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e First empirical investigation of FRP wall panel system in residential building

¢ Indoor temperature remained within 18-24°C for 67.6% without mechanical
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e The 26 mm airgap mitigates heat transfer variability against outdoor
fluctuations

e FRP as a climate-resilient alternative to conventional construction

e Material-specific thermal resistance and airflow dynamics for sustainable
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Abstract

The New Zealand building sector has long faced challenges such as inadequate insulation,
indoor overheating and unhealthy living conditions, which are exacerbated by climate
change, emphasising the need for innovative and climate-resilient material. In this study, the
thermal performance of a novel fibre-reinforced polymer (FRP) wall panel system, including
insulation in the cavity and an air gap, is experimentally examined in a case study building
using field monitoring during peak summer conditions. Specifically, the impact of varying
outdoor conditions and airflow on the indoor temperature, heat transfer through the walls, and
air gap temperature were studied. The result showed that the indoor temperature of FRP panel
system remained within the comfort range of 18-24°C for 67.6% of the observation period
without mechanical cooling, outperforming conventional construction by about 10% in
mitigating overheating. The air gap present in the system minimized temperature fluctuations
by reducing heat transfer through wall and airflow (0.08 - 0.12 m/s) stabilised indoor
temperature by reducing heat gain/loss variability. Furthermore, numerical simulation results

aligned with experimental data within a 10% accuracy margin. This study provides the first
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empirical evidence of FRP’s viability as an alternative solution in New Zealand’s climate,
highlighting material-specific thermal resistance and airflow dynamics as critical design
priorities for energy-efficient, climate-resilient housing to address escalating climate

challenges.

Keywords: Fibre Reinforced Polymer (FRP) wall panel, Temperature, Thermal performance,

Airflow, Heat transfer, Residential buildings
1 Introduction

Climate change and urban overheating together contribute to rising outdoor temperatures,
with cities experiencing temperature increases of 4—10°C during heat events[1-4]. The rising
temperatures impact building performance by accelerating material degradation, reducing
thermal resistance and structural integrity [5] while increasing energy demands for heating
and cooling compromising occupant comfort [2,3,6-9]. Research conducted by Ade et al. [10]
investigated summer overheating in 29 houses in Auckland, New Zealand between January
and March 2019 revealed that indoor temperatures remained within the comfort range (18—
24°C) for only 35% to 57% of the time. This raises concerns about heat-related mortality and
underscores the urgent need for resilient materials and innovative building envelopes to

address thermal inefficiencies in a warming climate.

Other research works also reveal that the poor insulation in older homes increases energy
demand, while mould and dampness caused by inadequate building envelopes frequently
failed to maintain World Health Organization’s (WHO) recommended indoor temperatures
(18-24°C) [10-15]. In addition, global research highlights the material-specific thermal

performance is highly dependent on local climatic conditions [6,7].
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Rahiminejad et al. [16] demonstrated that wall composition dynamically influences thermal
performance across varying conditions. Moreover, Roberz et al. [17] found that the ultra-
lightweight concrete walls reduce heating demand by 7% compared to conventional
structures, while lightweight steel-frame walls with superinsulation materials (SIM) achieve
superior thermal efficiency despite their compact envelope thickness [18,19]. Studies on
lightweight timber buildings suggest they perform well in moderate climates but struggle in
hotter regions due to higher cooling demands [14,15,20]. This variation further emphasises
the value of climate-adaptive construction through the development of steel-bamboo
composite walls, which exhibited 32—45% higher thermal resistance than traditional timber
walls in the winter [21]. Collectively, these studies highlight the critical role of region-

specific, energy-efficient building envelopes (see Table 1).

Table 1 Summary of thermal performance and energy efficiency findings for various wall
materials across different regions.

Ref Region/year Study focus Method Finding Materials
[3] New Impact of urban  Energy Urban  morphology Frame
Zealand microclimate on energy modelling and  characteristics construction
consumption influence local
2024 .
weather conditions.
[9] New Thermal  efficiency of Systematic Composite materials Different
Zealand construction materials review show great potential materials
2023 for insulation
[5] Global Climate change impact on  Systematic Climate change Wooden
heritage typologies and literature review  impacts cultural buildings,
2021 : . S
materials heritage  buildings, concrete, and
leading to metal other
corrosion and construction
material degradation.  materials
[22] New Measuring the extent of Energy Built performance Timber frame
Zealand thermal  bridging in modelling varies drastically due and timber
external  timber-framed to the higher framing studs
2020 .
walls percentage, which
increases thermal

bridges.
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[19] Israel Energy implications of Numerical An FRP house has a Concrete and
2019 FRP and concrete modelling higher cooling Fibre
residential buildings demand than a reinforced

concrete house but polymer
performs better in the

summer.
[21] China Thermal and  energy Experimental and A steel-bamboo wall Steel-bamboo
2017 performance of steel- field-testing performs better than composite wall,
bamboo composite walls the other two wall Reinforced
types, reducing concrete  wall
cooling and energy and aerated
demand. concrete blocks
[15] Europe Thermal response of Dynamic thermal The thermal Light  weight
lightweight timber response analysis  behaviour and timber
2017 L )
building envelopes during comfort of
cooling season lightweight  timber
constructions can be
improved through
design and system
modifications.
[23] New Potential and mechanical Experimental There is a need for an  Fibre
Zealand performance of FRP in testing improved reinforced
2007 Nz understanding of FRP  polymer

in the New Zealand
construction industry.

In New Zealand, 90% of residential buildings use timber framing, driven by material
availability and historical market preferences [24]. However, conventional construction often
creates persistent thermal performance issues, including thermal bridging, which undermines
energy efficiency, increasing heating and cooling demands [9]. Research by Ryan et al. [22]
found that timber frame construction uses over 34% timber, achieving thermal resistance (R-
values) of 1.44 m?K/W, much lower than the previous estimate of R-values of 2.0 m?K/W. A
study by Al-Rawi [25] on older homes in Waikato, New Zealand, identified an optimal indoor
temperature of 22°C for thermal comfort and air quality. The Ministry of Business,
Innovation and Employment (MBIE) in New Zealand further underscores the critical role of
managing internal moisture as a key factor in maintaining healthy indoor environments

[26,27]. Despite these issues, such as damp homes and condensation, are exacerbated by
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ageing infrastructure, insufficient insulation, and poor design practices, leading to indoor

discomfort, overheating, and increased hospitalisations [11,26,29,30].

In response, New Zealand revised its H1 energy efficiency building code, mandating stricter
R-values for building envelopes (walls, roofs, floors, windows and doors) to advance net zero
carbon target by 2050 [27,31]. Alongside these regulatory changes, the government actively
promotes novel materials, innovative building systems, and advanced technologies to
enhance construction resilience and efficiency[26,32]. Among these solutions, fibre-
reinforced polymer (FRP) composites have gained widespread structural use internationally,

while Marston’s [23] research confirming their load-bearing potential in New Zealand.

Studies of FRP systems have indicated that they reduce air infiltration and heat loss in
interfaces, achieving an R-values of 2.0 m?K/W for a 75 mm thick panel with a foam core
[33]. Additional studies emphasise FRP’s thermal advantages such as minimised thermal
bridging, and moisture resistance, making it ideal for damp-prone regions [23,33,34] .
Furthermore, FRP materials demonstrate adaptable energy consumption patterns across

seasonal and regional variations, proving suitable for fluctuating temperatures[19,33-35].

