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Abstract

Decarbonising existing commercial buildings requires replacing combustion-based heat-
ing systems with electrically driven alternatives such as air-source heat pumps (ASHPs).
Although the energy and emissions benefits of heat pumps are well established, less atten-
tion has been given to the plant-level electrical demand uplift and hydronic constraints
that can limit retrofit feasibility in existing buildings. This study quantifies the electrical
demand uplift and air-handling unit (AHU) coil performance limitations associated with
ASHP retrofitting in an existing Australian commercial office building. A peak design-load
assessment was undertaken to compare the baseline gas-fired heating system with an
electrified ASHP configuration under equivalent thermal load conditions. The principal
electrical outcomes are derived from a specified 1900 kW Stage 3 plant-screening heating
boundary. This boundary reflects the prevailing installed plant-screening condition, rather
than the aggregate of scheduled AHU heating duties. First-principles energy balances
and hydronic relationships were used to translate thermal demand into plant electrical
demand under winter design conditions, while existing AHU heating coils were re-rated
under low-temperature hydronic operation. The results show that baseline winter heating
is associated with only a small auxiliary electrical load, whereas the governing baseline
plant peak occurs during cooling at 399 kW. When referenced to the adopted 1900 kW Stage
3 installed-capacity screening boundary, the peak winter ASHP plant electrical demand in-
creased to 956.66 kW, corresponding to an upper-bound electrical uplift of 557.7 kW relative
to the governing baseline plant electrical demand. In parallel, low-temperature hydronic
operation (55/45 °C) reduced AHU heating-coil capacity, requiring increased flow rates
and, in many cases, coil modification to maintain scheduled duty. These findings indicate
that, in the assessed case-study building, the principal barriers to ASHP retrofitting are
not annual energy performance alone, but peak electrical infrastructure implications and
hydronic system compatibility. The study therefore provides a transparent, building-scale
screening methodology for assessing electrification feasibility in existing commercial build-
ings, while recognising that the reported numerical results are specific to the case-study
building and stated design assumptions.
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1. Introduction

The decarbonisation of the building sector has emerged as a central objective of global
climate policy, with commercial office buildings accounting for a significant share of oper-
ational energy use and greenhouse gas (GHG) emissions. Buildings account for approxi-
mately one-third of the global final energy consumption and are responsible for a substantial
share of energy-related emissions, with heating, ventilation, and air-conditioning (HVAC)
systems constituting the dominant energy end-use. In existing commercial buildings, where
the majority of the 2050 building stock is already constructed, achieving net-zero opera-
tional performance requires the transformation of existing systems rather than new-build
optimisation [1-4].

A key component of this transition is the electrification of fossil fuel-based heating
systems. Conventional office buildings typically rely on natural gas boilers for space heat-
ing, resulting in direct (scope 1) emissions. Electrification strategies aim to eliminate these
emissions by replacing combustion-based systems with electrically driven technologies,
most notably heat pumps. Among the available options, ASHPs are widely regarded as the
most deployable solution for retrofitting applications owing to their relatively low capital
cost, minimal site disruption, and compatibility with existing building configurations [5-7].

While the energy and emissions benefits of heat pump systems are well established,
their integration into existing commercial buildings introduces engineering challenges that
are not fully addressed in the current literature. Electrification fundamentally alters the
relationship between thermal and electrical demands. Under conventional gas-fired opera-
tions, the heating demand is decoupled from the electrical infrastructure. In contrast, ASHP
systems directly translate thermal demand into electrical demand through compressor
operation, resulting in structural coupling between the heating load, system efficiency, and
electrical peak demand [8-10].

This transformation has significant implications for the feasibility of retrofitting. The
electrical infrastructure in commercial buildings is typically sized based on peak demand
rather than annual energy consumption. Consequently, the transition from gas-fired
systems to heat pumps can lead to substantial increases in peak electrical load, potentially
exceeding the capacity of existing switchboards and distribution systems. However, most
existing studies evaluate heat-pump performance primarily in terms of annual energy
consumption or seasonal efficiency, with limited attention given to peak electrical demand
and infrastructure constraints [3,4,7].

In parallel, heat pump adoption introduces changes in the thermal operating con-
ditions. Conventional hydronic systems operate at 70-90 °C, whereas ASHP systems
operate more efficiently at 40-55 °C. This reduction in temperature significantly affects
the AHU heating coil performance, potentially requiring increased flow rates or system
modification [11-14].

While previous studies have primarily evaluated heat pump systems in terms of
annual energy performance and emissions reduction, the present case-study analysis
indicates that the feasibility of ASHP retrofitting may be influenced more strongly by
peak electrical infrastructure implications and hydronic system compatibility than by
annual performance alone. By explicitly quantifying thermal-to-electrical load translation
and terminal-unit derating within a single analytical framework, this study highlights
the importance of treating building electrification as an infrastructure-aware engineering
problem rather than solely an energy-efficiency or emissions-reduction exercise. In doing so,
this study contributes to emerging research that emphasises peak load-based electrification
assessment and provides a transferable workflow for evaluating electrical and hydronic
constraints in existing buildings.
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To the authors” knowledge, few prior studies have combined peak electrical uplift,
heat-pump design-point performance, and hydronic terminal-unit compatibility within a
single building-scale retrofit assessment for an existing commercial office building. The
contribution of the present study is therefore not the discovery of a previously unknown
physical relationship, but the quantification of these interacting constraints within a single
case-study screening framework.

The objectives of this study are as follows:

e  Quantify electrical uplift associated with ASHP retrofit;
e  Analyse the transformation of thermal demand into electrical demand;
e  Evaluate the implications of low-temperature operation on the AHU coil performance.

The remainder of this paper is structured as follows: Section 2 reviews the relevant
literature, Section 3 describes the methodology, Section 4 presents the results, Section 5
discusses the implications, and Section 6 concludes.

2. Literature Review
2.1. Electrification and Infrastructure Constraints

Electrification is widely recognised as a central pathway toward net-zero buildings,
driven by the need to eliminate direct emissions from fossil fuel combustion and align build-
ing energy use with an increasingly low-carbon electricity supply [3-5,7]. This transition
represents a fundamental shift in building performance evaluation from a focus on annual
energy consumption and emissions to an emphasis on infrastructure-based constraints.
Under electrification, the thermal demand is directly coupled to the electrical demand,
fundamentally altering the load profiles and increasing the peak electrical requirements [7].
Recent studies have demonstrated that large-scale building electrification can significantly
increase the peak demand at the building and supply grid levels. However, much of the
existing literature continues to prioritise aggregated or annual performance metrics, with
limited attention to peak demand implications or building-specific electrical constraints in
commercial retrofit scenarios. Consequently, the role of electrical infrastructure capacity as
a limiting factor in electrification feasibility remains insufficiently developed [3-5,7].

2.2. Heat-Pump Performance and Variability

Heat pumps are widely regarded as a cornerstone technology for building decar-
bonisation because of their potential to deliver heating and cooling at high efficiencies.
Despite this, real-world performance exhibits substantial variability, with field studies
reporting operational coefficients of performance (COP) ranging from approximately 1.2 to
3.2, which are often significantly lower than laboratory-rated values [8]. This performance
gap is driven by factors such as climatic conditions, control strategies, system sizing, and
integration with existing building systems. The variability is particularly pronounced in
cold conditions, where declining ambient temperatures increase the compressor demand
and reduce efficiency. Critically, these reductions in performance tend to occur during
peak heating periods, resulting in elevated electrical demand precisely when electrical
infrastructure constraints are most acute [8-10,15].

2.3. Load Dependency and System Interaction

The performance of heat pump systems is strongly dependent on the building’s
thermal demand, with higher heating loads directly translating into increased electrical
demand during electrified operation. Improvements to building envelope performance
have been shown to significantly reduce heating demand and, in turn, lower the electrical
loads associated with heat pump operation [16]. However, evidence of diminishing returns
suggests that envelope upgrades alone may not always deliver optimal outcomes, and
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that system-level optimisation can be equally impactful, or more so, in certain contexts.
Despite this interdependence, the literature frequently treats building fabric performance
and system electrification as distinct domains, with limited integration of their combined
effects on peak electrical demand and infrastructure requirements [16,17].

2.4. Hydronic Constraints and Coil Performance

The transition from high-temperature boiler-based systems to low-temperature heat
pump operations introduces significant challenges to existing hydronic distribution systems.
Reduced supply temperatures decrease the temperature differential across AHU coils and
other terminal units, resulting in a reduced heat transfer capacity [11,12]. To maintain an
equivalent thermal output, systems must compensate for increased water flow rates, larger
heat exchange surfaces, or system reconfiguration. These adaptations have implications
for both energy consumption and retrofit feasibility, as increased flow rates raise pumping
energy and may exceed the design limits of the existing distribution infrastructure. While
previous literature has established that heat-pump electrification can reduce direct fossil-
fuel use, fewer studies quantify the interactions among design-point plant electrical uplift,
existing terminal-unit performance, and retrofit feasibility at the individual commercial-
building scale. This is particularly important in cases where low-temperature heat delivery,
existing coil geometry, and limited electrical headroom must be assessed together [11-14].

