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Abstract

Battery degradation is often represented in a financial model as a single annual percentage. That
shortcut can misstate the cash-flow consequences of dispatch. A battery loses capability through
calendar ageing and use-dependent ageing, the result depends on temperature, state of charge, depth
of discharge, charge and discharge rate, dwell time and operating history. Capacity fade, energy
fade, efficiency loss, power limitation, downtime and auxiliary consumption can affect revenue and
cost through different contractual mechanisms.

This paper develops a finance-oriented degradation framework for utility-scale lithium-ion battery
energy storage. It translates dispatch into equivalent full cycles, throughput, state-of-charge exposure
and thermal conditions; connects those measures to performance guarantees and warranty limits;
and converts the resulting usable-energy path into revenue, augmentation, maintenance, debt-service
and residual-value assumptions. The framework uses separate technical, contractual and financial
ledgers so that a model does not treat physical loss, warranty recovery and cash expenditure as the
same event.

Primary sources establish the operating and contractual context. NREL's System Advisor Model and
BLAST materials distinguish calendar and cycle ageing and link operating conditions to replacement
timing. Sandia research warns that energy fade and capacity fade are not equivalent measures and
reports that the difference can materially affect lifetime prediction. The U.S. Department of Energy's
storage cost assessment includes augmentation, replacement and decommissioning in lifecycle cost.
SEC filings describe capacity-maintenance commitments, warranty liabilities, performance
liquidated damages and toll payments adjusted for availability and round-trip efficiency. FERC
Order No. 841 requires market rules to recognise storage resources' physical and operational
characteristics.

The paper advances seven modelling disciplines: preserve the dispatch trace; distinguish capacity,
energy, power and efficiency, align degradation with the warranty measurement basis; model
augmentation as a governed decision, reconcile technical and cash-flow ledgers, stress uncertainty
and nonlinear failure; and monitor actual performance against an approved degradation budget. All
numerical cases are hypothetical illustrations. They are not observed project data, market forecasts,
warranty terms or investment recommendations.

JEL Classification: G31, G32, L94, Q42, Q48

Keywords: battery energy storage, BESS, degradation, calendar ageing, cycle ageing, energy fade,
capacity fade, augmentation, warranty, project finance, valuation

This paper is an educational and structural analysis prepared for research purposes. It is not investment advice, an offer,
or a solicitation. It contains no client information.
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1. DEGRADATION IS A CASH-FLOW VARIABLE

A battery creates value by moving power across time, providing reserve response, supporting
capacity obligations and managing network constraints. Each service consumes a combination of
power capability, stored energy, availability and state-of-charge flexibility. The same dispatch
that earns revenue can reduce future capability. A financial model must therefore price both the
immediate gross margin and the lifecycle cost of delivering it.

An annual haircut does not show this relationship. Two projects with the same nominal annual
fade can have different economics when one cycles deeply at high temperature and the other
provides shallow reserve response. The first may incur earlier augmentation and warranty
pressure. The second may preserve energy capacity while still experiencing calendar ageing,
auxiliary consumption or availability loss. Debt service depends on the realised path, not the
headline assumption alone.

The central modelling question is practical: after each dispatch interval, how much contracted
capability remains, what cash flows change, who pays, and what evidence supports the answer?
The model should retain enough detail to explain the result to an owner, lender, offtaker, insurer
and technical adviser.

Dispatch trace Ageing drivers Capability path Contract result Cash flow
power, energy, SOC calendar and cycling energy, power, efficiency availability and remedies revenue, capex, debt

Model control: assumptions + evidence + actual-versus-budget reconciliation

Gross dispatch margin becomes financeable only after lifecycle cost and contractual allocation are measured.

Figure 1. From dispatch instruction to value and debt service

Conceptual framework. Each operating decision affects physical capability, contract performance and cash flow through a traceable
sequence.

2. KEEP FOUR CAPABILITY MEASURES SEPARATE

Usable energy measures the quantity that can be discharged within defined operating limits.
Power measures the rate at which energy can be delivered or absorbed. Round-trip efficiency
connects charging energy to delivered energy. Availability measures whether the asset can
perform when required. These quantities interact, yet they are not substitutes.