Marston’s 2007 study [23] on FRP revealed its potential in structural application in New
Zealand’s building industry. In his research, he observed that to facilitate FRP’s adoption and
acceptance, further work is needed to provide the knowledge and understanding to prepare
design codes and standards for its widespread use. To address this, FRP should be evaluated

for its structural and thermal advantages, along with its long-term sustainable benefits.

Although FRP has been widely used in load-bearing applications globally, its use in New
Zealand is limited to secondary applications such as cladding and architectural features [23].

It was not until 2024 that the first single-storey houses in Hamilton, Waikato, were completed
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using FRP wall panel systems. Commercial testing confirmed that the wall panel system met
New Zealand's standards for seismic resilience, air infiltration, and durability. For thermal
performance, the system incorporated a phenolic rigid foam core and a 26 mm air gap,
improving heat retention and airflow in walls (Figure 1). The system’s mechanical and
thermal properties, combined with flexible insulation configurations, improve performance in

both moderate and extreme weather conditions.

While there is extensive research on the building thermal performance of conventional
construction materials, a significant gap remains concerning FRP composites in New
Zealand. No studies have specifically assessed the thermal performance of FRP wall panel
system in this context, highlighting the need for real-time assessments of their regional
suitability and impact on indoor comfort. This study evaluates the thermal performance of an
FRP wall panel system, including insulation in the cavity and an air gap, using field
monitoring during peak summer conditions (November 2023 to March 2024). It analyses
outdoor conditions, airflow, indoor temperatures, and heat transfer dynamics. This study uses
the experimental results and Integrated Environmental Solutions Virtual Environment (IES
VE) simulation software to evaluate the FRP wall panel system’s suitability for Climate zone
2 in New Zealand. The findings provide the first empirical evidence supporting its viability as
a climate-resilient and energy-efficient alternative for residential construction in New

Zealand.
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foam rigid insulation insulation in corner infilled with insulation

Figure 1 Novel fibre-reinforced polymer (FRP) wall panel system used in case study
building.

2 Research approach

To evaluate the FRP wall panel system’s viability in New Zealand’s temperate climate, this
study integrates experimental testing and numerical simulation to analyse temperature
variations, heat transfer dynamics (loss/gain), and their impact on indoor thermal conditions
(Figure 2). The study was conducted on a case study residential building located in Waikato,
Climate Zone 2 (Figure 3), one of New Zealand’s six climate zones—characterised by
moderate winters (10—-15°C) and humid summers (22-26°C) (22-26°C) [6]. The building was
constructed under New Zealand’s pre-2022 H1 energy efficiency code, enabling direct
comparison with updated standards that mandate higher thermal resistance (R-values) or
lower thermal transmittance (U-values) for walls [27,37] The methodology outlined in Figure

2 was followed to assess the thermal performance of the FRP wall panel system.
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Figure 2 Flowchart of research methodology.
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Figure 3 New Zealand’s six different climate zones [6].

2.1  Experimental test set-up — Wall monitoring

Thermocouples paired with Pico loggers were used to monitor indoor and outdoor ambient
and surface temperatures. A south-east oriented wall panel (1.4 x 2.2 m) was instrumented
with 12 thermocouples, evenly spaced at 400 mm intervals, to capture internal and external
surface temperature gradients. Two additional thermocouples measured indoor and outdoor

air temperatures, positioned 20 cm away from surfaces to minimise radiative interference.

9
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During stage 3, thermocouples were added to lintels, window peripheries, and partition walls
to quantify localised heat transfer. An anemometer was positioned at the window opening and
key airflow pathways to assess ventilation effects on indoor heat transfer and energy
performance. All sensors recorded data at 1-minute intervals, with data aggregated into
hourly and daily averages to balance high-resolution capture of transient events (e.g., rapid

temperature changes) and seasonal trend analysis.

Data analysis adhered to ASHRAE 14 guideline [38] for measurement accuracy and
reporting. Descriptive statistics of mean, minimum and maximum values were analysed to
quantify the variability in temperature and airflow. These metrics were chosen to evaluate the
thermal performance (peak overheating, diurnal fluctuations) and validate system resilience
under extreme conditions. This methodology provided a robust framework for evaluating
both transient and cumulative thermal behavior, aligning with best practices for building

performance studies.
2.1.1  Temperature

Pico loggers with thermocouples are widely validated for thermal energy storage and heat
flux studies[36,39-41], with ASTM/ISO standards recommending a minimum 72-hour
monitoring period for reliable heat transfer assessment [42]. Vijayan et al. [43] highlighted
the relationship between heat flow, temperature variations, and thermal resistance under
varying indoor and outdoor conditions. This research utilises Pico loggers and thermocouples
(Table 2) to measure temperatures and applies the thermal resistance of the novel FRP panel
system to calculate heat flux. Thermocouples were calibrated using boiling water (99.6—
100°C) and ice baths (0—0.3°C), achieving +£0.4°C accuracy in alignment with ISO 9869-

1:2014 guideline for in-situ measurements [44].

10
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Table 2 Specifications of the thermocouples, dataloggers and hotwire anemometer.

Sensor/data logger Model Number Range Accuracy

Thermocouple data logger TCO08 KJL56/178 8 channels  —270 up to +1820°C -
TCO08 A0059/413 8 channels —270 up to +1820°C -

Thermocouple Type K 16 —250 to +1370°C +0.5°C
Terminal board Single channel 1 +70 mV -
Humidity 1 5% to 95% +5%
Hotwire anemometer RSPro-8880 1 0.1 up to 25 m/s +(5%+1d)
2.1.2  Airflow

Studies suggest that thermal comfort decreases by approximately 2°C when airflow velocities
range from 0.07 m/s (winter) to 0.6 m/s (summer), a seasonal variation linked to occupants’
adaptive behaviours and metabolic cooling [45]. Additionally, research recommends
maintaining three air changes per hour (ACH) in summer and two ACH in winter to mitigate
overheating and reduce energy consumption [46]. Long-term experiments in Fribourg,
Switzerland, and shorter-term studies in Naples, Italy, have demonstrated links between
outdoor temperature, airflow through cavities, and thermal resistance [16,36]. Khabaz A [47]
found that varying air gap sizes significantly impact thermal transfer, with a 20 cm air gap
reducing heat transfer by up to 93.5% compared to a conventional concrete wall. Full-scale
experiments on walls have further shown that air gaps improve energy performance by
enhancing heat recovery through cavity airflow[16,36,46-48] while increased airflow

facilitates heat removal from the cavity.

In this study, airflow dynamics were assessed using a hot-wire anemometer (Table 2 and
Figure 4e) positioned near window opening and 2m away from window when closed to
measure velocities and temperatures during stage 3 monitoring. It evaluates how airflow
influences heat influences heat removal and energy efficiency, building on the premise that

increased airflow rates correlate with improved thermal resistance [16,45,46].