2.5. Research Gap

The existing literature provides a robust foundation for understanding heat pump
technology, building electrification pathways, and energy efficiency strategies in the con-
text of decarbonisation. However, as synthesised in Sections 2.1-2.4, several critical gaps
remain, limiting the applicability of this body of work to real-world commercial retrofitting
scenarios. First, despite the growing recognition that electrification fundamentally shifts
buildings from energy-based to infrastructure-based constraints, peak electrical demand
is rarely treated as a governing feasibility criterion. Instead, assessments continue to rely
on annual or seasonal performance metrics, obscuring the infrastructure limitations that
emerge under peak operating conditions. Second, there is a lack of detailed building-scale
quantitative analysis of electrical load uplift associated with electrification in retrofit con-
texts, particularly for commercial buildings with constrained electrical capacity. Third,
while the limitations of hydronic systems during low-temperature heat pump operation are
acknowledged, these constraints are seldom integrated into electrification assessments in
ways that capture their interactions with electrical demand and system performance. Con-
sequently, the combined effects of electrical infrastructure capacity, heat pump operational
variability, building thermal load, and hydronic system constraints remain insufficiently
explored in the literature. This study addresses these gaps by providing an integrated,
building-specific analysis of the electrical and hydronic implications associated with heat
pump electrification in a commercial building retrofit context, with particular emphasis on
peak demand and infrastructure feasibility [3,4,8,11,14,17].

Accordingly, the literature indicates a clear need for building-scale electrification
assessments that go beyond annual energy metrics and explicitly evaluate peak electrical
infrastructure implications, as well as hydronic and terminal-unit compatibility.

3. Materials and Methods

This section describes the case-study building, the baseline model and plant assump-
tions, the analytical system boundary, and the first-principles relationships used to quantify
electrical uplift and terminal-unit derating under ASHP retrofit. The approach combines a
fit-for-purpose baseline building model with screening-level thermodynamic and hydraulic
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calculations to assess electrification feasibility under governing peak-load conditions. This
analysis focuses on converting thermal demand into plant electrical demand and assess-
ing how low-temperature hydronic operation affects the performance of existing AHU
heating coils.

The analysis was undertaken using a representative multi-storey commercial office
building, designated as the case-study building. The building has a gross floor area of ap-
proximately 15,000 m? and is representative of the medium-to-large segment of Australian
commercial office stock. Its configuration and operational characteristics are consistent
with contemporary Australian design practice and relevant regulatory requirements, in-
cluding the National Construction Code (NCC) and AS 1668 for ventilation and indoor air
quality [1,4].

3.1. The Case-Study Building and Baseline Definition

The case-study building is served by a centralised HVAC system comprising 13
air-handling units (AHUs) that supply open-plan office zones via hydronic heating and
cooling coils. Space heating is provided by gas-fired boilers, and cooling by water-cooled
chillers. Hydronic circulation is delivered through primary and secondary pumping
systems within the building. This arrangement is representative of a contemporary 5-star
NABERS-rated commercial office building and provides a realistic basis for evaluating
heating electrification in existing commercial stock.

An IES VE-informed model was used to establish the baseline conditions. The model
was developed using IES VE and informed by load checks and site-observed system
information, including installed plant capacities, equipment nameplate ratings, available
building documentation, and operational and commissioning data. Its purpose was to
define the governing plant-level thermal loads and electrical reference conditions required
for comparative retrofit screening, rather than to provide a full utility-bill calibration or
formal measurement-and-verification model. The resulting model provides a suitable
engineering basis for the comparative analysis of the baseline and electrified scenarios. The
peak thermal loads from the baseline were 1900 kW for heating and 1813.10 kW for cooling.

Under baseline operation, the heating demand is met through gas combustion and is
therefore largely decoupled from the building’s electrical system. Winter heating operation
is associated with only a small auxiliary electrical load of 5.54 kW, including heating
plant auxiliaries and pumps. In contrast, the governing baseline plant electrical demand
occurs during the cooling operation, peaking at 399 kW, including energy for the chiller,
cooling tower, and pump. Accordingly, the cooling operation was adopted as the governing
baseline electrical condition for infrastructure comparison.

3.2. Peak Load Derivation and Data Sources

The peak thermal loads were derived from a combination of on-site operational data
and first-principles heat balance calculations. This approach was adopted to maintain
transparency and reproducibility while remaining consistent with engineering design
practices for electrical and hydronic infrastructure assessments.

The heating and cooling loads of the building were determined under steady-state
peak design conditions. The envelope heat transfer was calculated using documented
characteristics of the fagade, glazing, and roof. Internal gains from occupants, lighting, and
equipment were based on the observed operational data and typical high-performance
office usage profiles. The ventilation and infiltration loads were derived from the design
airflow rates and outdoor air requirements.

Peak conditions were assessed using long-term meteorological data from Canberra,
Australia. A winter ambient temperature of —5 °C was adopted for the peak heating
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analysis to represent a conservative design condition for infrastructure assessment. The
cooling loads were evaluated under the corresponding summer design conditions. Using
this approach, peak heating and cooling loads of 1900 kW and 1813.10 kW, respectively,
were established as the governing thermal inputs for the subsequent analysis.

This study focused on steady-state peak conditions rather than time-series operations.
This reflects that switchboards, transformers, and hydronic distribution systems are sized
based on the maximum coincidence demand rather than on annual or average energy
consumption. The resulting load set was used consistently throughout the electrical,
hydraulic, and terminal-unit assessments.

The AHU schedule reproduced in Appendix A provides the basis for the terminal-unit
compatibility assessment, but it does not by itself define the full governing plant-level
screening boundary. The scheduled AHU heating duties sum to approximately 1046.3 kW,
whereas the 1900 kW heating load used in the electrification assessment reflects the broader
Stage 3 plant-screening condition adopted. The 1900 kW value should therefore be inter-
preted as a conservative installed-capacity retrofit screening boundary rather than the sum
of scheduled AHU coil duties alone. The reported electrical uplift should accordingly be
understood as an upper-bound plant-screening outcome referenced to the adopted installed
heating boundary, rather than as a direct measure of the building’s coincident scheduled
AHU peak demand.

A summary of the principal baseline model inputs, operating assumptions, and
verification basis is provided in Appendix A.

3.3. Overview of Analytical Framework

System boundary of the assessment. The present study evaluates the implications of
heating electrification at the plant and terminal-unit levels rather than a full whole-building
energy-system replacement. The baseline case comprises gas-fired boilers serving the exist-
ing hydronic heating network, together with the existing cooling plant, which is retained
as the governing baseline electrical reference during summer operation. The reported
624.17 kW summer ASHP demand is presented as a comparative reversible-operation
scenario used to test whether summer or winter operation would govern electrified plant
demand; it does not replace the retained baseline cooling plant within the principal retrofit
boundary. The retrofit case assesses replacing combustion-based heating with ASHP-based
heating at equivalent peak thermal demand, while the existing terminal-unit network is re-
evaluated for low-temperature hydronic operation. Accordingly, the principal comparison
is between baseline plant electrical demand and electrified plant electrical demand under
governing seasonal conditions, rather than between total annual whole-building electricity
consumption. This system boundary is adopted deliberately to isolate the infrastructure
consequences of heating electrification, including peak electrical uplift and terminal-unit
compatibility, which are the principal focus of the study.

The analytical framework was used to evaluate the implications of replacing the
baseline gas-fired heating system with an ASHP system. The method translates peak
building thermal demand into electrical demand while simultaneously assessing hydronic
system requirements and terminal-unit performance.

The analysis was structured in three stages:

1.  Hydronic system transformation, in which the thermal demand is converted to the
required water flow rates and pumping energy.

2. Heat pump electrical demand calculation, based on peak heating demand and ASHP
coefficient of performance (COP).

3.  Terminal-unit reassessment, in which existing AHU heating coils are re-rated under
low-temperature operation.
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This structure allows electrification feasibility to be assessed as a coupled plant-and-
distribution problem, rather than as a simple equipment substitution [18].