Capacity fade is commonly used for cell ageing. Project revenue may depend more directly on
energy delivered at the grid meter, after voltage effects, conversion losses, auxiliaries and
operating limits. Sandia reported in August 2026 that using capacity fade in place of energy fade
can create a lifetime-prediction error of up to 15 percent in the studied cases. The implication for
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finance is direct: the model should use the metric that matches the contracted service and
settlement boundary.

Power capability can remain adequate while usable energy falls below a duration obligation. A
four-hour battery that retains inverter power and loses energy may fail a four-hour capacity test
before it fails a power test. Efficiency loss can reduce net market revenue and increase charging
cost even when measured capacity remains within warranty. The model should carry all four
paths.

3. CALENDAR AGEING CONTINUES WHEN THE BATTERY WAITS

Calendar ageing develops with time and is influenced by temperature and state of charge. A
battery that is rarely dispatched can still lose capability. NREL's battery-lifespan materials
describe predictive models that consider electrochemical, thermal and mechanical modes, storage
environment and operating windows. NREL's BLAST suite combines degradation with electrical
and thermal performance for real-world profiles.

The financial model should calculate calendar exposure by time interval or by a technically
justified approximation. A flat annual rate can be used for a preliminary screen when it is
explicitly identified as a simplification. A finance case should test temperature, average state of
charge and downtime assumptions that correspond to the site, control policy and thermal-
management design.

Calendar ageing also affects construction and commissioning risk. Cells can age between
manufacture, delivery, energisation and commercial operation. Long storage periods at adverse
state of charge or temperature may consume part of the expected life before revenue starts.
Supply and EPC schedules should therefore connect preservation requirements, commissioning
tests and baseline capacity measurements.

4. CYCLE AGEING FOLLOWS THE DISPATCH PROFILE

Cycle ageing depends on more than the count of charge-discharge events. Depth of discharge,
charge and discharge rate, temperature, resting state of charge and partial-cycle sequence can
change damage. A shallow ancillary-service pattern can produce many reversals with modest
energy throughput. Arbitrage can produce fewer, deeper cycles. Both require an operating trace.

Equivalent full cycles provide a useful normalisation. A common representation divides
cumulative discharged energy by rated usable energy. The denominator must be specified: initial
nameplate, current usable energy or contracted energy can produce different results. Charging
throughput, discharged throughput and total bidirectional throughput should not be mixed
without definition.

Equivalent full cycles remain a summary, not a complete ageing model. Two traces with identical
throughput can produce different degradation because of temperature, rate and state-of-charge
distribution. The project should retain interval data and calculate the warranty measure exactly as
the contract defines it.

5. BUILD A DEGRADATION DRIVER LEDGER

The technical model should record the variables that influence ageing and the variables that
determine performance. The financial model should import controlled outputs rather than
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reconstructing electrochemistry. A driver ledger creates a bridge between the dispatch optimiser,

technical adviser and cash-flow model.

Table 1. Degradation driver and financial-treatment ledger

Driver or measure

Technical meaning

Contract question

Financial-model

Evidence source

treatment
Calendar time Elapsed ageing When does the Time-indexed Delivery,
exposure guarantee clock capability path commissioning and
start? warranty dates
Discharged Energy delivered Which meter and Variable degradation | SCADA, revenue
throughput from the battery losses apply? cost and cycle meter and BMS
budget
Equivalent full Normalised What is the Operating-limit test | Warranty definition
cycles throughput measure | denominator? and scenario input and dispatch trace
Depth of discharge Swing within state- Which bands are Damage weighting BMS data and
of-charge range permitted? and optimiser operating protocol
constraint
C-rate Power relative to Are charge and Stress case and OEM curve and
capacity discharge rates performance inverter data
limited? adjustment
Temperature Cell or module Which sensor and Calendar and cycle Thermal system and
thermal condition exclusions apply? sensitivity BMS history
Usable energy Deliverable energy At which point and Revenue capacity Capacity test
within limits test conditions? and duration protocol
compliance
Round-trip Delivered energy Which auxiliaries Charging cost, Contract test and
efficiency relative to charging and meters are revenue and settlement data
energy included? deductions
Availability Time or intervals Which exclusions Revenue deductions | Outage log and

capable of service

and notice rules
apply?

and covenant
headroom

availability report

General framework. Project definitions should follow the executed warranty, service and revenue contracts.