11
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2.2 Investigation procedures

A unique approach to field investigation was carried out on a case study building at various
construction stages to assess the impact of the FRP wall panel system on heat gain and loss.
This research methodology consisted of three stages of recording indoor and outdoor

temperatures in Building-1:

Stage 1: Building envelope with no internal walls and doors. This setup caused significant

temperature variations and dynamic airflow (Figure 4e and f).

Stage 2: Interior doors were installed, and an insulated garage door was added (Figure 4g and

h).

Stage 3: Semi-furnished house with no blinds. During weekdays, the house was occupied by

a single resident (Figure 41).

The research primarily focused on stage 3 due 0 its controlled occupancy and semi-furnished
state, while data from stage 2 informed the analysis of cavity temperatures. Data collection
was systematically documented across all stages, including sensor configurations,

environmental conditions, and building modifications.

Figure 4a shows the placement of the sensors in the floor plan of building 1. The position of
the thermocouples on the exterior surface of the south-east wall is illustrated in Figure 4b,
while Figure 4c and 4d represent the cross-sections of I-I and II-1II, providing detailed views
of the external wall panel and internal partition wall panel systems. Thermocouples and an
anemometer were placed in the kitchen to monitor indoor and outdoor heat transfers (Figure
4d). This configuration ensured comprehensive monitoring of thermal interactions between

the building envelope and its environment.

13
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Stage 1 — Case study building with no internal doors and temporary plywood inplace of
garage doors, and thermocouple position for stage 1.

T
\..'
o’

Type K thermocouple
surface temperature

! S

)
l—-" '
‘\_t

Type K thermocouple
cavity temperature

b

Type K thermocouple
outdoor temperature

(e) Thermcouple positions on the partition (f) Thermocouple position on the outdoor
wall

Stage 2 — *Case study building with no internal doors but with insulated garage doors.

el Pico logger ||
’ fa :

|

El Thermocougle - owtdoor
surface temperature .
-. T — -

(g) Thermocouple positions on the indoor (h) Thermocouple positions on the partition
(top) and outdoor (bottom) walls (left) and external walls (right)

1)
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Stage 3 — **Case study building completed and thermocouple position.

Thermocouple —partition

— - l wall surface temperature
' .-
! 1 : - .
— i — = |

(i) Thermocouple positions on the surfaces of (j) Thermocouple positions on the surface
the external and partition walls (indoor) of the external wall (outdoor)

* Internal doors were installed midway through the monitoring period to facilitate data
collection ** The house was equipped with kiichen appliances and was occupied by one
person on weekdays from 8 a.m. to 5 p.m. with partial occupancy. Notably, the house lacked
internal shading as well as mechanical ventilation, heating or cooling systems during the data
collection period.

Figure 4 Thermocouples and picologgers test set-up.

2.3 Description of the FRP wall panel system and a case study building

The FRP wall panel comprises thermoplastic resin, inorganic fillers, fire retardants,
plasticisers, and organic fibres, formulated for non-combustibility (AS 1530.1), water
resistance, and full recyclability. Each panel (0.45 m x 2.44 m) features three longitudinal
cavities separated by vertical stiffeners, with 60 mm phenolic foam rigid insulation inserted
into the cavities to create a 26 mm air gap (Figure 1 and 4c), a design optimised for thermal
decoupling and moisture mitigation in external walls. The internal partition walls use the
similar design but without insulation, forming an 86 mm air gap (Figure 4d). The FRP wall

panel system assembly is capped with cold-formed steel (CFS) C-profiles at the top and

16
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bottom. External walls feature rusticated white cladding, while internal walls are lined,
resulting in a lightweight, non-homogeneous composite structure resistant to seismic and

thermal stresses.

Figure 5a illustrates the floor plan of the case study building, which includes two bedrooms, a
kitchen, a living room, a bathroom, and a garage. Figure 5b presents a 3D model of the case-
study building, referred to as ‘Building-1’. Building-1, the case study is a single-story duplex
unit (gross floor area: 85.18 m?) representative of New Zealand’s residential typology. It is
constructed with a FRP wall panel system, steel roof, concrete slab foundation, and CFS
framed intertenancy walls. The south-east oriented tested wall (3.2 x 2.44 m) features a
window-to-wall ratio (WWR) of 0.27, selected to reflect typical New Zealand practices in
temperate climate. The kitchen (15 m? monitored area) was prioritised for on-site

investigations due to its accessibility and exposure to variable occupancy-driven thermal

loads.
Besbdheg & ..I:':- - Buiking |
T T R
i g‘ N
\ usgw Kachen -
A iz -
‘ Yo
(a) (b)

Figure 5 (a) floor plan and (b) 3D model of the FRP case study building.

Thermal resistance values for all building elements are summarized in

17
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Table 3. The FRP wall panel system incorporates an air gap design proven to mitigate thermal
bridging by decoupling conductive pathways [47], along with interlocking joints that reduce
air infiltration while enhancing thermal bridging resistance, as demonstrated by Abdou et al.
[33]. This dual approach improves overall thermal efficiency by addressing both conductive

(through insulation) and convective (via airtightness) heat transfer mechanisms.

The FRP panel itself exhibits a thermal conductivity (k) of 0.248 W/m-K, measured using a
lambda thermal conductivity meter per ASTM C177. Using Equation 1, the system’s total
thermal resistance was calculated as 2.8 m*K/W, compliant with NZS 4214:2006 [37]. Air
permeability testing further confirmed an average infiltration rate of 5.5 L/min/m?, indicating
low to medium air leakage performance consistent with industry benchmarks for energy-
efficient envelopes. The role of the air layer in reducing thermal bridging has been well-

documented in research conducted by Khabaz [47].

This study focuses on the overall thermal performance of the case study building constructed
with the FRP wall panel system, without delving into detailed analyses of thermal bridging
and air infiltration. The total thermal resistance of the building elements is calculated using
the equation 1 provided in NZS 4214:2006 [49].

RT :RSi+R1 +R2 +“‘+Rse (1)
Rr = total thermal resistance, Rs = internal surface resistance, Rs. = external surface

resistance, R; 3= thermal resistance of each layer

The heat transfer equation 2 used to calculate heat loss and gain [50].

AT
Q= 2)
Where,

18
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Q = Heat transfer through wall (W/m?),
Ry = Total thermal resistance of the wall (m*K/W),
AT = Temperature difference between internal and external surface (K).

And total heat loss (HL) equation 3 for the building proposed in NZBC — H1 [37]:

A A A Aglazi Adoor, Askylight
HLproposed — roof wall floor + glazing oor,opaque + skylig (3)

Rroof Rwall Rfloor Rwindow Rdoor,opaque Rskylight

Table 3 Building envelope specifications.

Elements Materials R-Value m’K/W

Perimetral wall 7mm FRP wall panel 2.8
60mm phenolic foam rigid insulation
26mm airgap
7mm FRP wall panel
10mm Gib board
Internal wall/ Garage partition walls 10mm Gib board 0.57
7mm FRP wall panel
86mm airgap
7mm FRP wall panel
10mm Gib board
Garage door Insulated garage door 1.67
Window 4mm Low E +12mm argon + 4mm clear ~ 0.63
Floor 300mm rib raft Pod Slab System 1.3
20mm of carpet with padding
Roof 30 mm corrugated metal roofing 4.83
0.2 mm Flexible underlay
45 mm purlins
90mm insulations and rafter spacing.

