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Abstract: Mechanical power systems frequently determine whether a certified
high-performance building operates as intended after handover. Pumps, fans,
chillers, boilers, heat-recovery devices, variable-speed drives and their control
sequences form an interacting network in which small calibration errors can
create persistent energy waste, unstable comfort and premature equipment
wear. This review examines how commissioning and retro-commissioning can
optimise those systems in LEED-certified buildings by connecting design intent,
functional verification, operational data and corrective action. A structured
integrative review was undertaken across peer-reviewed studies and current
technical guidance published from 2020 to 2025. Evidence was synthesised
around five themes: verification of design and installation, hydraulic and air-
side optimisation, control-sequence validation, fault detection and diagnostic
analytics, and measurement and verification of realised outcomes. The review
finds that the strongest programmes treat commissioning as a lifecycle
performance-management process rather than a close-out inspection. Effective
strategies combine owner requirements, basis-of-design traceability, calibrated
testing, trend-data analysis, seasonal verification, operator training and post-
occupancy persistence checks. Retro-commissioning is valuable where
simultaneous heating and cooling, excessive static or differential-pressure
setpoints, failed sensors, unstable staging and schedule drift have accumulated.
However, savings claims remain sensitive to baseline quality, weather
normalisation, occupancy change and incomplete submetering. The paper
develops a practical framework that prioritises interventions according to
energy, reliability, indoor environmental quality and implementation risk. It
concludes that commissioning produces durable value only when its findings
are converted into controlled sequences, verified setpoints, accountable work
orders and an ongoing evidence loop supported by competent operators.
Keywords: Building Commissioning, Retro-Commissioning, LEED, HVAC
Optimization, Mechanical Power, Fault Detection, Measurement and
Verification.
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1. INTRODUCTION sustained operational performance. Mechanical

Green certification has raised expectations systems are especially vulnerable to a gap between
for efficient, healthy and lower-carbon buildings, but calculated and measured outcomes because they
certification at completion does not itself guarantee contain multiple components, sensors, actuators,
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control loops and operating schedules that must
work together under changing loads. A high-
efficiency chiller can operate inefficiently when
condenser-water temperatures are poorly reset; a
variable-air-volume system can consume excessive
fan energy when terminal boxes are misbalanced;
and a heat-recovery system can increase rather than
reduce demand when bypass logic, frost control or
economiser sequences are incorrect. Consequently,
mechanical power optimisation requires more than
efficient equipment selection. It requires systematic
confirmation that equipment, distribution networks
and controls satisfy the owner’s functional
requirements operationally.

Commissioning provides that quality-
oriented confirmation for new construction and
major renovation. Contemporary commissioning
standards frame the process from planning and
owner requirements through design review,
submittal review, installation verification, functional
performance testing, training and final
documentation [19]. Existing-building
commissioning applies similar reasoning to facilities
already in service, investigating root causes,
implementing corrections and establishing initial
ongoing monitoring [20]. Retro-commissioning is
therefore not merely deferred testing. It is an
evidence-led intervention that reconstructs intended
performance from records and field conditions, then
compares that intent with the current behaviour of
plant and controls.

The business case is well established but
varies by delivery route and building type. A large
North American meta-analysis reported median
primary-energy savings in existing buildings of
approximately 5% for utility-delivered projects, 9%
for monitoring-based programmes and 14% for
projects outside utility programmes, with a median
simple payback of 1.7 years [1]. A separate evaluation
of 592 buildings found substantial savings across
education, healthcare, laboratory and office
portfolios, while also showing that the dominant
opportunities differ among electricity, chilled water,
hot water and natural gas [2]. Recent research also
changes the practical scope of commissioning.
Building automation systems provide dense time-
series data, and fault detection and diagnostics can
screen large portfolios for deviations that manual
spot checks may miss [4-8]. Machine-learning
studies have demonstrated useful classification of
rooftop-unit, boiler, chiller and air-handling-unit
faults [7-16]. Nevertheless, analytical tools cannot
replace commissioning judgement. A model can flag
abnormal behaviour without establishing whether
the issue is a failed sensor, an inappropriate
sequence, an unrecorded occupancy change or an
operator override. The most defensible approach

combines engineering tests, control logic review, data
analytics and measurement and verification.