6. MAKE THE DISPATCH TRACE THE MODEL'S SOURCE DATA

A degradation model should begin with the same interval dispatch used in the revenue model.
Market prices, bids and awards determine desired operation. Physical constraints determine
feasible operation. The realised trace then determines throughput, state of charge, temperature
exposure, efficiency and outages. Parallel revenue and degradation models using different
dispatch traces create false precision.

NREL's System Advisor Model supports manual schedules and automated dispatch while
accounting for voltage, temperature and degradation. Its documentation illustrates the core
control principle: operation, technical performance and replacement timing belong in the same
simulation chain. A project can use another validated tool; the integration requirement remains.

The base case should preserve hourly or sub-hourly outputs where market products require them.
Annual averages can hide concentrated stress. A battery may earn a large share of annual margin
during a small number of volatile periods. Those periods can also produce the most aggressive
cycling, temperature or state-of-charge exposure.
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7. CHOOSE THE DEGRADATION METHOD DELIBERATELY

Three broad methods are common. A warranty-table method maps cycle count and depth of
discharge to retained capacity. An empirical semi-physical model estimates calendar and cycling
mechanisms from test data. A machine-learning model learns degradation patterns from observed
curves. Each has a different evidence requirement and error structure.

Warranty tables are transparent and contract-relevant. They can be coarse and may not represent
the project's temperature, rate or mixed duty cycle. Semi-physical models can explain drivers and
extrapolate within validated bounds. They require cell-specific calibration and careful scaling to
the system. Machine learning can detect complex patterns; the training domain and uncertainty
must be visible.

Argonne researchers demonstrated early-life prediction of capacity-fade curves using the first
100 cycles of a public lithium iron phosphate dataset. The reported errors varied by output,
including higher error for rollover-cycle and end-of-life prediction than for curve fit. A finance
model should therefore carry prediction uncertainty and avoid treating a point estimate as a
guarantee.

8. ALIGN CHEMISTRY, CELL DESIGN AND OPERATING REGIME

Lithium iron phosphate and nickel-manganese-cobalt systems can have different ageing
behaviour, safety characteristics and operating limits. Cell design, supplier, manufacturing lot
and control software matter within a chemistry. A generic industry curve should not displace
project-specific evidence.

The model should identify cell supplier, module and rack configuration, inverter topology,
thermal system and battery-management logic. If procurement permits multiple suppliers, each
approved configuration needs a performance representation or a conservative common case.
Substitution rights should preserve bankability through testing, warranty and model updates.

Changes during construction or augmentation can create a mixed fleet. New cells may have
different voltage, capacity or control characteristics from older cells. The augmentation plan
should address compatibility, segmentation and measurement. The financial model should not
assume that one unit of new nameplate capacity restores one unit of contracted usable energy
without integration loss.

9. DEFINE THE MEASUREMENT BOUNDARY

Performance can be measured at cell, module, rack, inverter or grid meter. Each boundary
includes different losses and auxiliaries. Warranty capacity at the DC block may not equal
contracted energy at the point of interconnection. Round-trip efficiency can include or exclude
heating, cooling, controls and transformer loss.

The model should contain a loss bridge from cell capability to settled service. Each item needs an
owner, test method and data source. The bridge should reconcile nameplate, operating reserve,
state-of-charge limits, conversion loss, auxiliary load, downtime and contractual exclusions.

A fixed loss assumption should be tested against load and temperature. Auxiliary consumption
can rise during hot periods or low utilisation. Efficiency can vary with power. The model needs
enough granularity to avoid overstating net energy and understating charging cost.
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10. MODEL ENERGY FADE AND CAPACITY FADE CONSISTENTLY

Capacity fade records loss of charge storage under specified test conditions. Energy fade also
reflects voltage behaviour across discharge. Sandia's 2026 research highlights that the two
measures can diverge when cell results are scaled to system life. A project-level model should
identify which curve drives usable energy.

The distinction affects augmentation. If the contract promises megawatt-hours delivered over a
duration, energy fade is economically relevant. If the warranty tests ampere-hours under
laboratory conditions, a conversion is required. The conversion should account for voltage,
temperature, state of charge, power and balance-of-system losses.

The model should retain both the technical observation and the financial proxy. Replacing one
with the other prevents later reconciliation. Actual capacity tests, energy tests and meter data can
then update the appropriate state variable.