25mm sofit board

2.4 Building energy simulation parameters

The building energy simulation was performed using IES VE software [51], selected for its
comprehensive whole-building simulation capabilities and compliance with ASHRAE

standards [52]. The case study building was modelled with distinct thermal zones for each

19
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room (Figure 6), with material properties detailed in Table 3. The building simulation
parameters were defined in accordance with the New Zealand Building Code H1 acceptable
solution/verification method [37] and ANSI/ASHRAE standards and guidelines [38,53].
Temperature constraints were set, with indoor temperatures maintained at 18°C for heating
and 24°C for cooling. Occupancy was simulated for one person on weekdays from 8:00 a.m.
to 5:00 p.m. with partial occupancy consistent with experimental setup, with no occupancy or
appliance use on weekends. Internal gains were set at 150 W/person for occupant and plug
loads were set at 24.5 W/m2 (equipment and lighting). Natural ventilation and infiltration
settings were designed to reflect experimental conditions. Window and door openings were
modelled in three intervals during weekdays (7:30a.m.—8:30 a.m., 12:30 p.m.—1:30 p.m., and
4:30 p.m.—5:30 p.m.) for 15 minutes each, while weekends remained closed to imitate real-
time conditions. The infiltration rate was set to 5.5 L/min/m?, derived from air permeability
tests, and the airflow rate was set to 0.5 air changes per hour (ACH) as per the NZBC H1

code verification method [49].

The simulation utilised 1-minute timesteps, with results aggregated into hourly averages to
align with the experimental data logging intervals. Due to constraints in data availability and
the complexity of modeling, factors such as urban heat island (UHI) effects and the influence
of adjacent buildings were excluded from the analysis. The study concentrated on critical
thermal parameters, including occupancy schedules, temperature variations, and the thermal

properties of materials, that directly impact heat transfer processes.

20
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Figure 6 Distinct thermal zones of a simulated case study building.

2.4.1 Validation procedure

Various studies have indicated that validation outcomes are deemed acceptable when the
margin of error falls within 10-20% [52,54,55]. Previous studies have typically used the
coefficient of variation of the root-mean-square error (CV(RMSE)) and the normalized mean
bias error (NMBE) to calibrate and validate models by comparing measured energy
consumption with simulated or predicted values in whole-building simulations [17,54-58].
According to ASHRAE Guideline 14 [38], a model is deemed valid if the CV(RMSE) is
within £30% and NMBE is within £10% for hourly data. The CV(RMSE) and NBME are
defined in equations 4 and 5 below, where y; is the simulated data,y; is the measured data, y
is the mean of the real data and n is the total number of data with p=1. Lower values of

NMBE and CVRMSE indicates higher reliability and accuracy of the model.

/z(yizl—m)z
(n-p)
CV(RMSE) = 100 X Tp (4) [54]

— n_i=¥)
NMBE = 100 x T} 25 (5) [54]

In addition, previous studies have utilised indoor air temperature, outdoor air temperature,

and surface temperature as key parameters for model calibration and validation [54,57,59]. In

the current study, different construction stages of the FRP wall panel system (figure 4)
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limited the direct comparison of energy consumption data. Therefore, hourly outdoor air
temperature, indoor air and surface temperatures, were selected as calibration and validation
parameters. These variables aligned with the simulation outputs, allowing direct comparison

between measured and simulated data.
3 Results and discussions

The study focuses on temperature and airflow, prioritising quantification of the FRP wall
panel system’s ability to mitigate overheating under real-time summer conditions (Nov 2023—
Mar 2024) directly exposed to outdoor environmental factors such as solar radiation, wind,
and rain. Field monitoring during construction stages 1-3 introduced complexities including
temporary occupancy shifts and exposure to variable outdoor conditions. Furthermore,
temperature and airflow measurements were conducted to validate the findings, while
accounting for instrument limitations. Thermocouples were positioned according to ISO 9869
[44] and hot-wire anemometer was added in stage 3 to assess airflow’s role in indoor comfort.
For the monitored wall, measurements averaged two to three thermocouples (£0.4°C
accuracy), with data logged at one-minute intervals and aggregated into hourly/daily averages

for seasonal trend analysis.
3.1 Temperature

The hourly and daily outdoor and indoor air temperatures from 00:00 on 19 January 2024
until 23:59 on 19 March 2024 were presented in Figure 7 (a) and (b). The data indicates that
hourly outdoor and indoor temperatures reached up to 32.9°C and 29.9°C, respectively, while
the daily outdoor and indoor temperatures were 26.9°C and 27.7°C, respectively. During the
measurement period, indoor temperatures were maintained between 18°C and 24°C for 1,011

hours (67.6%) out of 1,494 hours and for 42 days out of 62 days, despite the absence of
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mechanical ventilation (design limitations) and no active heating or cooling. The result
indicated that the FRP wall panel system is within the comfort range, 10% higher than

conventional construction (57%) in New Zealand [10].

The hourly and daily indoor and outdoor air temperatures are provided in Table 4. According
to the data measured, maximum hourly indoor temperature of 29.9°C was recorded on 24
January 2024 peaking around 5:30 p.m., when outdoor temperatures ranged from 5.8°C to
32.9°C (range: 27.1°C) likely due to heat accumulation during the day in the absence of
active ventilation. Conversely, the lowest indoor temperature was observed on 17 March
2024 ,when outdoor conditions overnight ranged from 5.8°C to 11.8°C (range: 6°C) between
8:30 p.m. and 8:30 a.m. Indoor air temperature stabilised at around 18°C but briefly dropped
to 15°C around 7:30 a.m. on 18 March 2024, following occupant-induced door-opening.
However, temperatures recovered to above 18°C shortly afterward, demonstrating the

system’s thermal buffering.
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(a) (b)
Figure 7 Outdoor vs indoor air temperature from 19 January until 19 March 2024: (a) hourly

and (b) daily.

Table 4 The hourly and daily temperatures of the FRP case study building

Hourly temperature (°C) Daily temperature (°C)

Month Min Max Mean  Min Max Mean  days
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Indoor * Nov-23  15.5 21.2 18.2 16.6 18.8 18.1 6

air temperature Dec-23 16.3 20.9 18.9 18.5 19.7 18.9 6
Jan-24 18.1 29.9 24.2 21.5 265 24.2 13
Feb-24 17.7 28.1 23.6 20.8 258 23.5 29
Mar-24  15.5 25.1 20.2 199 227 20.2 19

outdoor Nov-23 94 30.1 15.9 129 185 15.5 6
air temperature Dec-23 12.2 30.5 19 18 15.9 17.2 6
Jan-24 11.9 32.9 21.8 17.8  25.7 21.7 13
Feb-24 9.7 314 20.3 156 243 20.2 29
Mar-24 5.8 28.2 17.5 104 21.2 17.3 19
Indoor Nov-23  16.6 22.7 19.2 17.7 19.8 19.3 6
surface temperature Dec-23 17 23.1 19.8 19.6 . 205 19.8 6