3.4. Hydronic System Representation

The required hydronic mass flow rate was determined from the steady-state energy
balance using Equation (1). The corresponding volumetric flow rate is calculated using
Equation (2). The hydraulic pumping power is determined using Equation (3) and con-
verted to pump electrical demand using Equation (4), where the system pressure differential
and combined pump-and-motor efficiency are explicitly included. Together, these rela-
tionships define the auxiliary electrical demand associated with hydronic heat delivery
under electrified operation. A 55/45 °C supply/return regime was adopted as a pragmatic
low-temperature retrofit condition for the present analysis. This temperature range was
selected to reflect an operating condition that is more compatible with ASHP efficiency
than conventional high-temperature boiler systems while remaining within a range that
existing hydronic terminal units may approach under retrofit conditions. Therefore, the
chosen regime provides a suitable basis for evaluating the interaction between improved
plant efficiency and reduced terminal-unit capacity.

- Qheat, peak )
cpAT
where m is the water mass flow rate (kg/s), Qneat, peak 18 the peak heating load (kW), ¢, is
the specific heat capacity of water, and AT is the temperature differential between supply
and return water.
The corresponding volumetric flow rate is given by

m
V=— )
P
where p is the density of water.
The hydronic pumping power was calculated from the pressure-flow relationship as

follows:
Ppyg =AP-V (3)

and converted to electrical demand as follows:

Ppump = ey (4)
n
where AP is the system pressure differential and # is the combined pump-and-motor
efficiency. For the present case-study calculation, the winter ASHP heating pumping
demand of 6.66 kW was evaluated using the adopted 1900 kW heating load, a 55/45 °C
hydronic regime, an equivalent retrofit heating-circuit pressure differential of 88 kPa, and
a combined pump-and-motor efficiency of 60%. These values represent the simplified
retrofit-screening pumping basis used in Equations (3) and (4), rather than the existing
baseline heating-pump schedule values reported in Appendix A.
These relationships define the auxiliary electrical demand associated with hydronic
heat delivery under electrified operations.

3.5. Heat Pump Electrical Demand

The electrical demand of the compressor required to meet the peak heating load was
calculated using Equation (5), which relates the thermal load to the heat pump COP. For the
peak demand assessment, the ASHP was evaluated at a winter design ambient temperature
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of —5 °C. A COP of 2.0 was adopted as a conservative lower bound representative of
adverse winter operations. This COP is intended to represent a conservative winter design
point for infrastructure assessment, rather than for seasonal or annual heat-pump perfor-
mance. This assumption reflects adverse operating conditions associated with low ambient
temperature, increased compressor lift, and peak heating operation. It was adopted to
avoid understating the electrical implications of electrification under the most onerous
credible winter conditions. The robustness of this assumption is examined through the
sensitivity analysis presented in Section 4.2, which shows that the electrical uplift remains
material across a wider range of plausible COP values. This conservative design-point as-
sumption is also consistent with the lower end of field-reported cold-condition heat-pump
performance discussed in the literature review, where real-world COP values can fall well
below nominal catalogue values under adverse ambient conditions [8,9,15]. The present
study does not explicitly simulate transient defrost events, auxiliary electric heating, or
manufacturer-specific capacity derating curves; these effects are therefore not embedded in
the base-case numerical result and, if included, would be expected to reinforce rather than
reduce the winter infrastructure constraint.

The total peak ASHP plant electrical demand is then calculated using Equation (6) as
the sum of the compressor and hydronic pumping demands. This value represents the
electrical demand imposed by heating electrification.

chermal
Puspp = ——thermal
ASHP COP(Tumbient) (5)

where Pasyp is the compressor’s electrical demand and COP (T, pien:) is the temperature-
dependent performance of the heat pump.
The total plant electrical demand is then calculated as

Piotal = Paspp + Ppump (6)

3.6. Electrical Infrastructure Impact Assessment

The impact of electrification was assessed by comparing the peak ASHP plant demand
with the governing baseline plant demand. The incremental electrical uplift is defined by
Equation (7) as the difference between the peak ASHP plant electrical demand and the
maximum baseline plant electrical demand.

To ensure that the electrical uplift is assessed under the most restrictive operating
conditions, Equation (8) defines the governing electrical uplift as the maximum of the
winter and summer uplifts. This approach reflects the practical need to consider the highest
credible plant demand when screening the potential implications of electrification for
existing electrical infrastructure.

AP nMsB = Piotal — Praseline (7)

where AP_jsp is the incremental plant electrical uplift relative to the governing baseline
plant electrical demand, Py, is the total ASHP plant electrical demand under the assessed
condition, and Py is the maximum baseline plant electrical demand used as the compar-
ison reference. To account for seasonal variation, the governing electrical uplift is defined
as the maximum of the winter and summer uplifts as follows:

AP_MSB, max — maX(APwinter/ Apsummer) (8)

This approach provides a conservative plant-level screening basis for assessing the
potential electrical infrastructure implications of electrification.
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3.7. Heating Coil Re-Rating and Terminal-Unit Assessment

In addition to the plant’s electrical demand, heating electrification affects the thermal
performance of terminal heating units because existing coils are exposed to lower enter-
ing water temperatures. To assess this effect, the AHU heating coil’s performance was
re-evaluated using an effectiveness—-NTU formulation. For the purposes of the present
screening assessment, the coil re-rating procedure was implemented using a simplified
heat-exchanger representation in which the existing coil UA was inferred from the sched-
uled duty, entering water temperature, entering air condition, and rated flow condition
of each AHU. This approach was adopted as a pragmatic engineering method for com-
parative retrofit screening rather than as a detailed manufacturer coil-selection exercise.
The resulting UA values should therefore be interpreted as inferred effective conductances
for comparing relative performance at alternative water temperatures, rather than as ex-
act manufacturer-rated coil parameters. For screening purposes, the NTU—effectiveness
formulation was implemented using a simplified counter-flow representation. This approx-
imation is expected to provide a slightly optimistic estimate of coil performance relative to a
more representative cross-flow treatment and may therefore modestly overstate the inferred
UA. In addition, the coil reassessment was undertaken under equivalent airflow condi-
tions; the present analysis therefore does not capture any VAV response in which increased
airflow might partially offset coil shortfall but would also increase winter fan power.

The airside and waterside heat capacity rates are defined by Equation (9), and the
corresponding capacity ratio is determined using Equation (10). The coil effectiveness is
defined in Equation (11) and is related to the number of transfer units using Equation (12).
The inferred overall heat transfer conductance UA is then obtained using Equation (13).

Using the inferred coil UA, the achievable heating capacity at 55 °C entering water
temperature is calculated using Equation (14). The resulting reduction in coil capac-
ity relative to the legacy high-temperature condition is given by Equation (15). Finally,
Equations (16) and (17) define two uplift metrics: the required increases in water flow and
heat transfer conductance to restore the original duty under low-temperature operation.
The reported flow uplift factors represent the calculated increase in water flow required
to recover scheduled duty under the same low-temperature condition and are therefore
treated as screening-level indicators of hydronic capacity stress rather than as final design
flow selections. These metrics form the basis of the AHU-by-AHU compatibility assessment
reported in Section 4.5.

Co = macp, ar Co = mwcp, w )
The capacity ratio is given by
C..
C — min 10
' Cmax ( )
where C,,;;, and Cyygx are the minimum and maximum heat capacity rates.
The coil effectiveness is defined as:
Q
e= (11)
Conin(Tn, in — Te, in)
and is related to the number of transfer units (NTU) as follows:
1 1—¢C,
NTU—l_Crln< T ) (12)
The overall heat transfer conductance is expressed as
UA = NTU - Cpiy, (13)
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Using the inferred U A, coil performance is re-evaluated under the reduced entering
water temperature (55 °C) to determine the achievable heating capacity:

Qs5 = €55Cin (Tw, in, 55 — Ta, in) (14)
The reduction in the heating capacity is expressed as

Capacity Ratio = % (15)

70
where Q7 represents the scheduled heating duty under the legacy high-temperature regime.
To assess the feasibility of restoring the original performance, two uplift metrics
were defined:

Vo .
Flow Uplift Factor = M (16)
Vexisting
UA,cpui
UA Uplift Factor = /447 17)
UAexisting

These metrics quantify the extent to which increased water flow or heat transfer area
is required to maintain the designed heating capacity under low-temperature operation.

3.8. Modelling Approach and Assumptions

The analytical framework combines first-principles thermodynamic and hydraulic
relationships with simplified representations of heat-pump performance. Building thermal
loads are derived from an IES VE-informed, fit-for-purpose engineering feasibility model,
while plant performance is represented through reduced-order COP relationships and
steady-state hydronic equations. This may be described as a hybrid white-box/grey-box
approach: the building thermal behaviour is represented using physics-based modelling
and design-load verification, whereas heat-pump performance, pumping demand, and hy-
dronic operation are represented through simplified engineering relationships appropriate
for screening-level assessment. The framework is intended for building-scale feasibility
assessment, where the objective is to quantify electrical demand uplift and hydronic com-
patibility constraints rather than to simulate detailed compressor thermodynamics or full
transient plant operation [18].