This review focuses on mechanical power
systems in LEED-certified buildings because these
projects already contain explicit commissioning,
metering and performance expectations, yet often
face persistence challenges after occupancy. The
central argument is that commissioning should be
treated as the operational bridge between
certification  intent and  verifiable system
performance. The discussion therefore concentrates
on chillers, boilers, pumps, fans, air-handling
systems, terminal units, heat recovery, controls and
the electrical power required to operate them. It does
not treat certification points as a proxy for
performance; instead, it examines the mechanisms
through which commissioning can reduce avoidable
loads while protecting ventilation, comfort, reliability
and maintainability.

2. Aim, Objectives and Review Questions

The aim of this study is to develop an
evidence-based  framework for  optimising
mechanical power systems in LEED-certified
buildings through commissioning and retro-
commissioning. Four objectives guide the review.
First, it identifies recurrent mechanical and control
deficiencies that create avoidable energy use or
reliability loss. Second, it evaluates verification
methods capable of revealing those deficiencies
across design, construction and operation. Third, it
examines how trend analytics, automated fault
detection and measurement and verification can
strengthen conventional field testing. Fourth, it
translates the evidence into a staged implementation
framework suitable for owners, commissioning
providers, facility managers and controls contractors.

Three review questions structure the
synthesis: which mechanical-system faults are most
consequential for energy and service outcomes;
which commissioning activities provide the strongest
evidence that systems perform as intended; and how
can corrective actions be sustained after project
close-out? These questions deliberately connect
technical performance with governance because a
corrected setpoint has little value when permissions,
alarm management, documentation or staff
capability allow the fault to return.

3. REVIEW METHODOLOGY

A structured integrative review was selected
because the topic spans empirical energy studies,
diagnostic research, commissioning standards and
rating-system requirements. The search scope
covered publications dated from 2020 through 2025.
Sources were identified using combinations of the
terms commissioning, retro-commissioning, existing-
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building commissioning, LEED, HVAC, mechanical
systems, building automation, fault detection, energy
performance, measurement and verification,
controls, chiller, boiler, pump, fan and air-handling
unit. Peer-reviewed articles were prioritised for
quantified outcomes and diagnostic methods, while
current standards and official rating-system
documents were used to define process requirements
and verification expectations.

Evidence was screened for direct relevance
to operational mechanical systems. Studies were
retained when they addressed whole-building
commissioning outcomes, functional testing, control
optimisation, HVAC fault detection, energy baselines,
building  characteristics or  post-occupancy
persistence. Studies focused solely on envelope
materials, domestic appliances or residential user
behaviour were excluded unless they provided a
transferable methodological insight. The attached
reference study was used to inform treatment of
building characteristics, meteorological variables,
temporal patterns and model validation; its emphasis
on equipment power density, building type and
weather normalisation is relevant to commissioning
baselines [3].

The selected evidence was coded into six
categories: process definition; common fault
mechanisms; test and data methods; energy and
demand outcomes; indoor environmental quality and
reliability constraints; and persistence
arrangements. Findings were compared by system
boundary, baseline type, temporal resolution and
level of field validation. Instead, the review uses a
mechanism-based synthesis: an intervention is
considered credible when the source explains the
fault, the corrective action, the measurement
boundary and the observed or expected performance
pathway.

Quality was assessed through four questions.
Was the operating boundary explicit? Was a
defensible baseline or normal condition defined?
Were the data and test procedures sufficiently
described? Were alternative explanations
considered? Sources with field measurements and
transparent baselines were given greater weight than
simulations or conceptual guidance, although
simulations remained useful for rare fault conditions
and prospective control testing. The resulting
synthesis is intended to support practical decision-
making rather than to rank technologies by a single
pooled effect size.