11. TREAT EFFICIENCY AS A DEGRADING ASSET ATTRIBUTE

Round-trip efficiency determines how much charging energy is required for each unit delivered.
Lower efficiency increases charging cost and can reduce net market revenue. It can also trigger
performance deductions. An SEC-filed energy-storage agreement provides a schedule in which a
guaranteed efficiency rate declines by 0.22 percentage points per contract year from an initial

84.5 percent, illustrating that contract tests can contain a time path rather than one static
threshold.

The model should distinguish technical efficiency from contractual efficiency. The technical
model may use AC or DC conversion curves and auxiliary loads. The contract may define meter
locations, test windows, exclusions and calculation conventions. Cash deductions follow the
contract definition.

An Energy Vault filing describes a monthly floor adjusted for availability and round-trip
efficiency, with an annual true-up. This structure shows how performance can affect otherwise
contracted cash flow. The finance model should calculate the same adjustment sequence and
timing.

12. MAKE WARRANTY TERMS MACHINE-READABLE

A warranty should be translated into model constraints. Relevant fields include commencement,
term, warranted energy, power, efficiency, availability, throughput, cycle limits, temperature
bands, state-of-charge bands, excluded events, measurement method, notice, cure, remedy,
liability cap and supplier security.

Fluence's public filings describe assurance and service-type warranties and arrangements to
maintain battery capacity above a threshold or perform fixed augmentations. They also describe
performance liquidated damages when guaranteed thresholds are missed. These disclosures
establish contract mechanisms rather than project terms. Each project must model its executed
documents.

The model should compare each simulated interval or test period with the applicable condition. A
warranty curve without compliance logic can overstate recovery. A claim may fail because
dispatch breached a limit, data are missing, notice was late or the loss falls within an exclusion.

Chennakeshav Adya | Every Cycle Has a Cost | 2026



13. SEPARATE TECHNICAL LOSS FROM WARRANTY RECOVERY

Technical degradation occurs whether or not a claim is recoverable. Warranty recovery is a
contingent cash flow with timing, evidence and counterparty risk. The base financial model
should first recognise physical performance. It should then apply contract recovery as a separate
layer.

This separation avoids two errors. The first treats warranty coverage as if degradation does not
occur. The second assumes an immediate cash reimbursement equal to the lost revenue or
replacement cost. Remedies may be repair, replacement capacity, service, liquidated damages or
a capped payment after testing and cure.

Recovery timing can affect debt service. A replacement delivered twelve months after a failed
test does not restore cash flow during the delay. The model should carry a receivable only when
recognition is justified and should stress dispute, delay and supplier credit.

14. CREATE A GOVERNED DEGRADATION BUDGET

The project should approve an annual and cumulative degradation budget. The budget can
express equivalent full cycles, throughput, time at high state of charge, temperature exposure and
expected capability. Dispatch decisions then consume budget alongside market opportunity.

The optimiser should include a marginal degradation cost or shadow price. This price converts
future capability loss and augmentation cost into a current dispatch constraint. It need not be
perfectly precise to improve discipline. It should be reviewed as operating evidence accumulates.

Budget governance should define authority to exceed limits. A volatile market event may justify
additional cycling when net value remains positive. The decision should record expected gross
margin, incremental lifecycle cost, warranty effect, covenant headroom and responsible approver.

15. CONVERT DEGRADATION INTO A MARGINAL COST

The simplest marginal cost divides the present value of lifecycle expenditure by permitted
lifetime throughput. A stronger method calculates the change in present value caused by an
incremental dispatch. It includes lost future revenue, earlier augmentation, additional charging
loss, maintenance and warranty consequences.

The marginal cost will vary with state of charge, temperature, depth and remaining life. A single
annual value can be used as a floor for routine optimisation, with adders for stressful conditions.
The model should show how the number was derived and how often it is recalibrated.

Merchant dispatch should be tested on net spread after charging energy, market fees, variable
operations cost and degradation cost. Ancillary-service bids should include expected activation
and state-of-charge restoration. Capacity revenue should include the cost of preserving
deliverable energy for the obligation.

16. MODEL AUGMENTATION AS AN OPERATING DECISION

Augmentation adds cells, modules or blocks to restore capability. It can be scheduled at fixed
dates, triggered by a threshold or optimised dynamically. Sandia's energy-storage handbook
distinguishes initial oversizing and later augmentation. Oversizing can simplify integration and
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protect early performance; augmentation can benefit from future cost reductions and observed
ageing.