Jan-24 20.8 30.3 25.2 21.9 27.8 25.3 13
Mar-24  16.2 25.1 20.8 188 23.6 20.8 19

Outdoor Jan-24 13 33.6 234 19.6 27.6 235 13

surface temperature Feb-24 10.5 32.5 21.4 182 24 21.3 29
Mar-24 6.6 28.3 17.8 10.5 20.6 17.5 19

Cavity air temperature  Nov-23 16.9 21.8 19.4 179 20 19.2 6

Dec-23 17.2 22.4 19.9 19.6 20.6 19.9 6

* The lowest values were recorded in the morning when the occupant opened the door

The diurnal variations in cavity, outdoor, and indoor air and surface temperatures, in terms of
hourly and daily behaviour, are shown in Figure 8 and 8b. These measurements were taken
between 25 November 2023 and 6 December 2023 (stage 2) to analyse whether heat is stored
in the cavity, and the temperature differences between the cavity and room air temperature.
The hourly and daily cavity air temperature, indoor and outdoor air temperature are reported
in Table 4. During this period, hourly indoor air temperatures ranged from 15.5°C to 21.2°C
(range: 5.7°C), while daily temperatures fluctuated between 16.6°C and 19.7°C (range:
2.1°C). The hourly and daily cavity temperatures was consistently higher than the room

temperature (see Figure 8). These surface temperatures were marginally lower than the cavity

24



Journal Pre-proof

temperatures but higher than indoor air temperatures, reflecting a system design in balance

between cavity heat retention and indoor temperature.

The results indicate that the building system's air gap slowed heat transfer, improving indoor
thermal comfort by storing heat in the cavity despite outdoor temperature fluctuations.
Additionally, the indoor temperature increased as the outdoor temperature dropped,
suggesting heat retention in the cavity. Hourly indoor temperatures remained between 15.6°C
and 20.5°C (range: 5.1°C), while daily temperature ranged from 17.5°C and 19.4°C (range:
1.9°C). The cavity temperature was consistently higher than the room temperature (17°C to

22°C), as shown in Figure 8.

(a) (b)

Figure 8 Cavity vs outdoor, surface, and indoor temperature from 25 November until 6
December 2023: (a) hourly and (b) daily.

A consistent relationship between the room ambient temperature and indoor surface
temperature were measured between 19 January 2024 to 19 March 2024 and illustrated in
Figure 9, highlighting the FRP wall panel system's capacity to mitigate thermal fluctuations.
Hourly indoor surface temperature had a range of 14.1°C while the external surface
temperature had a range of 30°C, as shown in Table 4. Also, Figure 9a shows that the hourly
indoor temperature variation closely follows the indoor surface temperature, while daily

indoor air and surface temperatures followed similar trend as shown in Figure 9b.
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Throughout the monitoring period, room temperatures remained within the range of both
outdoor and indoor surface temperatures (Figure 9). As previously illustrated in Figure 8 the
cavity temperature closely aligning with surface temperature less than room temperature

demonstrating the heat retention in the cavity.

(a) (b)

Figure 9 Surface temperature vs room temperature from 19 January until 19 March 2024: (a)
hourly and (b) daily.

Although this research was conducted between November 2023 and March 2024, heat loss
and heat gain calculations focus on February 2024, which is New Zealand’s peak summer
month [60]. Previous studies have identified February as the hottest month in New Zealand’s
summer season [60], making it the most suitable period for evaluating the peak thermal
performance. Hourly heat loss and gain were calculated using Equation 2 for February, with
results illustrated in Figure 10. Indoor and outdoor surface temperatures are presented in
Table 4. The recorded temperature ranges revealed distinct patterns across surfaces and
indoor environnients. The external surface exhibited the widest variation, fluctuating between
10.5°C and 32.5°C (range: 22°C), driven by outdoor air temperature swings from 9.7°C to
31.4°C (range: 21.7°C). In contrast, the internal surface and indoor air demonstrated smaller
variations, the internal surface ranged from 19.7°C to 29.2°C (range: 9.5°C), while indoor air

temperatures varied between 17.7°C and 28.1°C (range: 10.4°C).
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During this period, the maximum heat gain was 3.86 W/m?, while the maximum heat loss
was 1.01 W/m?, based on surface temperature variations through the measured wall. Figure
10 highlights the need for cooling when the indoor air temperature exceeds 24°C. Over 430
hours, indoor temperatures remained within the 18°C-24°C comfort range, compared to 106
hours at 24°C-25°C and 160 hours above 25°C. These deviations occurred under minimal
natural ventilation (due to construction restrictions) and no mechanical ventilation (owing to
design limitations). The results further indicate a total heat gain of 994.26 W/m? and a heat
loss of 253.38 W/m? through the studied wall in February 2024. However, the indoor
temperatures exceeded 24°C for 266 hours during this month, contributing to a heat gain of
425.86 W/m?. This suggests that, while heat loss and gain occurred, the heat recovery
potential of the FRP wall panel system mitigated these extremes thereby stabilizing indoor

conditions despite outdoor variability.
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Figure 10 Heat loss and gain vs surface and indoor temperature of February 2024.
3.2 Airflow

Due to limitations in test kit availability, the airflow test was conducted between 16 April and

24 April 2024. Variations in indoor airflow, with windows both open and closed over a 75-
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hour observation period, are illustrated in Figure 11. The analysis was conducted across
three-time intervals, 5 p.m. to 11 p.m., 11 p.m. to 9 am., and 9 am. to 5 p.m. The results
revealed that the airflow velocities ranging from 0.08 m/s to 0.12 m/s (mean: 0.11 m/s, range:
0.04 m/s) maintained indoor temperatures between 16.6°C and 19.6°C (mean: 18°C, range:
3°C), while outdoor temperatures varied significantly from 9°C to 29.3°C (mean: 17.5°C,
range: 19.7°C). During the period from 9 a.m. to 4 p.m., airflow remained between 0.11 m/s
and 0.12 m/s, sustaining indoor temperatures at 18.3°C despite outdoor fluctuations ranging
from 16.3°C to 29.3°C (mean: 22.7°C, range: 13°C). From 11 p.m. to 9 a.m., airflow
decreased to between 0.07 m/s and 0.12 m/s, with indoor temperature at 17.3°C and outdoor
temperatures dropped to 12.4°C. This demonstrated consistent airflow regulation, ensuring

indoor temperatures stayed above 18°C for most of the time without the reliance on

ventilation.
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Figure 11 Airflow vs outdoor and indoor air temperature from 16 April until 24 April 2024.
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3.3 Building energy simulation
3.3.1  Validation of the model

This study evaluated the thermal performance of a novel FRP wall panel system in a
residential building, with results validated against experimental measurements according to
ASHRAE 14 guideline [38,54]. Hourly comparisons of outdoor air temperature, indoor air

temperature, and wall surface temperatures revealed the following discrepancies.
e Outdoor temperature: CV(RMSE) = 18.08%, NMBE = 7.18%
e Indoor temperature: CV(RMSE) = 8.72%, NMBE = -0.64%
e Indoor surface temperature: CV(RMSE) = 9.46%, NMBE = 3.72%

These values fall within the ASHRAE acceptable thresholds of +30% (CV(RMSE)) and
+10% (NMBE) for hourly data [38], confirming the model’s reliability. The relatively high
CV(RMSE) for outdoor temperature (18.08%) likely reflects uncaptured urban heat island
(UHI) effects and microclimatic variations in simulated weather data as observed in other

studies lacking site-specific resolution [55,56].