4. Commissioning as the Performance Bridge in
LEED Buildings

LEED commissioning requirements create a
formal structure for reviewing owner requirements,

basis-of-design documents, construction checklists,
functional tests, issues logs and final reports [24].
Enhanced commissioning extends the scope toward
design review, submittal review, envelope
considerations, monitoring-based approaches and
post-occupancy activities. The newer rating
framework reinforces lifecycle continuity by aligning
design information, energy reporting and operational
follow-through [25, 26]. These requirements are
valuable because they create traceability, yet their
effectiveness depends on the depth of technical
verification rather than the existence of completed
forms.

The owner’s project requirements should
define measurable mechanical outcomes. Statements
such as “high-efficiency cooling” are too vague for
verification. A testable requirement specifies design
conditions, acceptable temperature and humidity
ranges, redundancy expectations, plant sequencing,
minimum and maximum flows, allowable control
error, metering resolution, alarm priorities and
recovery behaviour after power or communication
failure. The basis of design should then explain how
the selected equipment and sequences will satisfy
those outcomes. When this chain is weak,
commissioning providers can verify installation but
cannot determine whether operation is acceptable.

Design review is most valuable when it
examines system interaction. Oversized pumps
combined with conservative differential-pressure
setpoints can lock valves near closure and waste
power. Minimum-flow requirements can conflict
with low-load chiller operation. Air-side economiser
logic can be defeated by humidity limits, return-air
sensor bias or poorly coordinated mechanical
cooling. Heat recovery can impose fan penalties that
exceed recovered energy during mild conditions.
Review should therefore include part-load maps,
control-point lists, sensor accuracy, valve and
damper authority, plant staging, reset sequences,
access for testing, metering architecture and
maintainability.

Construction verification must distinguish
presence from performance. A sensor may be
installed at the correct location yet remain
uncalibrated. A variable-speed drive may be
connected but commanded at a fixed frequency. A
differential-pressure sensor may be accurate but
located too close to the plant to represent the critical
circuit. Functional performance testing should
challenge systems through representative modes,
including low load, peak load, start-up, shutdown,
occupied, unoccupied, economiser, failure and
recovery conditions. Tests should verify not only
component response but also interlocks and
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sequencing across plant, distribution and terminal
equipment.

Seasonal testing is essential because many
faults remain hidden at handover. Heating sequences
cannot be proven during hot weather, and low-load
chiller stability cannot be established during peak
summer operation. Deferred tests should have
defined triggers, responsible parties and acceptance
criteria, not merely a note in the final report.
Similarly, operator training should be based on actual
sequences, graphics, alarms and troubleshooting
scenarios. Generic equipment demonstrations do not
prepare staff to maintain system-level performance.

A final commissioning report should
function as an operational decision record. It should
identify unresolved issues, accepted deviations, test
evidence, calibrated values, final sequences, alarm
logic, trend requirements and recommended
persistence checks. When these artefacts are
embedded into the systems manual and maintenance
platform, the certification process becomes a usable
control framework rather than a static compliance
archive.

5. Mechanical Power Systems and Recurrent
Performance Loss

Mechanical power is shaped by the
interaction  between load, flow, pressure,
temperature lift and control efficiency. In variable-
flow systems, modest changes in speed can produce
large changes in fan or pump power, which makes
setpoint optimisation attractive but also creates
sensitivity to sensor placement and control stability.
Commissioning should therefore identify whether
each system is delivering the required service at the
lowest practical pressure, flow and temperature
difference.

Chilled-water plants commonly lose
performance through poor staging, excessive
condenser-water temperature, low chilled-water
temperature differential, bypass flow and unstable
minimum-flow control. A plant may stage additional
chillers because flow measurement is inaccurate or
because primary and secondary loops are poorly
coordinated. Low delta-T increases pumping energy
and can force unnecessary equipment operation.
Tests should compare commanded and measured
flows, validate supply and return sensors, examine
valve positions, confirm tower approach and assess
sequencing across a range of loads. Boiler systems
exhibit analogous problems. Excess return
temperature can reduce condensing performance;
short cycling can increase losses and wear; and
simultaneous heating and cooling can obscure the
true load. The 2020 boiler fault study illustrates how
simulated fault libraries and classification methods

can support diagnosis, while also showing limits to
transferring models across different equipment [12].
Commissioning should verify burner modulation,
minimum stable load, reset schedules, pump
interlocks, valve leakage, flue conditions and
distribution temperature differentials. Trend data
should be reviewed during mild weather, when
hidden reheat and minimum-load problems are often
most visible.