Augmentation is not only a battery purchase. It can require engineering, transport, labour,
shutdown, control-system changes, testing, permits, spares and balance-of-system capacity.
Space, electrical design and fire-safety approvals can constrain the plan. The financial model
should include all-in installed cost and downtime.

The decision should compare the present value of augmentation with revenue preserved,
performance deductions avoided and residual value created. It should also test whether a smaller
addition postpones a larger intervention. A rule that automatically restores nameplate capacity
every year can hide uneconomic spending.

17. DISTINGUISH OVERSIZING, AUGMENTATION AND
REPLACEMENT

Initial oversizing installs additional capacity before operation. Augmentation adds capacity while
the original asset remains. Replacement removes or retires degraded equipment and installs new
equipment. The three strategies have different capex timing, tax, warranty, integration and
residual-value effects.

Oversizing increases day-one capital and may leave capacity unused early in life. It can reduce
future construction interfaces and protect contractual capability. Augmentation defers capital and
learns from actual degradation; it introduces execution risk. Replacement can reset part of the
fleet and may recover salvage value; it can require a longer outage.

The model should present the strategies on a common net-present-value basis with the same
dispatch and performance obligation. Financing documents should permit the chosen approach
and retain lender control over material expenditure and asset removal.

18. BUILD THREE LINKED LEDGERS

The technical ledger records dispatch, state of charge, temperature, throughput, efficiency,
availability and capability. The contract ledger applies warranties, performance guarantees,
deductions, liquidated damages and claims. The financial ledger records revenue, charging cost,
maintenance, augmentation capex, recoveries, tax, debt service and residual value.

Every material cash flow should trace back to a technical or contractual event. An augmentation
payment should identify the capability threshold and installed quantity. A revenue deduction
should identify the test, measurement period and exclusion. A warranty recovery should identify
the claim basis and assumed collection date.

Linked ledgers make diligence and model audit practical. They also reduce the risk that one
technical assumption is embedded differently in revenue, capex and covenant calculations.

19. ILLUSTRATIVE 100 MW AND 400 MWH MODEL

Consider a hypothetical 100 MW, 400 MWh battery with a fifteen-year operating horizon. The
example assumes an initial installed cost of USD 120 million, 65 percent senior debt, contracted
and merchant revenue, and a minimum four-hour delivery obligation. These figures are
illustrative modelling inputs and do not represent a market quote or project.
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Three cases use the same revenue opportunities and different degradation paths. The controlled
case limits deep cycling and maintains moderate state of charge. The intensive case pursues more
arbitrage and incurs faster energy fade. The adverse case combines higher temperature, lower
efficiency and delayed augmentation. Augmentation occurs only when its present value is
positive and required liquidity is available.

Table 2. Hypothetical degradation and finance cases

Measure Controlled dispatch Intensive dispatch Adverse execution

Annual discharged 110,000 MWh 165,000 MWh 150,000 MWh

throughput

Average equivalent full 0.75 per day 1.13 per day 1.03 per day

cycles

Year-10 usable energy 78% 69% 63%

before augmentation

Year-10 round-trip 84% 82% 79%

efficiency

Augmentation timing Years 8 and 12 Years 6, 9 and 12 Planned year 7; delayed to
year 9

Nominal augmentation USD 14m USD 24m USD 29m

expenditure

Minimum DSCR in 1.34x 1.19x 0.96x

modelled downside

Year-15 residual-value Continuing contracted Merchant capability after Recovery case after

basis capability planned augmentation delayed intervention

[llustrative assumptions only. Figures are not forecasts, market terms or observed project data.

20. READ THE ILLUSTRATIVE RESULT CAREFULLY

The intensive case earns more early gross margin and consumes more capability. Its additional
revenue is not free cash flow when augmentation occurs earlier and debt-service headroom falls.
The result depends on the assumed market spreads, degradation function and capex curve. A
different price path can reverse the ranking.

The adverse case shows timing risk. A technically justified augmentation can fail to protect
lenders when procurement, permits or liquidity delay installation. Revenue deductions and
efficiency losses occur before capacity returns. The financing plan must therefore include trigger
lead time and reserve funding.