Although the numerical results presented in this study are specific to a single represen-
tative commercial office building, the underlying analytical methodology is transferable to
a broader range of existing buildings. To support wider application, the analytical process
can be expressed as a structured and repeatable workflow comprising the following steps:

(1) Determine the peak heating and cooling loads using suitable software-based feasibility
models, such as IES VE-informed models, design-day heat-balance calculations, or
BMS time-series data where available.

(2) Establish heat-pump performance under design ambient conditions, including COP
degradation at low temperatures.

(3) Convert the thermal demand to electrical demand using temperature-dependent COP
relationships and hydronic pumping requirements.

(4) Use the resulting peak electrical demand to quantify plant-level electrical uplift and
assess the potential implications for existing switchboard and transformer capacity.

(5) Re-rate existing AHU heating coils under reduced entering water temperatures
(40-55 °C) using NTU-effectiveness methods to quantify capacity shortfall.

(6) Determine enabling measures, including flow rate increases, coil modification, enve-
lope improvements, and hybrid system configurations.

https://doi.org/10.3390/en19133018
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Accordingly, the principal contribution of this study lies not in the universal applicabil-
ity of the reported values, but in providing a structured workflow through which electrical
uplift, heat-pump performance, and hydronic compatibility can be assessed in other retrofit
contexts. This workflow enables practitioners to evaluate electrification feasibility in other
commercial buildings in a consistent and transparent manner. In addition to the base-case
assessment, a limited parametric extension was undertaken to test the sensitivity of the
principal results to variation in peak heating-load magnitude and heat-pump COP. The
purpose of this analysis was not to represent full multi-building or time-series behaviour,
but to determine whether the governing electrical conclusions remain materially consistent
across a plausible range of retrofit conditions.

4. Results
4.1. Overview of Analytical Outputs

The results are presented in terms of peak thermal demand, the corresponding electri-
cal demand under ASHP operation, and the resulting electrical uplift relative to baseline
conditions. Additional results are provided for the distribution of electrical demand compo-
nents and the impact of reduced supply temperatures on the AHU heating coil performance.
Although the present results are specific to the case-study building, the analytical structure
is transferable and serves as the basis for the workflow described in Section 3.8.

4.2. Peak Thermal-to-Electrical Demand and COP Sensitivity

The peak heating and cooling demand for the case-study building is 1900 kW and
1813.10 kW, respectively. For reference, the scheduled AHU heating duties reproduced in
Appendix A sum to approximately 1046.3 kW, while the 1900 kW value used in the base
case represents the adopted Stage 3 installed-capacity screening boundary.

Under ASHP operation with a COP of 2.0, the corresponding peak electrical demand
was calculated as 956.66 kW for heating and 624.17 kW for cooling, using the governing
energy balance, hydronic flow, pumping, and heat-pump performance relationships defined
in Equations (1)—(6). This represents the electrical input required to meet the design heating
and cooling loads, along with the corresponding pumping power under winter and summer
conditions. For summer operation, a cooling COP of 3.0 was adopted for the comparative
ASHP cooling case. Under the governing cooling load of 1813.10 kW, this corresponds to a
compressor electrical demand of 604.37 kW, which, together with 19.80 kW of associated
chilled-water pumping demand, gives the reported total summer plant electrical demand
of 624.17 kW. The larger summer pumping term reflects the higher cooling-mode water
flow associated with the adopted 7/14 °C chilled-water regime and the 192 kPa equivalent
cooling-circuit pressure differential, compared with the 55/45 °C heating case and 88 kPa
equivalent heating-circuit pressure differential.

This summer ASHP case is therefore used as a comparative electrified-operation
scenario rather than as the principal adopted retrofit boundary, which retains the existing
cooling plant as the baseline summer electrical reference.

Figure 1 separates the peak thermal-load basis from the corresponding plant electrical
demand to avoid conflating thermal and electrical quantities. Figure 1a presents the peak
heating and cooling thermal loads used as inputs to the ASHP assessment, while Figure 1b
presents the resulting baseline and ASHP plant electrical demands under winter and
summer operating cases.
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Figure 1. (a) Peak heating and cooling thermal loads used as the governing design-load inputs for the
case-study building. Thermal quantities are reported in kW. (b) Baseline and ASHP plant electrical
demands under winter and summer operating cases. Electrical quantities are reported in kW.

Figure 1 shows the peak thermal-to-electrical demand conversion for the base ASHP
case at a design COP of 2.0. However, because the electrical demand imposed by the
heat pump is highly sensitive to COP, the infrastructure implications of electrification vary
significantly with plant performance under adverse operating conditions. To illustrate
this dependency, Table 1 summarises the corresponding peak electrical demand and uplift
across a representative range of COP values. As the COP decreases, the electrical demand
required to satisfy the same 1900 kW heating load increases rapidly. In the limiting case
where the COP approaches 1.0, the system offers little practical advantage over direct
electric resistance heating, since nearly one unit of electrical input is required for each
unit of thermal output. Under such conditions, the peak electrical demand would become
prohibitively high for most retrofit applications, substantially undermining the technical
and economic viability of ASHP-based electrification [8,10,15]. Table 1 summarises the sen-
sitivity of peak ASHP plant electrical demand to variations in COP across a representative
performance range.
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Table 1. Sensitivity of peak ASHP plant electrical demand and electrical uplift to COP.

COP Electrical Demand (kW)  Electrical Uplift (kW)  Relative Uplift (%)

1.5 1273 874 219.13
2 957 558 139.76

25 767 368 92.14
3 640 241 60.40

As shown in Table 1, lower COP values lead to a substantial increase in peak electrical
demand and relative uplift, whereas higher COP values reduce, but do not eliminate, the
electrical uplift relative to baseline operation. Even at a COP of 3.0, the electrified winter
plant demand remains materially above the governing baseline plant demand of 399 kW.

To extend the assessment beyond one-dimensional COP testing, the same peak-
demand framework was applied across a bounded range of heating-load magnitudes
and design-point COP values. This additional analysis was used to test whether the main
electrical findings remain materially consistent when the adopted heating-load basis and
heat-pump performance assumptions are varied within a plausible retrofit screening range.

4.3. Parametric Sensitivity of Peak Electrical Uplift

To test the robustness of the base-case electrical result beyond a single COP and
heating-load assumption, the peak-demand framework was extended across a bounded
range of heating-load magnitudes and design-point COP values. Heating-load multipli-
ers of 0.55, 0.80, 1.00, and 1.20 were combined with COP values of 1.5, 2.0, 2.5, and 3.0.
The 0.55 multiplier corresponds closely to the scheduled AHU heating-duty total of ap-
proximately 1046.3 kW, while the 1.00 multiplier represents the adopted 1900 kW Stage 3
installed-capacity screening boundary. The 0.80 and 1.20 cases provide additional lower-
and higher-load sensitivity points around the installed-capacity screening case.

For each case, the governing ASHP plant electrical demand and corresponding elec-
trical uplift relative to the baseline peak plant demand of 399 kW were recalculated using
the same thermodynamic and hydronic relationships applied in the base case. Hydronic
pumping demand was scaled from the base-case winter value of 6.66 kW in proportion to
the applied heating-load multiplier. Table 2 summarises the resulting peak ASHP plant elec-
trical demand and electrical uplift across the tested parameter range. Across the sensitivity
range, lower COP values and higher heating-load assumptions increase the governing
winter plant demand, whereas higher COP values and lower heating-load assumptions
reduce the uplift relative to the baseline plant demand.