Air-handling systems frequently contain the
largest number of interacting faults. Typical issues
include biased temperature or pressure sensors,
leaking outdoor-air dampers, failed economiser logic,
incorrect minimum ventilation, excessive duct static
pressure, simultaneous heating and cooling, unstable
discharge-air temperature and terminal boxes that
drive plant-level resets. A unified fault taxonomy
helps teams describe these conditions consistently
[16]. Functional testing should combine point-to-
point verification, sensor calibration, damper stroke
tests, airflow measurement, setpoint perturbation
and trend analysis. Static-pressure reset should
respond to terminal demand rather than a fixed
worst-case value, while supply-air temperature reset
should consider humidity, zone demand and reheat
consequences.

Terminal units are important because local
faults aggregate into central energy penalties. A stuck
damper, incorrect airflow coefficient or failed reheat
valve can create comfort complaints that operators
address by raising fan pressure or lowering supply-
air temperature for the entire system. Data-driven
studies of rooftop and light-commercial systems
show that statistical classification and unsupervised
methods can reveal patterns not obvious from
conventional alarms [7-14]. Nevertheless,
commissioning must confirm whether the detected
pattern reflects a genuine mechanical fault, a control
sequence, a balancing issue or a data-quality
problem.

Pumps and fans require verification of
rotation, speed control, duty point, impeller or pulley
selection, motor loading, isolation, vibration and
minimum-flow protection. Oversizing should not
automatically lead to equipment replacement. Re-
trimming, drive limits, revised sequencing and
pressure-reset strategies may achieve substantial
savings at lower cost. The key is to establish a stable
control range. Excessive hunting increases wear and
can erase energy benefits. Trend plots of speed,
pressure, valve or damper position and flow provide
a practical basis for tuning.

Heat-recovery devices demand whole-
system assessment. Wheel speed, bypass dampers,
frost control, leakage, pressure drop and supply-air
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temperature all influence net benefit. Commissioning
should calculate the fan-power penalty as well as
recovered energy. In humid climates, latent
performance and cross-contamination risk require
careful attention. The same system may be beneficial
at design conditions but neutral or detrimental under
mild loads, so control enablement must be based on
measured enthalpy or validated temperature logic.

Table 1 consolidates the principal fault
pathways, verification methods and key performance
indicators. Its purpose is to prevent teams from
treating energy, reliability and indoor environmental
quality as separate workstreams. A lower pressure
setpoint is not an improvement when critical zones
lose airflow; reduced outdoor air is not a saving when
ventilation requirements are violated; and aggressive
cycling is not optimisation when equipment life is

shortened.

Table 1: Recurrent mechanical-system faults, verification methods and performance indicators

System / fault
pathway

Commissioning verification

Principal KPIs

Control or corrective
response

Chilled-water plant:
low delta-T, bypass
flow, premature
staging

Calibrate temperature and
flow sensors; test staging at
part load; inspect valve
positions and tower approach

kW /tonne, delta-T,
plant flow, chiller

loading, tower approach

Correct bypasses; revise
staging and reset logic;
stabilise minimum flow

Boiler plant: high
return temperature,
short cycling, hidden
reheat

Trend firing rate, return
temperature and cycle count;
verify pump and valve
interlocks

Thermal efficiency,
return temperature,

cycles/hour, hot-water

delta-T

Reset supply temperature;
repair leakage; revise
lead-lag and minimum-
load logic

Air handling: fixed
static pressure, failed
economiser, sensor
bias

Calibrate sensors; stroke
dampers; perturb setpoints;
verify ventilation and mode
transitions

Fan kW, static pressure,

outdoor-air flow,

discharge temperature,

reheat demand

Demand-based static
reset; economiser
correction; sensor
replacement; supply-air
reset

Terminal units:
airflow error, stuck
damper, leaking
reheat valve

Compare commanded and
measured airflow; test
damper/valve response;
review zone trends