The example supports a decision rule: approve a dispatch strategy after comparing incremental
revenue with the present value of degradation, contractual effects and liquidity demand. The
model should show both the economic optimum and the financeable operating envelope.
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Figure 2. Hypothetical usable-energy paths before and after augmentation

1llustrative scenarios only. Paths are constructed for framework demonstration and do not represent observed projects or forecasts.

21. SIZE DEBT AGAINST POST-DEGRADATION CAPABILITY

Debt sizing should use the capability and cash-flow path after degradation, losses, downtime and
augmentation. A lender should not underwrite initial nameplate revenue across the full tenor.
Contracted revenue may also decline when performance deductions apply.

The base case should contain a technically supported degradation path and a funded
augmentation plan. The downside should stress faster fade, lower efficiency, reduced availability,
higher augmentation cost, delay and warranty non-recovery. A tail case should test nonlinear
deterioration or an early module problem.

Debt service coverage should be calculated before and after reserve funding. A project can report
adequate operating cash while accumulating an unfunded augmentation obligation. Restricted
cash, lifecycle reserves and distribution tests should preserve the ability to intervene before
contracted performance fails.

22. FUND THE LIFECYCLE RESERVE

A lifecycle reserve can be funded at closing, through periodic cash sweeps, by letter of credit or
through committed sponsor support. The choice depends on augmentation timing, counterparty
strength, debt tenor and market risk. A reserve based only on expected cost may be insufficient
when equipment price, freight, labour or integration cost rises.

The funding schedule should follow decision lead time. Cash may be required before the
capability threshold is breached because procurement and installation take time. Release
conditions should require completed performance testing and updated forecasts rather than
calendar passage alone.

Unused reserve belongs in the terminal model. It can fund later replacement, repay debt or
distribute to equity according to the documents. The model should prevent the same cash from
supporting both debt service and future augmentation.
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23. LINK COVENANTS TO MEASURABLE CAPABILITY

Financial covenants can be late indicators of degradation. Operational covenants provide earlier
warning. Suitable measures include usable energy, efficiency, availability, cumulative
throughput, state-of-charge compliance, temperature excursions, warranty headroom and forecast

augmentation funding.

Testing frequency should match volatility and contract measurement. Monthly operational
reporting can support quarterly lender review. Annual capacity tests alone may miss rapid
change. Continuous BMS data require validation and clear treatment of missing or revised
values.

A breach should lead to a proportionate response: investigation, dispatch restriction, reserve top-
up, remediation plan, distribution lock-up or default for severe unresolved failure. The documents

should preserve owner and lender access to data and control systems.

Table 3. Degradation monitoring and finance-control matrix

Indicator Evidence Early-warning Financial Governance
question consequence response
Usable energy Controlled capacity | Is capability below Revenue loss and Technical review

or energy test

the approved path?

earlier augmentation

and forecast reset

Round-trip Revenue meters and | Are charging costs Lower net margin Dispatch and
efficiency test protocol or deductions rising? | and contracted thermal review
payment
Equivalent full Validated dispatch Is lifecycle budget Higher marginal cost | Restrict or reprice
cycles data being consumed and reserve demand | dispatch
early?
Temperature BMS and thermal Are excursions Faster ageing and Root-cause plan and
exposure logs persistent or warranty risk operating limit
concentrated?
Availability Outage and Is downtime Capacity and toll Maintenance cure
maintenance records | technical or deductions and spares action

operational?

Warranty headroom

Compliance
calculation

Are operating limits
close to breach?

Reduced recovery
value

Notice, evidence
preservation and
control change

Augmentation Cost estimate, Is funding available | Liquidity shortfall Reserve top-up or

coverage reserve and schedule | before the trigger? and DSCR pressure | sponsor support

Model error Actual-versus- Is forecast bias Mispriced dispatch Independent
budget reconciliation | persistent? and valuation recalibration

General framework. Thresholds and remedies depend on project documents and technical advice.

24. TREAT UNCERTAINTY AS A DISTRIBUTION

Degradation is uncertain because cell variability, site conditions, controls and future dispatch
differ from test conditions. A finance model should use scenarios or probability distributions
rather than one deterministic curve. The choice should match data quality and decision purpose.