Table 2 shows that peak ASHP plant demand and electrical uplift are strongly de-
pendent on both the assumed heating-load basis and the design-point COP. Across all
heating-load multipliers, lower COP values increase the calculated electrical demand, while
higher COP values reduce the uplift relative to the governing baseline plant demand of
399 kW. The lower end of the tested load range, at approximately 0.55 of the installed-
capacity case, corresponds closely to the scheduled AHU heating-duty total of 1046.3 kW
reported in Appendix A. On a scheduled-duty basis, the calculated uplift is materially
lower than under the adopted 1900 kW Stage 3 installed-capacity screening boundary.
Conversely, the base-case 1.0 multiplier represents the conservative installed-capacity
screening condition and produces the reported 557.7 kW uplift at COP = 2.0. The sensitivity
results therefore confirm that the headline uplift should be interpreted as an upper-bound
installed-capacity screening result, rather than as the building’s coincident scheduled AHU
peak-demand outcome.
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Table 2. Parametric sensitivity of peak ASHP plant electrical demand and electrical uplift to heating-

load magnitude and COP.
Heating-Load Peak Heating COP Peak ASHP Plant Electrical Uplift  Relative Uplift

Multiplier Load (kW) Demand (kW) (kW) (%)
0.55 1046.30 1.50 701.20 302.20 75.74
0.55 1046.30 2.00 526.82 127.82 32.04
0.55 1046.30 2.50 422.19 23.19 5.81
0.55 1046.30 3.00 352.43 —46.57 —11.67
0.80 1520.00 1.50 1018.66 619.66 155.30
0.80 1520.00 2.00 765.33 366.33 91.81
0.80 1520.00 2.50 613.33 214.33 53.72
0.80 1520.00 3.00 511.99 112.99 28.32
1.00 1900.00 1.50 1273.32 874.32 219.13
1.00 1900.00 2.00 956.66 557.66 139.76
1.00 1900.00 2.50 766.66 367.66 92.14
1.00 1900.00 3.00 639.99 240.99 60.40
1.20 2280.00 1.50 1527.99 1128.99 282.95
1.20 2280.00 2.00 1147.99 748.99 187.72
1.20 2280.00 2.50 919.99 520.99 130.57
1.20 2280.00 3.00 767.99 368.99 92.48

Figure 2 shows the relationship between heating-load multiplier and peak ASHP plant
electrical demand across the tested COP range. The results indicate an approximately linear
increase in plant electrical demand with increasing load multiplier for each COP series. For
any given load multiplier, lower COP values produce materially higher plant electrical
demand, whereas higher COP values reduce, but do not eliminate, the electrification-related
uplift relative to the baseline plant demand.

PEAK ASHP PLANT ELECTRICAL DEMAND
SENSITIVITY BY HEATING-LOAD BASIS AND COP

1600.00

— 1400.00
1200.00
1000.00
800.00
600.00
400.00
200.00
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COP2.0
——COP 2.5
COP 3

ELECTRICAL LOAD

0.55 0.8 1 1.2
HEATING-LOAD MULTIPLIER RELATIVE TO 1,900 KW INSTALLED-CAPACITY SCREENING BOUNDARY

Figure 2. Sensitivity of peak ASHP plant electrical demand to heating-load basis and design-point
COP. The 0.55 multiplier corresponds approximately to the scheduled AHU heating-duty basis
of 1046.3 kW, while the 1.00 multiplier represents the adopted 1900 kW Stage 3 installed-capacity
screening boundary.

Across the tested range, the base-case conclusion remains unchanged: ASHP elec-
trification materially increases winter plant electrical demand relative to the baseline
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cooling-governed electrical peak. Accordingly, the feasibility of heating electrification in
the assessed building remains sensitive to both design-point COP and the magnitude of
the governing peak heating load.

4.4. Baseline and Electrified Peak Demand Comparison

Under baseline operation, peak electrical demand was driven by the cooling system,
with a maximum plant demand of 399 kW. The governing winter ASHP plant electrical
demand of 956.66 kW comprises 950.00 kW of compressor demand and 6.66 kW of hydronic
pumping demand. The component breakdown shown in Figure 3 therefore disaggregates
this governing winter plant demand into its principal contributors rather than introducing
an alternative total demand value.

Winter Summer

M Baseline plant (kW)  ®ASHP plant (kW)

Figure 3. Comparison of baseline and ASHP peak plant electrical demand.

Importantly, the electrified winter heating peak exceeded the corresponding summer
ASHP plant demand, indicating that electrification shifts the governing design condition
from a cooling-dominated baseline to a heating-dominated winter operation.

4.5. Electrical Demand Breakdown

The distribution of electrical demand under ASHP operation is dominated by com-
pressor power, which accounts for approximately 99% of the total demand. Auxiliary loads,
including primary circulation pumps, contribute to a minor proportion of the total electrical
load. For clarity, the peak ASHP plant electrical demand reported in this study refers to the
combined winter plant demand used for infrastructure assessment, comprising heat pump
compressor electrical input and associated hydronic pumping demand. The component
breakdown shown in Figure 4 is therefore presented to disaggregate the governing winter
plant demand into its principal contributors, rather than to introduce an alternative total
demand value.
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Figure 4. Component breakdown of the governing winter ASHP plant electrical demand for the
case-study building, including compressor and hydronic pumping contributions.

4.6. AHU Heating Coil Performance

The transition from conventional high-temperature operation to low-temperature
ASHP operation (55/45 °C) reduces the logarithmic mean temperature difference across
the AHU heating coils, thereby reducing the achievable heating duty under equivalent
airflow conditions. In the assessed case-study building, the resulting AHU capacity ratios
generally fall in the range of approximately 0.71-0.79 of the scheduled high-temperature
duty. To maintain the original heating output, increased hydronic flow rates, coil surface
area augmentation, or coil replacement would be required for several units.

This increase in hydronic demand introduces additional auxiliary load and may place
material stress on the hydraulic capacity of the existing pipework and pumps, particularly
where system dimensions are fixed by retrofit constraints. Table 3 presents the AHU-by-
AHU coil performance assessment under 55/45 °C ASHP operation.

Table 3. AHU coil performance impact under 55/45 °C ASHP operation.

Unit Scheduled Capacity 55 °C  Capacity Ratio I;:l;f:ftalﬁe UA Uplift Modification
Duty (kW) (kW) (Q55/Q7) (%) Factor (x) Required
AHU—1 46.40 3291 0.71 29 1.82 Yes
AHU—2 15.90 11.64 0.73 27 1.65 Yes
AHU—3 4.20 3.26 0.78 22 1.36 No
AHU—4 24.10 18.38 0.76 24 1.53 Likely
AHU—5 222.10 168.71 0.76 24 1.56 Yes
AHU—6 173.10 131.49 0.76 24 1.49 Likely
AHU—7 77.10 54.60 0.71 29 1.70 Yes
AHU—S8 50.10 35.81 0.71 29 1.69 Yes
AHU—9 50.10 35.81 0.71 29 1.69 Yes
AHU—10 61.80 48.96 0.79 21 1.44 Moderate
AHU—11 61.80 48.96 0.79 21 1.44 Moderate
AHU—12 184.30 133.11 0.72 28 1.70 Likely
AHU—13 75.30 53.28 0.71 29 1.69 Yes

Across the 13 AHU heating coils assessed, the reduction in entering water temperature
from 70 °C to 55 °C resulted in capacity shortfalls generally in the order of approximately
21-29% relative to scheduled duty. The corresponding flow uplift factors required to restore
original duty ranged from approximately 1.4 to 2.0, indicating that substantial increases
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in hydronic capacity would be required in several cases. Similarly, the UA uplift factors
required to maintain design heating output ranged from approximately 1.3 to 1.8, indicating
that coil surface-area increases or coil replacement would be necessary for most units.

4.7. Summary of Key Results

Under the adopted 1900 kW Stage 3 installed-capacity screening boundary, the results
indicate that ASHP electrification increases peak plant electrical demand from 399 kW to
956.7 kW, with compressor power representing the dominant component of the electrical
load. This governing value refers to the winter plant electrical demand adopted for infras-
tructure comparison and is used consistently throughout the manuscript as the basis for
the reported electrical uplift.

5. Discussion

The results of this study provide a building-scale demonstration of the constraints
identified in the preceding literature review. They show how peak electrical demand,
design-point heat-pump performance, and low-temperature terminal-unit compatibility
interact to shape the feasibility of ASHP retrofit in the assessed commercial-building case.

5.1. Alignment with and Extension of Electrification Literature

Several studies have noted that electrification fundamentally alters the relationship
between thermal and electrical demand, increasing peak electrical loads at both the case-
study building and grid scales [7-9]. The present results substantiate these findings at the
building level: when referenced to the adopted 1900 kW Stage 3 installed-capacity screening
boundary, replacing gas-fired heating with ASHPs increases peak plant electrical demand
by 557.7 kW, shifting the governing design condition from cooling to heating. This confirms
the assertion by recent electrification research that annual energy metrics obscure critical
peak load constraints [3,4] and demonstrates that these constraints are not theoretical; they
appear as substantial, quantifiable electrical uplifts in the assessed building.

Accordingly, this study extends prior work by quantifying the plant-level electri-
cal consequences of COP variability, showing that even modest reductions in COP can
materially increase electrification-related demand uplift.

5.2. Hydronic and Terminal-Unit Constraints in Context

The hydronic and coil performance results also align with and deepen the literature on
low-temperature operations. Prior studies have noted that reducing supply temperatures
from 70 to 90 °C to 40-55 °C significantly reduces coil heat transfer capacity [11-14], but few
have quantified this effect at the building scale or linked it to retrofit feasibility. The present
analysis shows that AHU heating coils in the case-study building experience capacity
shortfalls of 21-29%, with required flow uplift factors of 1.4-2.0 and UA uplift factors of
1.3-1.8. These findings confirm the concerns raised in prior hydronic research [11-14] and
indicate that terminal-unit derating is a material retrofit constraint that should be evaluated
alongside plant-level electrical uplift.