Airflow error, damper

position, valve position,

zone temperature,
complaint rate

Rebalance; correct
coefficients; repair
actuators; eliminate local
faults before raising
central setpoints

Pumps and fans:
oversizing, unstable
speed, poor duty

Measure flow, pressure, speed
and motor power; inspect
vibration and control stability

kW, speed, pressure,
flow, valve/damper
distribution, vibration

Trim or limit speed; revise
pressure reset; tune loops;
improve sequencing

point

Heat recovery:
excessive pressure
drop, bypass or frost-
control faults

compare recovered energy
with fan-power penalty

Test wheel /bypass response; Recovery effectiveness,
fan kW, pressure drop,
supply temperature and

humidity

Revise enable logic; repair
seals and bypasses; tune
frost protection

6. New-Construction Commissioning Strategies

The first strategy 1is early systems
integration. Mechanical, electrical, controls and
architectural decisions should be reviewed together
before procurement. Equipment efficiencies,
electrical demand, heat rejection, shaft power,
acoustics, space constraints and maintainability are
connected. A commissioning provider can identify
interface risks such as absent power metering for
major plant, incompatible control protocols,
inaccessible sensors, inadequate straight pipe for
flow measurement or insufficient isolation for
functional tests.

The second strategy is testability by design.
Points needed to verify plant efficiency should appear
in the controls and metering specification.
Temporary test ports, calibrated flow devices, power

meters and trend storage should be included where
permanent instrumentation is not justified. The data
interval must match the phenomenon: one-minute
data may be needed for unstable control loops, while
fifteen-minute data may be sufficient for plant
efficiency and schedule analysis. Data retention
should support seasonal comparison rather than
disappearing after short-term acceptance testing.

The third strategy is sequence verification
against a written, state-based narrative. High-
performance sequences provide a valuable reference
for reset logic, demand-based operation and real-
time diagnostics [21]. Controls testing should
confirm transitions, timers, dead bands, safeties,
overrides and fallback modes. Testing individual
points without challenging the sequence can miss the
faults that matter most. For example, each chiller may
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start correctly in isolation while the staging algorithm
still starts the second machine too early.

The fourth strategy is measurement-
supported acceptance. Design calculations should be
compared with measured power, flow, temperature
and pressure at representative conditions. Deviations
require engineering interpretation rather than
automatic rejection because loads and weather may
differ from design assumptions. The attached energy-
modelling study demonstrates why building type,
equipment density, temporal variables and
meteorological conditions must be considered when
interpreting consumption [3]. Commissioning
baselines should therefore normalise for weather and
occupancy where possible.

The fifth strategy is structured handover.
Open issues should be assigned owners and dates.
Control backups, final graphics, alarm lists,
calibration records, test scripts and trend templates
should be delivered in usable formats. The facility
team should rehearse common failure scenarios and
understand which setpoints are adjustable, which are
locked, and how changes are documented. A building
that depends indefinitely on the original controls
programmer is not fully commissioned.
7. Retro-Commissioning and  Corrective
Optimisation

Retro-commissioning begins with scoping.
Owners should select buildings and systems using
energy intensity, demand, complaint history,
equipment condition, control-system capability and
strategic importance. A high-consuming building is
not automatically the best candidate; savings may be
dominated by process loads beyond the
commissioning scope. Conversely, a moderately
consuming building with severe scheduling and
control drift may offer faster, lower-risk returns.
Existing-building commissioning standards allow
owners to define scope and budget while retaining a
disciplined process from planning through
investigation and initial ongoing commissioning [20-
30].

The assessment phase establishes current
conditions. Teams review utility data, interval
meters, control trends, sequences, maintenance
records, balancing reports, previous issues and
operator interviews. Walk-through observations
remain essential. Trend data may show a pump
running continuously, but a field visit may reveal that
the schedule was intentionally overridden because a
critical tenant added after-hours operation. The task
is to distinguish justified operational change from
unmanaged drift.