Relevant uncertainties include calendar rate, throughput damage, efficiency, temperature,
nonlinear knee onset, downtime, augmentation cost, procurement delay and warranty recovery.
Correlations matter. High temperature can reduce efficiency and accelerate ageing while
increasing auxiliary load.
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The model should report percentile outcomes or clearly defined cases for capability,
augmentation date, reserve sufficiency, debt service and residual value. A confidence interval
without its model domain can mislead. The technical adviser should identify where extrapolation
begins.

25. STRESS THE NONLINEAR KNEE

Lithium-ion degradation can accelerate after a knee point. An early-life linear trend may
therefore overstate remaining life. Argonne's capacity-fade research treats rollover-cycle
prediction as a distinct output, illustrating the need to monitor curve shape as well as average
loss.

A knee stress can apply an additional capability decline after a trigger defined by time,
throughput or observed state of health. The trigger and severity are scenario assumptions unless
supported by project-specific evidence. The model should show the cash consequence of
detection delay.

An operating strategy can preserve option value when uncertainty is high. Moderate dispatch,
diagnostic testing and staged augmentation may produce more value than maximising near-term
revenue if they reduce the chance of irreversible loss or preserve warranty recovery.

26. RECONCILE ACTUAL PERFORMANCE EACH MONTH

The project should compare actual throughput, cycles, temperature, state of charge, efficiency,
availability and capability with budget. Variance should be separated into dispatch choice, market
activation, weather, equipment, outage and measurement effects.

The forecast should update prospectively. Historical assumptions should remain archived so the
board and lenders can assess model error. A silent overwrite destroys learning and can conceal
deterioration. Versioned technical and financial baselines create an audit trail.

Reconciliation should also test revenue quality. Higher gross revenue accompanied by faster
capability loss may reduce value. The report should show net margin after degradation allocation
and the change in augmentation timing.

27. GOVERN OPTIMISER INCENTIVES

An optimiser paid on gross market revenue can prefer aggressive dispatch. An owner funding
augmentation can prefer asset preservation. Incentives should reward net value within lifecycle
limits. The commercial agreement can include a degradation charge, throughput price, shared
augmentation cost or performance adjustment.

The optimiser should receive current technical constraints and should return a complete dispatch
record. The owner needs override rights for safety, warranty and approved lifecycle limits.
Override use should be logged because excessive restriction can also destroy value.

Compensation can use a benchmark for feasible market value after constraints. The benchmark
should be reproducible and should not assume information unavailable in real time. Disputes over
counterfactual revenue should not delay critical asset protection.
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28. PRICE THE WARRANTY COUNTERPARTY

Warranty value depends on the supplier's ability and willingness to perform. The model should
consider term, liability cap, parent support, insurance, security, governing law, claim process and
surviving obligations. A technically strong warranty from a weak counterparty can have limited
finance value.

Fluence filings show that warranty liabilities and performance guarantees are recognised
financial exposures. Public amounts for one supplier do not determine another project's recovery.
They demonstrate that warranties create real obligations with estimation risk.

The lender case should apply collection delay and recovery haircuts where justified. Replacement
capacity may be more valuable than cash when market access and integration are scarce. Step-in
rights should preserve claims after enforcement.

29. ACCOUNT FOR AUGMENTATION AND WARRANTY CORRECTLY

Augmentation expenditure can create or improve an asset; maintenance restores existing
condition. Warranty reimbursement may reduce cost or be recorded separately depending on the
arrangement and accounting policy. Tax treatment can differ by jurisdiction and component.

The financial model should maintain book, tax and cash ledgers. Depreciation should follow the
recognised asset and useful life. Deferred tax and incentive eligibility should be reviewed when
substantial equipment is added after commercial operation.

Accounting presentation should not change project economics, yet it can affect reported ratios,
distributions and covenant definitions. Executed finance documents should state whether
augmentation capex, warranty proceeds and reserve movements are included in relevant
calculations.

30. VALUE THE RESIDUAL ASSET BY REMAINING CAPABILITY

Residual value should reflect deliverable service after remaining degradation, required capex,
contract position and market access. Initial nameplate cost is not a valuation anchor at the end of
life. The asset may have continuing grid rights, land, connection, control systems and reusable
balance of plant even when battery blocks require replacement.

The valuation should separate existing battery capability from the option to repower. A
repowering case needs future equipment cost, outage, permits, integration and financing. A
salvage case needs removal, transport, recycling and liability assumptions.