Furthermore, the results support the argument by envelope-performance studies [16,17]
that reducing heating loads can mitigate the challenges of electrification. However, the
diminishing returns noted in those studies are consistent with the present finding that even
substantial load reductions may not eliminate hydronic or electrical constraints, particularly
in buildings with high baseline heating loads.
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5.3. Integrated Implications for Electrification Practice

By synthesising electrical, hydronic, and thermal performance within a single an-
alytical framework, this study provides a more holistic understanding of electrification
feasibility than is typically found in the literature. The results demonstrate that:

e Plant-level electrical demand uplift, rather than annual energy performance alone,
emerges as the governing screening issue for the assessed retrofit case [3,4,7].

e  Terminal-unit compatibility cannot be assumed, extending the findings of coil-
performance research [11-14] by quantifying the scale of derating across an
entire building.

e Heat-pump performance at design ambient conditions, rather than seasonal COP,
must be used for feasibility assessment, reinforcing the concerns raised by field studies
documenting COP variability [8,9,15].

These insights collectively support a shift toward peak-load-based electrification
planning, in which plant-level electrical uplift, hydronic compatibility, and real-world
heat-pump performance are treated as first-order design considerations. While the present
study focuses on a low-temperature ASHP configuration as a representative electrification
pathway, alternative retrofit strategies may modify the magnitude of the resulting uplift and
terminal-unit constraint. These include higher-temperature heat pumps, hybrid or bivalent
heating arrangements, staged electrification, thermal storage, and demand-reduction mea-
sures that lower the governing peak heating load. The practical significance of the present
results, therefore, lies not in claiming that all electrification pathways are equivalently
constrained, but in showing that under the assessed low-temperature design condition,
both electrical uplift and terminal-unit compatibility require explicit evaluation. In practical
terms, higher-temperature heat-pump or hybrid arrangements would be expected to reduce
the coil-capacity shortfall materially relative to the 55/45 °C base case, although this would
likely be offset, at least in part, by lower design-point heat-pump efficiency and a reduced
electrical-performance advantage.

5.4. Policy and Industry Implications

The results also have implications for policy frameworks that promote building elec-
trification. Current programmes often emphasise annual energy savings or emissions
reductions, but the literature increasingly recognises the need for infrastructure-aware ap-
proaches [3,4]. The present findings support this shift by showing that, under the adopted
installed-capacity screening boundary for the assessed case-study building, a 140% increase
in peak electrical demand and widespread coil derating are associated with material electri-
cal and hydronic implications for electrification. These results suggest that electrification
pathways in existing commercial buildings may be difficult to implement effectively unless
electrical and hydronic constraints are explicitly considered.

Policy mechanisms that support electrification in existing commercial buildings may
therefore need to include:

Incentives for switchboard, transformer, and feeder upgrades;

Support for hydronic system adaptation;
Requirements for peak-load-based feasibility assessments;

e o

Recognition of envelope improvements as electrical capacity mitigation measures,
consistent with the integrated perspectives proposed in [16,17].
These results can inform policy discussion by illustrating how electrification feasibil-
ity may be shaped by plant-level electrical uplift and hydronic compatibility in existing
commercial buildings. However, the present study should be understood as a detailed
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single-building case-study contribution rather than a direct basis for universal policy
requirements across the wider office sector.

5.5. A Generalisable Framework for Broader Application

Although the numerical results presented in this study are specific to a single repre-
sentative commercial office building, the underlying analytical methodology is applicable
to a broader range of retrofit contexts. The principal contribution of the study lies not
in the universal applicability of the reported values, but in providing a structured work-
flow for assessing electrical uplift, heat-pump performance, and hydronic compatibility
in a consistent and transparent manner [3,4,8,11,14,17]. In other buildings, the specific
outcomes will vary with building characteristics, climate, operating schedules, baseline
plant configuration, heating-load basis, selected design-point COP, and hydronic operating
regime. However, the workflow remains transferable because these variables can be substi-
tuted into the same peak-load-based screening framework to test retrofit feasibility under
alternative conditions.

Notwithstanding its practical applicability, the present study is intentionally scoped
as a building-scale, steady-state feasibility /screening assessment. It is based on a single
commercial office building, a single climatic context, and a limited set of design-point
assumptions, including the selected winter design COP and low-temperature hydronic
operating regime. While this scope is appropriate for identifying governing infrastructure
constraints, it does not capture transient plant performance, seasonal control interactions,
detailed electrical network modelling, or full techno-economic optimisation. The workflow
should therefore be interpreted as a transferable screening method rather than as a claim of
universally generalisable numerical outcomes.

6. Conclusions

This study shows that the feasibility of air-source heat pump (ASHP) electrification in
the assessed commercial office building is strongly influenced by peak electrical demand
uplift and hydronic system compatibility, rather than by annual energy performance
alone. By integrating thermal-to-electrical load translation, temperature-dependent heat-
pump performance, and terminal-unit re-rating within a single analytical framework, the
study provides a building-scale screening assessment that addresses key gaps identified in
the literature.

When referenced to the adopted 1900 kW Stage 3 installed-capacity screening bound-
ary, replacing gas-fired heating with ASHPs increases peak plant electrical demand by
557.7 kW, shifting the governing design condition from cooling to heating and reinforcing
concerns raised in prior research regarding the peak-load implications of electrification.
The sensitivity of peak electrical demand to COP further highlights the importance of
evaluating heat-pump performance under design ambient conditions, consistent with field
studies that report reduced efficiency in cold weather.

In parallel, the re-rating of AHU heating coils under 55/45 °C operation shows capacity
shortfalls of 21-29%, together with required flow and UA uplift factors that would exceed
the practical capability of many existing hydronic systems. These findings reinforce earlier
work on low-temperature hydronic constraints and indicate that terminal-unit compatibility
is a material determinant of retrofit feasibility.

Together, these results show that electrification of existing commercial buildings cannot
be assessed solely through annual energy or emissions metrics. Instead, peak-load-based
feasibility assessment is required, incorporating plant-level electrical uplift, hydronic per-
formance, and real-world heat-pump behaviour. The decarbonisation significance of these
findings should also be interpreted in relation to local electricity and gas emission factors,
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as the emissions benefit of electrification depends on both the displacement of fossil-fuel
heating and the carbon intensity of grid electricity. A full comparative emissions assessment
was outside the scope of the present plant-level screening study and would depend on
the applicable electricity and gas emission factors, control strategy, and operating profile
for the assessed jurisdiction. The present analysis therefore focuses on a retrofit feasibility
screening rather than on quantified lifecycle or operational emissions comparison.

The conclusions of the present study should be interpreted within the scope of a single-
building, steady-state, design-point assessment undertaken for a Canberra office building
under the stated baseline and retrofit assumptions. The study does not quantify actual
switchboard ratings, transformer headroom, feeder limits, or measured whole-building
demand data and should therefore be interpreted as a plant-level screening assessment
rather than as an infrastructure certification exercise.

Accordingly, the reported numerical values are case-specific and are not intended to
represent universal outcomes across the broader commercial building stock. Rather, the
principal contribution of the study lies in demonstrating, through a transparent analytical
workflow, how peak electrical uplift and terminal-unit compatibility can be evaluated
together in a retrofit-screening context. This workflow provides a transferable screening
method for evaluating similar retrofit conditions in other existing commercial buildings.

Future research should extend this framework across a broader range of building types,
climatic conditions, and design-point assumptions, and incorporate time-series modelling
to capture dynamic interactions among thermal demand, electrical peaks, plant controls,
and occupant behaviour. Further work is also needed to examine detailed calibration
procedures, transient defrost operation, techno-economic trade-offs, and the interaction of
electrification with on-site renewables, thermal storage, and upstream grid capacity.
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Abbreviations

The following abbreviations are used in this manuscript:

AHU Air handling unit

ASHP Air-source heat pump

cor Coefficient of performance

GHG Greenhouse gas

HVAC Heating, ventilation, and air-conditioning

LMTD Logarithmic mean temperature difference

NABERS National Australian Built Environment Rating System

NCC National Construction Code

NTU Number of transfer units

N+1 Redundant plant arrangement with one additional unit beyond the required duty
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Nomenclature

Symbol Definition Units
A Heat transfer surface area m?