Functional investigation should prioritise
hypotheses rather than test every point
indiscriminately. A persistent low chilled-water
delta-T may arise from bypass flow, three-way valves,
fouled coils, excessive pumping, sensor bias or
control instability. Each cause implies different
evidence. Investigators can use valve-position
distributions, pump speed, differential pressure, flow
balance, coil approach temperatures and calibrated
spot measurements to narrow the diagnosis. This
hypothesis-driven method is more efficient than
broad testing and creates a defensible link between
symptom and correction.

Corrective measures should be organised by
operational risk. Schedule corrections, sensor
calibration, dead-band adjustment, pressure reset
and elimination of simultaneous heating and cooling
are often low-capital measures. More intrusive work,
such as valve replacement, impeller trimming, piping
modification or control-panel replacement, requires
design review and outage planning. For example,
reducing system pressure may remove the need for a
larger pump motor.

Measurement and verification should be
planned before implementation. The 2022 IPMVP
framework requires a defined measurement
boundary, baseline, adjustment method and
reporting process [27]. Whole-building utility
regression may be suitable for broad packages,
whereas component-level metering is preferable for
specific plant changes. Weather, occupancy,
operating hours and major load changes should be
recorded. Savings should not be inferred solely from
a lower post-project bill when the building was less
occupied or the season was milder.

Persistence is the decisive stage. Many retro-
commissioning measures depend on software
settings and are therefore vulnerable to override,
controls upgrades or staff turnover. A persistence
plan should specify protected parameters, trend
points, alarm thresholds, review frequency and
responsibility. Monitoring-based commissioning can
automate part of this task by comparing operation
with rules, models or learned baselines. The
strongest programmes integrate findings into the
maintenance management system, so verified faults
become accountable work orders rather than
dashboard notifications.

Re-commissioning intervals should be risk-
based. Critical systems, rapidly changing occupancies
and complex central plants require more frequent
review than stable, simple systems. Trigger events
should include major tenant changes, control-system
replacement, repeated comfort complaints,
unexplained energy increases, equipment
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replacement and prolonged overrides. This approach
makes commissioning an adaptive management
process instead of a periodic ceremonial exercise.

8. Analytics, Automated Diagnostics and Ongoing
Commissioning

Data-driven fault detection has expanded
because modern automation systems collect large
volumes of operational data. Reviews identify
supervised, unsupervised, model-based and hybrid
methods, each with different requirements for
labelled faults, engineering knowledge and
transferability [4-18]. Supervised classifiers can
distinguish known fault classes when representative
training data exist, while unsupervised methods are
useful for detecting abnormal clusters in real
operating data. Hybrid approaches combine physical
rules with learned residuals to improve
interpretability and reduce commissioning effort.

The practical value of analytics is triage. A
portfolio platform can identify abnormal schedules,
simultaneous loads, excessive baseloads, sensor drift
or unstable loops, allowing engineers to focus field
investigation. Context-aware methods reduce false
alarms by comparing operation with weather, time,
occupancy and system mode [8]. The large-building-
portfolio study on load-profile discord similarly
shows the importance of distinguishing unusual
behaviour from genuine performance degradation
[17].

However, analytics depend on data quality.
Missing points, incorrect units, changed sensor
names, time-zone errors, overridden values and
poorly synchronised clocks can produce convincing
but false diagnoses. Commissioning analytics should
therefore include a data-quality layer that checks
completeness, range, persistence, correlation and
physical consistency before fault rules are applied.
Transferability remains a central limitation. A model
trained on one boiler, rooftop unit or climate may not
perform well on another configuration [12, 13]. The
2024 light-commercial study addressed this problem
by using raw building-automation data, dimensional
reduction and interpretable classification, but it also
documented challenges associated with imbalance
and sizing-related faults [7]. Consequently, ongoing
commissioning should use analytics as decision
support, with engineer validation and feedback used
to refine thresholds and rules.

A mature programme links detection to
resolution. Every significant alert should have an
owner, severity, evidence package, root-cause status,
corrective action and verification result. Alarm
volume should be managed because excessive low-
value alerts reduce trust. Figure 1 represents this
closed loop: requirements define expected
behaviour; tests and trends generate evidence;
diagnostics prioritise deviations; corrective actions
are implemented; and measurement verifies
persistence. Without the final feedback step, analytics
merely describe waste.