The simulation employed weather data from NIWA'’s station, located approximately 10 km
from the case study building [61]. In contrast, the experimental data captured localized
conditions, including urban morphology and transient shading, resulting in monitored
temperatures that exceeded simulated values by up to 3°C (experimental: 10.6°C to 30.5°C
vs. simulated: 6.7°C to 29°C). This discrepancy aligns with findings by Converso et al. [59],
who noted that weather station data often underestimates on-site temperatures in urbanized
areas due to UHI effects. Similarly, a comparable study reported that in-situ urban

temperatures surpassed weather file data by 2.2°C [56].
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Further research in New Zealand has demonstrated that UHI-induced temperature increases
can reach up to 4°C in dense residential areas, significantly impacting cooling demand and
heat transfer dynamics [4]. For instance, a study analysing the impact of urban microclimate
on residential building energy demand in Auckland found that the UHI effect led to an
approximate 4.35% increase in cooling demand during summer and a 2.6% decrease in

heating demand during winter [3].

The exclusion of dynamic variables, such as UHI effects, site-specific airflow patterns,
transient shading, and adjacency effects, likely results in an underestimation of peak thermal
stresses in the simulation. This limitation may affect the generalizability of the results to more
complex real-world urban environments. To address these limitations, future work should
incorporate localized urban boundary conditions and dynamic microclimatic modeling,
including factors like shading dynamics, solar radiation, and wind velocity. Integrating such
elements can enhance the predictive accuracy of energy-resilient designs and provide more

reliable assessments of building performance in urban settings.
3.3.2  Simulation results

The simulation results were analysed to evaluate the thermal behaviour of the FRP wall panel
system in February 2024, the peak summer month in Hamilton, New Zealand [60]. Hourly
temperature fluctuations between experimental and numerical results are shown in Figure
12a. The weather data-derived outdoor temperatures ranged from 6.7°C to 29°C (mean:
18.3°C, range: 22.3°C), while field measurements recorded higher and more variable
temperatures of 10.6°C to 30.4°C (mean: 20.3°C, range: 10.2°C). The wider range in field
data likely reflects localized microclimatic effects (such as urban heat island influence,

transient shading, or airflow variations) not fully captured by the model [57].
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Simulated indoor temperature ranged from 21.3°C to 26.9°C (mean: 23.3°C, range: 5.3°C),
while experimental indoor temperature varied from 17.7°C and 28.1°C (mean: 23.5°C, range:
10.4°C) exceeding the WHO recommended minimum temperature for thermal comfort
[28,62]. The simulated indoor-outdoor temperature differences spanned from -4.3°C to
15.1°C, whereas experimental results showed a narrower range from -5.1°C to 10.3°C,

indicating that the measured indoor temperature more closely followed outdoor fluctuations.

Despite discrepancies, both datasets revealed that the rising outdoor temperatures influenced
indoor conditions without abrupt indoor shifts. The surface temperature in both the findings
remained slightly higher than the indoor air temperature from 19.7°C to 29.2°C (measured)
and 21.2°C to 26°C (simulated). These findings align with prior studies documenting
increased cooling demand in Hamilton, New Zealand, driven by outdoor temperature impacts

on indoor comfort [6].

Figure 12b compares daily temperature  fluctuations. Simulated results demonstrated
relatively stable indoor temperatures, despite outdoor variability, while measured data
exhibited more pronounced diurnal variations. Daily simulated indoor temperature ranged
from 22°C to 24.7°C (mean: 23.3°C, range: 2.7°C), compared to experimental values of 21°C
and 25.6°C (mean: 23.4°C, range: 4.6°C). Simulated indoor-outdoor temperature differences
spanned from 2°C to 7.6°C, whereas experimental results showed a narrower range of 2°C to
5.8°C. Notably, both methods indicated that indoor conditions followed outdoor temperature

trends even in the absence of heating, cooling, or mechanical ventilation.

As shown in Figure 16, experimental outdoor temperatures exhibited greater variability than
simulated data derived from NIWA [61]. The daily outdoor temperatures in the simulation

ranged from 15.5°C to 22.2°C (mean: 18.3°C, range: 6.7°C), while measured values ranged

31



Journal Pre-proof

from 17.2°C to 22.5°C (mean: 20°C, range: 5.3°C). These differences are likely attributed to
the absence of dynamic boundary conditions in the model such as transient solar gain, UHI
effects, and occupant behaviour which are inherently present in real-world scenarios. This
discrepancy may arise from differences between localized on-site environmental conditions
(e.g., transient solar gain, vegetation effects, or occupant behaviour) and the static weather
data input into the simulation. Although the simulation lacked certain localised parameters, it
performed reasonably well in predicting indoor comfort: 71.2% of hours in the simulation fell
within the thermal comfort zone, compared to 62.6% (8.6% lower) from the measured data,

demonstrating the reasonable predictive utility of the IES VE software for assessments [52].

These results highlight the growing influence of warming climate on indoor environments,
emphasizing the need for adaptive building designs to mitigate overheating risks. While IES
VE simulations provide a strong framework for initial performance evaluations [51],
discrepancies arise due to simplified boundary conditions. Incorporating site-specific
microclimatic data (such as localized airflow patterns, transient shading, or material

degradation) could improve the model’s accuracy.
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Figure 12 Experimental versus numerical temperature of February 2024: (a) hourly and (b)
daily.
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3.4 Findings from this research highlighting the benefits of the FRP wall panel system

The experimental findings demonstrated that the superior thermal performance of the FRP
wall panel system, compared to conventional framed construction, can be attributed to three
interrelated mechanisms. Firstly, the air cavity present in the system acts as a dynamic
thermal buffer, decoupling indoor conditions from outdoor extremes. During monitoring,
cavity air temperatures remained stable within a narrow band of 17-22°C (Figure 8),

providing approximately 5°C of thermal stability despite fluctuations in outdoor conditions.

Secondly, the FRP wall panel system combines low thermal mass materials with high thermal
mass insulation, creating a hybrid structure that serves both as an air barrier and a thermal
storage layer. This configuration balances rapid thermal responsiveness with delayed heat
transfer, offering a performance advantage over conventional systems that typically rely on
either high or low thermal mass alone. With a lower U-values of 0.357 W/m?-K (R-values of
2.8 m*-K/W), the FRP wall panel system significantly outperforms the 0.5 W/m?-K (R-values
of 2 m?*-K/W) benchmark required by conventional construction standards [37], while also

fulfilling dual functional roles in thermal regulation.

Thirdly, the FRP wall panel system supports passive heat redistribution, which contributes to
indoor thermal stability without reliance on mechanical heating or cooling systems. Heat
accumulated in the cavity during warmer periods is gradually released during cooler night-
time hours. These mechanisms collectively explain the 10% improvement in comfort duration

over conventional construction despite the absence of mechanical ventilation.