Cp Specific heat capacity of water K -kg 1K1
Cair Air-side heat capacity rate WK1
Cuwater Water-side heat capacity rate WK1
Ciin Minimum heat capacity rate WK1
Cinax Maximum heat capacity rate WK1
Cr Capacity ratio, Cyi, / Crnax -

m Mass flow rate kg-s~!
1% Volumetric flow rate m3.s7!
NTU Number of transfer units -
PasHp, peak  Peak plant electrical demand under ASHP operation kW
Pyse, max Maximum baseline plant electrical demand kW
Peomp Compressor electrical demand kW
Pojoc Electrical power input kW
Ppump Pump electrical demand kW

Q Heat transfer rate or thermal load kW
Qss Coil heating capacity at 55 °C entering water condition kW
Qo Coil heating capacity at legacy high-temperature condition kW
Qheat, peak Peak heating load kW
Qcool, peak Peak cooling load kW
Tomb Ambient outdoor temperature °C
Tsup Supply water temperature °C

Tret Return water temperature °C

UA Overall heat transfer conductance WK1
AP_MSB Electrical uplift, PAsyp, peak — Prase, max kW
Ap Hydpraulic pressure differential Pa or kPa
AT Water temperature differential K
ATy, Logarithmic mean temperature difference K

7 Pump and motor efficiency -

€ Heat exchanger effectiveness -

o Density of water kgm™3
Appendix A

Appendix A.1. Purpose of This Appendix

This appendix documents the principal case-study building baseline inputs, system-
boundary assumptions, operational schedules, plant configuration, AHU data, and staging
basis used to support the peak-load electrification assessment presented in the main paper.
Its purpose is to improve transparency and reproducibility by clarifying how the baseline
thermal loads, baseline plant electrical demands, and AHU compatibility calculations were
defined and interpreted within the screening framework adopted in Sections 3 and 4. The
appendix should be read as supporting a fit-for-purpose engineering feasibility model
for peak-load retrofit assessment rather than a full long-term utility-bill calibration or
post-occupancy measurement-and-verification exercise.

Appendix A.2. Analytical Boundary

The analytical boundary adopted in this study is limited to the building-services plant
and terminal-unit implications of heating electrification. The baseline case comprises the
existing gas-fired heating plant, the existing water-cooled cooling plant, and the associ-
ated pumps and AHU heating-coil network. The retrofit case assesses the replacement
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of combustion-based heating with ASHP-based heating under equivalent peak thermal
demand, together with re-rating of the existing AHU heating coils under low-temperature
hydronic operation. Accordingly, the principal comparison in the paper is between govern-
ing baseline plant electrical demand and electrified plant electrical demand under the most
restrictive seasonal operating condition, rather than between total annual whole-building
electricity consumption. This boundary is consistent with the main manuscript statement
that the study is a plant- and terminal-unit-level electrification feasibility assessment.

Unless otherwise stated, the reported 1900 kW peak heating load and 1813.10 kW peak
cooling load should be interpreted as plant-level screening loads used for retrofit feasibility
comparison. The scheduled AHU duties reproduced later in this appendix support the
terminal-unit compatibility assessment but do not by themselves define the full governing
plant-level screening boundary.

Appendix A.3. Case-Study Building Description

The building is an existing commercial office building located in the Canberra CBD
(postcode 2600). The office component has a reported net lettable area of 16,292 m?,
together with a 6508 m? multi-level basement car park. The building comprises basement
car parking, ground-floor retail space, and office accommodation extending to Level 12.
The building is a medium-to-large Canberra office with a glazed high-performance facade
and mechanically intensive central HVAC systems, forming a suitable case-study basis for
plant-level electrification screening.

The building is served by a centralised HVAC system comprising 13 air-handling
units (AHUs) with hydronic heating and cooling coils. Space heating is provided by gas-
fired boilers and cooling by water-cooled chillers, with primary and secondary hydronic
circulation. This configuration is consistent with the main paper’s description of the case-
study building as a representative existing Australian office building used to assess the
implications of ASHP-based retrofit.

Appendix A.4. Baseline Operational Assumptions

The baseline operational profiles were derived from NABERS-aligned office schedules.
Occupancy, lighting, equipment, and HVAC operation were modelled using standard
weekday office patterns, generally aligned to 8:00 AM to 6:00 PM Monday to Friday, with
ACT public holidays included in the annual simulation basis.

For the conditioned office areas, the baseline model adopted a temperature control
band of 22.5 + 1.5 °C, while transient areas such as lobbies were modelled at 23.0 + 3.0 °C.
Minimum outside-air ventilation for office areas was modelled at 11.25 L/s per person, with
an office occupancy density of 1 person per 10 m?. Transient spaces were modelled at the
same outside-air rate with an occupancy density of 1 person per 5 m?. These assumptions
are carried forward into the case-study baseline used for the electrification analysis.

Appendix A.5. Envelope, Infiltration, and Control Assumptions

The building envelope is described as a glazed high-performance curtain-wall system
with insulated spandrel panels. Reported fagade performance values include glazing U-
values generally ranging from <2.1 to <2.8 W/ m2-K and solar heat-gain coefficients in
the range 0.25-0.41, depending on fagade type. Infiltration was included for perimeter
air-conditioning zones at 0.5 air changes per hour. These assumptions were adopted in the
baseline model to establish a realistic but screening-level representation of heat transfer
and perimeter-zone load behaviour.

AHU control assumptions included supply-air pressure reset, supply-air temperature
reset, differential-enthalpy economiser operation, and demand-controlled ventilation using
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CO,-based outside-air damper modulation. The economiser logic was limited to favourable
outdoor dry-bulb conditions, and office floors were modelled with CO;-based minimum-
outside-air control between lower and upper set points. These assumptions support the
view that the baseline model reflects a reasonably sophisticated modern office control
strategy, albeit one simplified for engineering feasibility modelling.

Appendix A.6. Baseline Model Status and Load Definition

As stated in the main manuscript, the baseline model used in the paper is a fit-for-
purpose engineering feasibility model. Its role is to establish the governing plant-level
heating and cooling loads and the baseline plant electrical reference conditions needed for
comparative retrofit assessment. In the paper, the resulting governing loads are reported
as 1900 kW heating and 1813.10 kW cooling. The paper further states that the governing
baseline electrical reference is the summer cooling plant demand of 399 kW, while baseline
winter heating remains largely electrically decoupled except for a small auxiliary load.

Appendix A.7. AHU Schedule Used in the Terminal-Unit Assessment

The AHU schedule used for the building terminal-unit compatibility assessment is
reproduced in Table A1. This schedule provides the baseline airflow and heating/cooling
duties used to infer the effective coil conductance and to re-rate the coils under low-
temperature operation.

Table A1. AHU schedule used in the baseline and coil re-rating assessment.

AHU Reference Description Airflow (L/s)  Cooling Duty (kW)  Heating Duty (kW)
AHU-G.1 Main lobby 2544 40.6 46.4
AHU-G.2 Main lobby 908 17.4 15.9
AHU-G.6 Main lobby 345 7.2 4.2
AHU-Lift Lift 3 1020 23.9 24.1
AHU-C1 Central zone 1 13,674 2914 222.1
AHU-C2 Central zone 2 12,699 276.2 173.1

AHU-E Eastern zone 8458 133.0 77.1
AHU-N1 Northern zone 1 4365 69.6 50.1
AHU-N2 Northern/eastern zone 2 4353 69.6 50.1

AHU-OA1 Supplementary outside air 2606 35.1 61.8
AHU-OA2 Supplementary outside air 2491 35.1 61.8

AHU-S Southern zone 10,431 193.2 184.3

AHU-W Western zone 9036 142.1 75.3

The scheduled AHU heating duties sum to approximately 1046.3 kW, while the sched-
uled AHU cooling duties sum to approximately 1334.4 kW. These totals are lower than
the governing plant-level screening loads reported in the main paper. This is intentional:
the AHU schedule supports the coil re-rating exercise, whereas the 1900 kW plant heating
boundary reflects the broader staged plant-screening basis described in Appendix A.9
below.

Appendix A.8. Baseline Central Plant Assumptions
Appendix A.8.1. Cooling Plant

The baseline cooling system includes two water-cooled chillers, with nominal ca-
pacities of 866.5 kW and 946.6 kW. Chilled-water flow is reported as 41.3 L/s for each
machine. Chilled-water pumps were modelled in primary and secondary arrangements,

with primary pump duty reported at approximately 41.3 L/s, 230 kPa, 16.2 kW and sec-
ondary pump duty at approximately 17.58 L/s, 280 kPa, 8.1 kW, all at 70% efficiency. The
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condenser-water system includes open-circuit and supplementary cooling towers with
associated condenser and supplementary pumps. These data provided the baseline basis
for the cooling-plant representation underlying the governing summer electrical reference
used in the paper.