: o
= -

criteria

Closed-loop commissioning and persistence model

Evidence moves from requirements to verified operation, then back into routine control

Define Verify Diagnose
* Owner outcomes = Installation quality * Performance tests
and goals * Functional * Trend analysis
* System boundaries performance * Fault detection
and performance * Points and sequences and logic review

O Feedback loop: verified findings update sequences,
training and future tests

Correct Measure Persist
= Controlled * Energy use * Alarms and alerts
adjustments « Occupant comfort * Periodic reviews
* Work orders * System reliability * Re-testing
and close-out as needed

Figure 1: Closed-loop commissioning and performance-persistence model
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9. Energy, Carbon, Indoor Environmental Quality
and Reliability

Mechanical optimisation must preserve
service outcomes. Energy standards establish
minimum efficiency and control requirements, while
ventilation standards define minimum outdoor-air
and indoor-air-quality = provisions [22, 23].
Commissioning should therefore test optimisation
measures against temperature, humidity, airflow,
pressure relationships, contaminant control and
acoustic criteria. A reduction in fan speed is
acceptable only when critical-zone ventilation and
pressurisation remain within limits.

Carbon outcomes depend on timing as well
as annual energy. Reducing electric demand during
carbon-intensive grid periods may provide greater
benefit than an equal reduction during low-carbon
periods. Electrification, heat recovery and thermal
storage create additional control interactions that
commissioning must verify. Global sector reports
emphasise that operational efficiency remains
necessary alongside cleaner energy supply because
building energy demand and emissions remain
materially significant [28, 29].

Reliability is equally important. Excessive
cycling, unstable control, low flows, cavitation, high
bearing loads and repeated safety trips can shorten
equipment life. Commissioning decisions should
therefore use a balanced scorecard covering energy,
peak demand, comfort, indoor environmental quality,
maintenance burden, fault recurrence and equipment
stress. Figure 2 presents a prioritisation matrix that
combines expected performance value with
implementation complexity and operational risk.
Low-complexity, high-value measures should
normally be implemented first, while high-risk
changes require simulation, staged testing or
temporary rollback provisions.

Resilience tests should examine power
restoration, communication loss, sensor failure, lead-
lag rotation, degraded-mode operation and manual
control. Certified buildings often contain advanced
automation, but complexity can create fragility when
fallback sequences are not tested. Reliable
optimisation requires clear safeties, understandable
graphics and documented recovery procedures.

) ACrOss ener {pl

A
. Plan and stage

@ Pont sequencing
e Valve replacement

0 Defer or redesign

@ Major piping change

Higher performance value

e

Lower performance value

Commissioning measure prioritisa

tion

uality

o Implement first
Schedule correction

@ Sensor calibration
@ Pressure reset

Q Pilot with controls

@ Low-ioad optimisation

o< W
e Automated diagnostics
-

@ Lower complexity / risk

Higher performance value

>

Higher complexity [ risk e

Figure 2: Prioritisation matrix for commissioning and retro-commissioning measures

10. Integrated Implementation Framework

The proposed framework contains seven
stages. Stage one defines owner outcomes, system
boundaries and decision rights. Stage two verifies
data, instrumentation and current sequences. Stage

three establishes weather- and use-adjusted
baselines. Stage four identifies fault hypotheses
through tests and trend analysis. Stage five prioritises
corrective measures using energy, reliability, indoor
environmental quality, cost and risk. Stage six
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implements changes under controlled procedures
with rollback capability. Stage seven verifies savings
and service outcomes, then transfers the final

parameters into ongoing monitoring and
maintenance.
Table 2 converts these stages into

deliverables and decision gates. The framework
deliberately separates diagnosis from
implementation and implementation from verified
performance. This separation prevents premature
savings claims and makes responsibilities visible. It
also supports LEED documentation because evidence
from functional tests, trend reviews, operator

training and post-occupancy verification can be
organised around the same lifecycle record.

