI4HEAT clone is stored elsewhere:
/home/chris/.pyenv/shims/python scripts/analyze_xaidheat.py \

--xaidheat-root /path/to/xaidheat

B.3 Generated artifacts
The script scripts/analyze_xaidheat.py writes the following reproducibility artifacts:

paper/generated/xaidheat_f3_summary.csv
paper/generated/xaidheat_£3_daily.csv
paper/generated/xaidheat_f3_model_sensitivity.csv
paper/generated/xaidheat_f3_uncertainty.csv
paper/f3_district_heat_backcast.pdf

Table 8 is transcribed from xaidheat_f3_summary.csv. Table 9 is tran-
scribed from xaidheat_f3_model_sensitivity.csv. Table 10 is transcribed from
xaidheat_f3_uncertainty.csv. Figure 4 uses £3_district_heat_backcast.pdf.

The deterministic figures not requiring XAI4HEAT data are generated by
scripts/generate_paper_figures.py.

B.4 Calculation rule

For each valid interval, temperatures are converted from degrees Celsius to kelvin by adding 273.15.
The base F3 supply-temperature model is

Toamb k
i e — e (70)
sup,prim,k
The weighted seasonal factor is
i = Tl ()

Dewe
where w;, = max(0,qizm,). The fixed-reference comparison replaces Tymp r with 293.15 K. The
integrated water-stream sensitivity uses

int __ TO,k ln(TSup,k/Tret,k)
fxp=1-

72
Tsup,k - Tret,k ( )

)

and excludes intervals where the supply-return relation is missing or invalid.
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