Appendix A.8.2. Heating Plant

The baseline heating system comprises two gas-fired condensing heating hot-water
boilers, each with a reported nominal capacity of 950.2 kW. Heating hot-water reset was
modelled against outside-air temperature, with the supply set point varying between 80 °C
at low outside-air conditions and 40 °C under warmer outside-air conditions. Primary and
secondary heated-water pumps were reported at approximately 10.23 L/s, 101 kPa, 2.1 kW
and 8.7 L/s, 203 kPa, 3.3 kW, respectively, at 70% efficiency. These values support the
baseline heating-side assumptions, but, consistent with the paper, winter heating remains
primarily gas-driven and therefore largely decoupled from the building electrical peak
except for auxiliaries.

Table A2. Principal baseline plant and ASHP retrofit-screening assumptions used to support the paper.

System Parameter Value Unit Use in Manuscript
Heating plant Boiler nominal capacity 2 x 950.2 kW Baseh;faiisc_afgggg eating
. Heating-water reset ° Baseline heating-water
Heating plant low-outside-air setpoint 80 c operating condition
. Heating-water reset ° . . .
Heating plant high-outside-air setpoint 40 C Baseline heating-water reset condition
Heating Flow rate 10.23 L/s Existing baseline
pumps—baseline primary heating-pump schedule
Heating System pressure differential 101 kPa Existing baseline
pumps—baseline primary heating-pump schedule
Heating Motor rating 21 KW Existing l?a}sehne heating
pumps—baseline primary auxiliary load
Heating .. o Existing baseline
pumps—baseline primary Pump-and-motor efficiency 70 o heating-pump schedule
Heating Existing baseline
pumps—baseline secondary Flow rate 8.7 L/s heating-pump schedule
Heating . . Existing baseline
pumps—baseline secondary System pressure differential 203 kPa heating-pump schedule
Heating Motor rating 33 KW Existing bqsehne heating
pumps—baseline secondary auxiliary load
Heating - o Existing baseline
pumps—baseline secondary Pump-and-motor efficiency 70 o heating-pump schedule
ASHP retrofit heating case Heating load basis 1900 kw Stage 3 1nstalliii§3};?}cllty screening
ASHP retrofit heating case Hydronic regime 55/45 °C LOV;:aetriI}lpgezz;lgiiﬁiHP
ASHP retrofit heating case Watglg éf;;ﬁf;almre 10 K Basis for calculated heating water flow
ASHP retrofit heating case Calculated heating 45.39 L/s Flow used for ASHP Fetroﬁt pumping
water flow calculation
Equivalent retrofit . . . .
ASHP retrofit heating case heating-circuit pressure 88 kPa Retrof1t—scree(1n}nglip restgure (gl;fferentlal
differential used t Equation
ASHP retrofit heating case Comblnec;f};ilclirélgc-;nd—motor 60 % Retroflt-screéal;r;%iggl(cif)ency used in
ASHP retrofit heating case Calculated pump 6.66 KW Winter ASHP heating pump demand

electrical demand used in the main results
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Table A2. Cont.

System Parameter Value Unit Use in Manuscript
ASHP retrofit heating case Design-point heating COP 2 - Conservativea;\;ilﬂ’ile; t’i%SnHP screening
ASHP retrofit heating case Compressor electrical 950 KW 1900 kW /COP 2.0
demand
ASHP retrofit heating case Total winter ASHP plant 956.66 KW Compressor demand plus heating
electrical demand pump demand
Cooling plant baseline Chiller nominal capacity 3222’ kW Existing baiglri)ggig}?oling plant
: : Chilled-water flow Existing baseline
Cooling plant baseline per chiller 413 L/s cooling-plant schedule
413 L/s, i . .
Cooling pumps baseline primary . Flovy rate, pressure . 230 kPa, _ Existing baseline chilled-water
differential and motor rating 16.2 kW pump schedule
i 17.58 L/s, i . .
Cooling pumps Flow rate, pressure 280 kPa _ Existing baseline chilled-water
baseline secondary differential and motor rating 8.1 KW pump schedule
Baseline electrical reference Baseline winter auxiliary 554 KW Baseline winter heating auxiliary
electrical load electrical load
Baseline electrical reference Governing baseline plant 399 KW Cooling-governed baseline electrical
electrical demand reference
. . . . Comparative reversible-operation
Comparative ASHP cooling case Cooling load basis 1813.10 kW ASHP cooling case
Comparative ASHP cooling case ~ Design-point cooling COP 3 - Assumed cooling-mode ASHP
performance
Comparative ASHP cooling case ~ _Ompressor electrical 604.37 KW 1813.10 KW/COP 3.0
demand
Comparative ASHP cooling case Chilled-water regime 7/14 °C Comparative ASHP cooling hydronic
condition
Comparative ASHP cooling case Water temperature 7 K Basis for calculated cooling water flow
differential
Comparative ASHP cooling case Calculated cooling water 61.87 L/s Flow u.sed for Comparatlve ASHP
flow cooling pumping calculation
C . . Equivalent cooling-circuit Cooling-mode retrofit-screening
omparative ASHP cooling case . . 192 kPa . :
pressure differential pressure differential
Comparative ASHP cooling case Combined pump-and-motor 60 % Cooling-mode retrofit-screening
efficiency efficiency
Comparative ASHP cooling case Calculated pump electrical 19.80 KW Comparative ASHP cooling pump
demand demand
Comparative ASHP cooling case Total summer ASHP plant 624.17 KW Compressor demand plus cooling
electrical demand pump demand
L/s
Ventilation Minimum outside air 11.25 per Baseline ventilation assumption
person
Infiltration Perimeter infiltration 0.5 ACH Baseline envelope /infiltration

assumption

Note: The baseline pump schedule values describe the existing installed heating and cooling pump arrangements.
The ASHP retrofit heating and comparative ASHP cooling rows describe the simplified screening assumptions
used to calculate the pump electrical demands reported in the main text. The 203 kPa baseline secondary
heating-pump pressure differential is therefore not the basis of the 6.66 kW ASHP retrofit heating pump demand.

Appendix A.9. Plant Staging Basis and Relationship to the 1900 kW Heating Load

A central point of clarification is the relationship between the scheduled AHU duties

and the governing plant-level screening loads used in the paper. The baseline plant config-

uration uses a staged operating philosophy to define the governing capacity condition for

subsequent retrofit screening. Three operating stages were identified: base/low load, inter-

mediate load, and Stage 3 peak/governing condition, in which full available heating and
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cooling plant capacity and associated pumps were enabled within the adopted operating
boundary. The Stage 3 condition was not intended to represent normal diversified annual
operation, but rather the most onerous credible plant condition for electrical, thermal, and
hydraulic screening.

This staged screening basis explains why the 1900 kW heating load used in the paper is
greater than the sum of the scheduled AHU heating duties. The scheduled AHU coil table
represents the central AHU set used for terminal-unit compatibility assessment, whereas
the 1900 kW plant-level heating boundary represents the conservative governing screening
condition adopted for downstream retrofit analysis. In other words, the AHU schedule
and the plant-level screening load serve different purposes: the former supports the coil
re-rating calculations, while the latter defines the governing plant demand against which
ASHP electrification is screened.

Appendix A.10. Relationship to the Main Paper Results
Using the boundary above, the paper adopts the following canonical plant-level values:

Peak heating load: 1900 kW;

Peak cooling load: 1813.10 kW;

Baseline winter auxiliary electrical load: 5.54 kW;
Governing baseline plant electrical demand: 399 kW;
Base-case ASHP winter plant electrical demand: 956.66 kW;
Electrical uplift: 557.7 kW;

Base hydronic regime for terminal-unit re-rating: 55/45 °C.

The 1900 kW heating value represents the adopted Stage 3 installed-capacity screening
boundary. The scheduled AHU heating-duty total of approximately 1046.3 kW is used to
support terminal-unit compatibility assessment and is now also included in the main-text
sensitivity analysis. These values should therefore be interpreted as plant-level design-point
screening values under the adopted case-study baseline and retrofit assumptions. They are
not intended to represent annual whole-building energy use, exact utility-bill outcomes,
or universal values for the wider commercial office stock. This distinction is central to the
interpretation of the Results, Discussion, and Conclusions in the main manuscript.

Appendix A.11. Limitations of Appendix A

This appendix documents the principal case-study baseline inputs and assumptions
used in the screening assessment, excluding information considered commercially confi-
dential. It does not provide:

e  Built form or architectural information;

e  Formal long-term utility calibration statistics;

e  Measured whole-building switchboard headroom, transformer spare capacity, or
feeder capacity;

e  Detailed manufacturer capacity maps for the assumed ASHP;

e  Transient defrost modelling;

e  Full techno-economic optimisation.

Accordingly, the appendix should be understood as supporting a transparent screen-
ing framework rather than a full design submission or measured post-occupancy verifica-
tion package.
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