The result suggests that current building code could evolve to recognise the benefits of
integrated and dynamic thermal design strategies. For instance, New Zealand’s H1 energy

efficiency building code (acceptable solution) [37] could be extended to include performance
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metrics such as thermal buffering capacity and thermal lag, rather than relying solely on
steady-state R-values or U-values. Furthermore, the demonstrated benefits of the FRP wall
panel system position it as a viable alternative solution for temperate climates particularly in
affordable and social housing contexts, where energy performance directly affects occupant

comfort and health.

This research focused on a case study building in Hamilton, New Zealand. The underlying
design principles such as thermal decoupling, heat storage, and the use of hybrid materials
that reduce dependence on mechanical systems are broadly applicable to similar climatic
conditions, provided region-specific validation is conducted. Overall, this study highlights the
potential of FRP wall panel systems as a climate-resilient and energy-efficient alternative,

which is capable of mitigating overheating risks in a warming climate.
3.5 Comparison with previous studies

The thermal performance of building envelope materials varies significantly based on
material type and thickness. For instance, hardwood timber walls with thicknesses of 0.140 m
and 0.186 m achieved U-values of 0.152 W/m?-K (R-values of 6.58 m?-K/W) and 0.139
W/m?-K (R-values of 7.19 m?-K/W), respectively [16]. In contrast, steel-bamboo composite
walls (0.17 m), reinforced concrete walls (0.28 m), and aerated concrete blocks (0.24 m)
exhibited comparatively higher U-values of 0.6495 W/m?-K (R-values of 1.54 m*-K/W), 1.26
W/m?-K (R-values of 0.79 m*K/W), and 0.88 W/m?>K (R-values of 1.14 m*-K/W),
respectively, despite their greater thicknesses [17]. Similarly, aerated concrete walls with a
thickness of 0.26 m recorded higher U-values of 1.799 W/m?-K (R-values of 0.56 m?-K/W),
depending on material composition [47], while a lightweight steel-framed wall of 0.286 m

thickness achieved a U-value of 0.314 W/m?-K (R-value of 3.19 m*-K/W) [18].
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Research in New Zealand indicates that typical wall thicknesses range from 0.10 m in
conventional construction to 0.19 m in green-certified homes [6,10]. The HI energy code
[37] mandates a minimum wall U-value of 0.50 W/m?-K (R-value of 2 m?-K/W), commonly
associated with 0.10 m walls. Research by Ade et al. [10,11] on Auckland dwellings revealed
that U-values range from 0.376 W/m?-K (R-value of 2.66 m?*-K/W) in newer 6-Homestar
homes to 0.741 W/m?-K (R-value of 1.35 m?-K/W) in older dwellings, with wall thicknesses
between 0.10—0.19 m. Although concrete walls (0.19 m) in green-certified homes achieve
lower U-values of 0.314 W/m?-K (R-value of 3.18 m?-K/W), they are associated with higher
upfront costs and are prone to prolonged overheating [10,11]. In comparison, the novel FRP
wall panel system (0.11 m) demonstrates lower U-values of 0.357 W/m?-K (R-value of 2.8
m?-K/W), outperforming conventional timber-framed wall systems, which typically reach R-

values of up to 2.1 m*K/W (0.14 m).

Previous research showed that the direct comparisons of overheating, heating and cooling
demands remain complex due to dependence on local climatic conditions, material thermal
properties, and construction timelines [6]. This study focuses on heating requirements when
temperatures fall below 18°C and cooling needs when temperatures exceed 24°C. Research
by Ade et al. [10], shows that various dwellings exceeded 24°C for 43—75% of hours between
January and March 2019, while 70% of January to February hours in conventional buildings
surpassed 25°C [11]. In contrast, the FRP case study building stayed above 25°C for only

19.75% above 25°C and 30.4% above 24°C.

Table 5 illustrates indoor temperature variations in relation to thermal resistance and outdoor
temperatures. The case study building’s indoor air temperatures ranged from 14.8°C on the
coldest day to 29.9°C on the peak summer day (outdoor temperature 5.8°C — 32.9°C). Similar

studies reported indoor air temperatures ranging from 7.8°C on a winter day in Aversa, Italy
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[36] to 33.5°C on a peak summer day in Auckland, New Zealand (outdoor temperature 9.8°C
- 29.1°C) [16]. Furthermore, higher R-values can improve thermal performance in some
regions, they risk cold indoor temperatures or overheating in others, underscoring the need

for region specific design.

Despite being in the same location (Auckland, New Zealand), two studies showed different
room temperatures for walls with similar thermal resistance. This discrepancy underscores
the importance of holistic design. Notably, the FRP wall panel system’s integrated air cavity
and airflow regulation help maintain a comfortable range most of the time, highlighting the

importance of holistic design parameters like thermal storage and heat flux.

To evaluate the compliance of the case study building with the New Zealand Building Code
(NZBC) HI acceptable solutions [37], the total heat loss (HL) was calculated using Equation
3. The case study building’s (built with pre 2022 building code requirement) overall heat loss
was determined to be 274.21 kWh, which is 4% lower than the NZBC 2023 standards
threshold of 285.54 kWh, even with restrictions on ventilation, heating, or cooling,
demonstrating the effectiveness of this innovative system. Based on field investigations and
building energy simulations, the novel FRP wall panel system used in the case study building
demonstrated better indoor temperature control and comfort compared to most existing

buildings in Glenns, Auckland [10], despite having similar climates to Hamilton.

Table 5 Summary of outdoor and indoor air temperatures with different R-Values.

o o R-value
Outdoor temperature °C  Indoor temperature °C [m2K/W]
Ref  Location Period Minimum Maximum  Minimum Maximum  Wall
Hamilton, January-
* New M 5.8 32.9 14.8 29.9 2.8
March
Zealand
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Hamilton, January-

#  New Y 6.7 29 18.6 26.9 2.8

March

Zealand
Auckland,

[3]  New Annual 8 24 19 29.5 2.04
Zealand
Bridport, May-

(14 England September 1 28.3 12.8 27.3 7.14
Auckland, Januar )

[10] New y 9.8 29.1 19 33.5 2.10

March

Zealand
Auckland, Januar )

[11]  New Fob y 10.2 28.6 18.7 35.9 2.11
Zealand coruary

[36] Aversa, December 4 21 7.8 20.5 2.78
Italy

[16] Fribours, o al 0.8 215 18.3 25.5 7.19
Switzerland ’ ’ ’ ) ’

* Case study-Temperature collected from the experimental results between 19 January 2024 — 19 March 2024

**Case study-Temperature collected from the numerical results between 19 January 2024 — 19 March 2024

Conventional timber and steel framing systems face persistent challenges, including thermal
bridging, timber decay, and moisture accumulation influenced by multilayered building
envelopes [9,30,63-65]. Overton’s research on New Zealand wall assemblies demonstrated
that most timber and steel frame assemblies fail to meet the ASHRAE 160 criteria for mould
growth and corrosion when indoor relative humidity exceeds 70%, leading to condensation
risks [30]. While timber-framed walls benefit from hygroscopic properties that mitigate
condensation, they remain susceptible to decay when moisture content surpasses 20%. In
contrast, steel-framed walls exhibit minimal moisture absorption but face higher

condensation risks, with relative humidity reaching 100% at critical interfaces [30].