Governance should include change control
for critical sequences and setpoints. Operators need
authority to respond to real conditions, but
permanent deviations should be recorded with
reason, duration and approval. Commissioning
providers should design trend templates and alarm
priorities that facility teams can sustain without
specialist software expertise. Controls contractors
should provide editable logic documentation rather
than opaque proprietary descriptions.

Table 2: Integrated commissioning implementation framework and decision gates

and root-cause investigation

log, fault hypothesis

Stage Core activity Required evidence Decision gate

1. Define Owner outcomes, boundaries, | Owner requirements, scope Are outcomes measurable
priorities and authority statement, risk register and responsibilities

assigned?

2. Verify Points, meters, sensors, Point list, calibration records, Is the evidence trustworthy
sequences and installation sequence narrative, data- enough for diagnosis?
condition quality report

3. Baseline Normalise energy and demand | Baseline model, adjustment Can change be separated
for weather, use and operating | variables, uncertainty from normal variation?
hours statement

4. Diagnose Functional tests, trend review | Test scripts, trend plots, issue Is the cause demonstrated

rather than assumed?

5. Prioritise

Evaluate value, risk, cost,
downtime and service effects

Measure register, life-cycle and
risk assessment

Does the measure protect
comfort, IAQ and
reliability?

6. Implement

Controlled change, outage
plan, rollback and
documentation

Approved work order, revised
logic, commissioning witness
record

Was the intended change
implemented correctly?

7. Verify and
persist

M&YV, operator handover,
alarms and recurrence checks

Savings report, final setpoints,
training record, monitoring

plan

Are outcomes sustained
and actionable?

11. DISCUSSION AND RESEARCH GAPS
The evidence consistently supports
commissioning as a cost-effective route to
operational improvement, but several gaps limit
comparison. Savings studies use different baselines,
scopes and reporting periods. Mechanical-system
interventions are often bundled, making it difficult to
isolate the contribution of individual measures.

Research on automated diagnostics is
technically advanced but still faces limited
reproducibility, proprietary datasets and weak
transferability across buildings. Future studies
should publish clearer data dictionaries, fault
definitions, baseline periods and field-verification
procedures. Comparative trials should assess not
only detection accuracy but also false-alarm burden,
labour required for investigation, corrective-action
completion and persistence of savings.

LEED-certified buildings offer a useful
research  population because design and
commissioning records are often available, yet
certification level alone should not be treated as a
performance variable. Studies should distinguish
rating version, climate, occupancy, system type,
commissioning scope and operational maturity.
Longitudinal research is needed to examine how
quickly performance drifts after handover and which
combinations of training, analytics, contractual
accountability and periodic re-testing best preserve
outcomes.

A further gap concerns hot and humid
climates, where latent control, heat rejection, water
use and high cooling loads change the value of
common measures. The hot-climate whole-building
diagnostic study demonstrates the need for context-
specific models [10]. Future work should connect
commissioning faults with grid carbon intensity,
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water-energy interactions and resilience during
extreme heat.

12. CONCLUSION

Commissioning and retro-commissioning
optimise mechanical power systems when they are
used as disciplined evidence processes rather than
documentation exercises. The most effective
programmes connect owner requirements to design
decisions, verify installation and control sequences
under realistic modes, investigate operational drift
with calibrated tests and trend data, and measure
outcomes against defensible baselines. Chilled-water,
boiler, pumping, fan, air-handling, terminal and heat-
recovery systems offer recurring opportunities,
particularly through setpoint reset, sequencing,
sensor correction, schedule control and elimination
of simultaneous loads.

LEED provides a valuable framework for
commissioning, metering and lifecycle performance,
but durable results depend on operational
governance after certification. Analytics can expand
coverage and accelerate fault discovery, yet they
require reliable data, interpretable logic and
engineering validation. The principal
recommendation is therefore a closed-loop model in
which every detected deviation 1is assigned,
corrected, verified and monitored for recurrence.
When final sequences, calibrated values, alarms,
training and measurement plans are embedded into
routine facility management, commissioning
becomes a persistent mechanism for lower energy
use, reduced carbon, improved reliability and
protected indoor environmental quality.
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