Second-life value should be included only with evidence for condition, market, certification and
transaction cost. The model should carry decommissioning and recycling obligations even when
salvage value is assumed.

31. DILIGENCE THE DEGRADATION MODEL

Technical diligence should review cell data, ageing method, scaling, dispatch trace, thermal
assumptions, controls, test protocols, warranty alignment and augmentation design. Commercial
diligence should review revenue products, operating constraints and optimiser incentives.
Financial diligence should trace every material output into cash flow and covenants.
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The data room should include source files, version history, model code or calculation logic,
validation results, BMS schema, commissioning tests, operating history, warranty, service
agreement, augmentation plan, cost estimates and claims. Summary presentations do not replace
source evidence.

An independent reviewer should reproduce selected outputs. Useful tests include one-day
dispatch, one-year throughput, capability at a warranty milestone, augmentation trigger, cash
reserve movement and DSCR response. Differences should be resolved before financing.

32. USE A SIX-GATE MODEL REVIEW

Gate one verifies input provenance: cell, system, site, dispatch and contract data. Gate two
verifies technical logic: calendar, cycle, temperature, efficiency and capability. Gate three
verifies contract mapping: tests, exclusions, remedies and payment effects.

Gate four verifies lifecycle actions: oversizing, augmentation, replacement and decommissioning.
Gate five verifies cash flow: revenue, charging cost, capex, reserve, tax, debt service and residual
value. Gate six verifies governance: approvals, reporting, recalibration and change control.

The investment committee should receive exceptions at each gate. Approval should state which
assumptions are supported, which are scenario inputs and which remain conditions precedent.
The model becomes an operating control after closing.

1 2 3 4 5 [3

Governance
and update

Input Technical Contract Lifecycle Cash flow
provenance logic mapping actions and debt

Each gate produces evidence, exceptions, an accountable owner and a decision to proceed, remediate or stop

Figure 3. Six-gate degradation model review

A financeable model links technical evidence to contracts, lifecycle actions, cash flow and ongoing governance.

33. DECISION RULES FOR OWNERS AND LENDERS

The owner should approve dispatch only within the modelled lifecycle envelope or through a
recorded exception. The optimiser should price degradation in bids. The technical manager
should update capability and warranty headroom. The finance team should maintain reserve
sufficiency and covenant forecasts.

Lenders should require the integrated model, data rights, independent testing, funded lifecycle
plan and change control. They should review aggressive merchant assumptions together with the
degradation they create. A higher gross-revenue case is not a better debt case when it reduces
minimum coverage or creates unfunded capex.
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Boards should receive a compact dashboard: net dispatch margin after degradation cost,
capability against budget, efficiency, throughput, temperature exceptions, warranty headroom,
augmentation readiness, reserve coverage and downside DSCR. These measures connect
operations to enterprise value.

34. LIMITATIONS AND RESEARCH AGENDA

Degradation models are approximations. Laboratory data may not represent field conditions. Cell
results may not scale linearly to modules and systems. Future dispatch, temperature, maintenance
and software can differ from the base case. Contract recovery and equipment cost can change.

The illustrative cases in this paper are constructed examples. They do not estimate a
representative project's return or predict a specific technology. No universal marginal degradation
cost, cycle limit or augmentation schedule follows from them.

Further research should compare predicted energy fade with metered system output across
operating fleets; test how optimiser incentives affect lifecycle value; improve uncertainty
propagation from cell to project finance; and develop standard evidence for augmentation,
warranty and lender monitoring.

35. CONCLUSION

Battery degradation belongs inside dispatch economics, financing and valuation. A single annual
haircut cannot explain how operating decisions consume capability or how contracts allocate the
result. The financial model should preserve the dispatch trace and carry separate paths for usable
energy, power, efficiency and availability.

The proposed framework connects ageing drivers to performance tests, warranty, augmentation,
cash flow and debt service. Three linked ledgers preserve the distinction between physical loss,
contractual recovery and expenditure. Scenario analysis captures uncertainty, knee risk, cost
escalation and delay.

A governed degradation budget turns the model into an operating control. Actual performance is
reconciled with assumptions, optimiser incentives reflect lifecycle cost, reserves fund timely
intervention and lenders receive early warning. Every cycle then has an explicit economic
meaning rather than an invisible claim on future value.
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