Comparative material testing of FRP panels under 500-hour condensation cycles revealed that

the moisture uptake in timber is 88-91%, signalling significant decay risk, while uncoated
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steel showed pronounced corrosion. However, FRP panels outperformed both materials,
demonstrating minimal water absorption (0.37% mass gain) and no condensation risks. The
1000-hour neutral salt spray test showed no visible physical deterioration of the panel, while
three point bending tests on field-aged samples (16 months) revealed only 5-9% mechanical

degradation.

Critically, moisture accumulation in building envelopes is closely tied to orientation-
dependent heat flux, which elevates condensation, fungal growth and mould risks in
conventional constructions [66]. In conventional framed construction, condensation and
dampness degrade wall insulation over time, impairing long-term thermal performance [67].
However, the design of the FRP wall panel system inherently mitigates these risks, as
phenolic foam rigid insulation within the cavity is protected from high humidity and drastic

heat flux fluctuations.

The phenolic foam core’s moisture-resistant properties [68,69] combined with the panel
system’s low to medium air permeability (5.5 L/min/m?) and positive results in condensation
testing, suggests a minimal risk of interfacial condensation at FRP joints. While FRP wall
panel system is emerging as a promising alternative to conventional framing materials,
further research is required to fully characterise the long-term hygroscopic behaviour of it in

New Zealand’s diverse climate zones.
3.5.1 End of life

FRP wall panel systems offer initial costs comparable to timber framing, with potential
lifecycle savings attributed to minimal maintenance requirements, eliminating the need for
treatments against rot or pests, and enhanced energy efficiency. Environmentally, FRP's

recyclability, including the reuse of manufacturing waste into new panels, contrasts with
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timber's biodegradability, which can be compromised by the use of toxic preservatives in
New Zealand [65], and concrete's limitations in downcycling. However, the embodied carbon
associated with FRP wall panels may be elevated due to reliance on imports from countries
like China. This impact is partially mitigated by incorporating inorganic fillers such as fly ash
into panel production [70]. To achieve carbon neutrality, localizing FRP manufacturing in

New Zealand is critical, reducing transportation emissions and fostering local industry.

Adoption barriers for FRP in New Zealand include the absence of FRP-specific design codes,
leading to reliance on standards like NZS 3604:2011 [71] , which are tailored for timber-
framed buildings [31]. Additionally, unestablished supply chains pose challenges to
widespread implementation. To advance FRP's role in climate-resilient construction,
comprehensive lifecycle assessments (LCAs) are necessary to quantify net carbon savings
accurately. Policy reforms should focus on integrating FRP-specific clauses into New
Zealand's building codes and standards or establishing dedicated FRP composite standards.
Such measures would ensure the viability and sustainability of FRP in climate-resilient

design.
4 Conclusions and limitations

This study provides the first empirical evaluation of an FRP wall panel system in New
Zealand’s climate zone 2, characterized by moderate winters and humid summers. The
findings confirm the system’s potential to mitigate indoor overheating and improve thermal
resilience. Additionally, the findings of this unique configuration of this system forming an
air gap combined with insulation for temperate climate support New Zealand climate-resilient

housing. While the findings highlight the viability of FRP systems in Waikato's temperate
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climate (climate zone 2), conclusions regarding their suitability across New Zealand's diverse

climate zones require further validation through field studies in representative regions.

Firstly, it was found that the indoor temperature of the FRP wall panel system remained
within the comfort range of 18-24°C for 67.6% of the time of the observation period (outdoor
max 32°C) without mechanical cooling. These results suggest the system could significantly
reduce energy consumption compared to conventional residential buildings, where prior
studies reported indoor temperatures exceeding the comfort range for 43—70% of the time.
The FRP wall panel system's ability to maintain indoor comfort aligns with New Zealand’s
prioritisation of energy-efficient, healthy housing to combat overheating risks. Furthermore,
the air gap in the system combined with low airflow rates (0.08-0.12 m/s) in rooms and
through windows reduced heat transfer variability and stabilised indoor temperatures,
minimising energy demands. Observed transient heat transfer through the wall system
underscores the necessity of accounting for dynamic thermal behaviour in the building

envelope design.

Secondly, validated numerical simulations using IES VE software (2024) aligned closely with
experimental results, with CV(RMSE) and NMBE values for indoor air temperature at 8.72%
and -0.64%, respectively within ASHRAE Guideline 14 thresholds. Surface temperature
validation showed similar accuracy (CV(RMSE): 9.46%, NMBE: 3.72%), while the outdoor
temperature CV(RMSE) was higher (18.08%) possibly due to limitations in the NIWA
weather data. Nonetheless, the experimental and simulated results remained within acceptable
thresholds, confirming the model’s reliability in assessing overheating risk in Hamilton,
Waikato (Climate Zone 2). These findings highlight that R-values alone are insufficient to
evaluate thermal performance and emphasise the critical role of material-specific thermal

behaviour and dynamic airflow design in climate-responsive building envelopes.
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A case study building constructed with the FRP wall panel system exceeded 2023 H1
building code New Zealand by 4% emphasizing the need for region-specific accurate
building modelling for cost-effective and energy-efficient designs. Results demonstrated that
the system’s air cavity functions as thermal resistance as well as heat storage, which aids in
minimising heat loss and gain and enhancing thermal comfort, positioning it as a viable

alternative to conventional materials in comparable climatic conditions.

The findings suggest a few practical recommendations: The New Zealand H1 energy
efficiency building code (2023) should prioritise dynamic metrics such as thermal lag and
thermal storage capacity when evaluating building envelopes, moving beyond traditional
reliance on R-values. Additionally, FRP-specific design guidelines should be developed to
address non-homogeneous material properties and incorporate regionally validated dynamic
modeling, ensuring systems are tailored to local climatic conditions. Although this research
focused on a specific case study in Hamilton, New Zealand, the underlying design principles
such as thermal decoupling, heat storage, and the use of hybrid materials to reduce reliance
on mechanical systems could be adapted to similar temperate climates, provided region-
specific validation is undertaken. Such revisions would better reflect FRP’s inherent thermal
stability and resilience to overheating, reducing dependence on outdated assessment methods.
Future codes should also integrate microclimatic variables and urban heat island effects that

are currently overlooked, enabling more adaptive and climate-responsive building practices.

Despite promising results, this study has limitations. The FRP wall panel system's
performance was evaluated exclusively in a single case study building in Waikato, focusing
on temperature and airflow impacts. Other parameters, such as relative humidity and comfort
indices, were excluded due to monitoring constraints during construction, occupancy, and

post-occupancy stages. Although tests for condensation and accelerated corrosion confirmed
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the durability of the panels, their long-term behavior in diverse environments requires further

investigation to establish broader applicability.

Future research should explore the scalability of FRP wall panel systems in multi-storey
designs and coastal/rural environments, integrating transient variables such as microclimate
data and UHI effects into simulations. Addressing adoption barriers, including code
compliance and supply chain limitations is essential. While this study addresses overheating
risks in climate zone 2, targeted studies across New Zealand's varied climate zones are crucial
to establish wider applicability. Furthermore, in-depth studies on economic viability and
environmental impact should be conducted to ensure relevance in broader contexts. The
findings provide a foundation for refining building codes and encourage further exploration

of innovative materials in the pursuit of climate-resilient housing.
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