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ARTICLE INFO ABSTRACT

Keywords: Large scale retrofit programmes require a practical means of verifying that newly insulated walls perform as
In-situ U-value designed. ISO 9869-1, the international heat flow meter method, permits test durations as short as 72 hours, a
ISO 9869-1

threshold established when uninsulated walls lost heat far more rapidly than today’s high performance retrofits.
This study evaluates the suitability of the standard for modern post retrofit construction and proposes evidence
based adaptations.

A recently insulated cavity brick wall in Liverpool, UK (design U-value 0.18 W/(m?K)), was monitored at
two adjacent points over 130 days. Heat flux and indoor and outdoor temperatures were logged at 10-minute
intervals alongside on site weather data. The Average Method was applied to all 13,687 candidate time windows
to examine the influence of test duration, starting hour, rainfall, and other environmental factors.

The 72-hour minimum performed poorly: only 5-10% of windows satisfied the convergence criteria, and
among these the mean absolute error against long duration references was approximately 32%. A minimum of
14 days was required for indicative results, and 28 days for accuracy within +5%. Starting hour was statisti-
cally irrelevant once windows exceeded three days. Moisture proved decisive: wet periods inflated measured
U-values by 13-16%, with recovery of 4-6 mW/(m? K) per consecutive dry day. Measured values of 0.206 and

Heat flow meter

Test duration
Wind-driven rain
External wall insulation

0.188 W/(m? K) exceeded the design value by only 0.026 and 0.008 W/(m? K) in absolute terms.

Three adaptations to ISO 9869-1 are proposed: a wall-type-dependent minimum duration, mandatory dry-spell
pre-conditioning, and a combined absolute and relative tolerance for design measurement agreement. Together
these provide a measurement based quality assurance route for large scale retrofit delivery.

1. Introduction

Buildings account for approximately 40% of final energy use and
a comparable share of CO, emissions in Europe, and opaque-envelope
performance is a principal determinant of heating demand [1,2]. UK
policy now turns this physics challenge into a delivery one. The Warm
Homes Plan commits £15 billion of public investment to upgrade up
to 5 million homes by 2030, with consumer protection central to de-
livery across homeowners, landlords, local authorities and housing
providers [3]. That emphasis has been reinforced by the 2025 response
to poor-quality solid-wall insulation installed under inherited Energy
Company Obligation 4 (ECO4) and Great British Insulation Scheme
(GBIS) routes, in which installers were suspended, Ofgem (the Office
of Gas and Electricity Markets, the independent UK energy regulator)
began writing to affected households, and responsible installers were
required to remedy faulty work at no cost to consumers [4]. Subse-
quent audits reported major technical non-compliance in 92% of sam-
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pled external-wall-insulation installations and 27% of sampled internal-
wall-insulation installations under ECO4/GBIS [5]. In this context, reli-
able post-retrofit U-value verification is no longer a secondary monitor-
ing exercise; it is evidence of whether retrofit investment has delivered
the heat-loss reductions and effective insulation it was funded to pro-
vide.

The building-physics literature explains why this verification can-
not rely on design calculations alone. Discrepancies between designed
and measured thermal transmittance, commonly termed the “perfor-
mance gap,” have been repeatedly documented for both uninsulated
and retrofitted envelopes [6-9]. In a meta-analysis of past in-situ stud-
ies on envelopes with design U-values below 0.3 W/(m? K), O’Hegarty
et al. [8] reported that 93% of tests showed underperformance; in
their own campaign of 10 in-situ measurements on highly insulated
envelopes (design U-value < 0.2 W/(m?K)), 9 of 10 underperformed,
with an average deviation exceeding 100%. However, percentage de-
viations become amplified as the denominator becomes small, and so
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Nomenclature

Latin symbols

D Test window duration (h or days)

D, ¢ Duration of the longest converged window (days)

1,(0) Orientation-specific airfield wind-driven rain index
(mm)

I 4.a0n(®) Annualised airfield wind-driven rain index (mmyr~!)

I, Permutation importance of feature k (-)

Kgry Drying-rate coefficient; slope of U vs dry-spell length
(Wm~2K-!day~")

M Number of permutation repeats in Random-Forest
importance (-)

n Number of time-steps in a candidate analysis window
=)

Nays Duration of the weather data subset used for
annualisation (days)

q Heat flux density measured at the internal wall surface
(Wm™)

Rp Cumulative surface thermal resistance over window of

duration D (m2KW—1)

h Hourly rainfall total (mm)

T, Indoor air temperature (°C)

Tout Outdoor air temperature (°C)

Ty Indoor wall surface temperature (°C)

T Outdoor wall surface temperature (°C)

U Thermal transmittance (U-value) computed by the
Average Method (Wm=2K~!)

U, Dry-baseline intercept in the drying regression
(Wm™2K™1)

Ugesign ~ Design U-value per BSENISO 6946 (Wm=> K1)

User Long-duration reference U-value; median of the longest
converged windows (Wm=2K~!)

Vi Hourly mean wind speed (ms~')

Greek symbols

AT Temperature difference T}, — T, (°C)

AU, Absolute U-value tolerance in the dual-tolerance
criterion (Wm=2K™!)

el Relative U-value tolerance in the dual-tolerance
criterion (=)

5 Relative error of a candidate window vs the reference
U-value (-)

s, Hourly mean wind direction (degrees; north = 0°)

Tary Dry-spell length: consecutive dry days before the
window centre (days)

® Wall orientation angle (degrees; north = 0°)

Abbreviations

DRI Driving Rain Index

EWI External Wall Insulation

HFM Heat Flow Meter
MAE Mean Absolute Error
RH Relative Humidity
WDR Wind-Driven Rain

low U-value fabrics should be assessed using both absolute and relative
differences. These findings motivate the routine use of in-situ measure-
ment to verify as-built performance, certify retrofits and calibrate energy
models.

The reference method is the heat flow meter (HFM) technique stan-
dardised in BS ISO 9869-1:2014 [10], wherein heat flux and indoor/out-
door temperatures are logged continuously until three convergence cri-
teria are satisfied: a minimum duration of 72 hours, a 24-hour stability
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criterion and a first/last two-thirds comparison (both with a 5% tol-
erance). Although internationally adopted, the method has persistent
practical limitations that have received detailed treatment in the litera-
ture.

Duration. Multiple studies report that the nominal 72-hour mini-
mum is often insufficient to satisfy the ISO 9869-1 convergence criteria
for many wall types and field boundary conditions, particularly for in-
sulated or heavyweight constructions [11-13]. Heavyweight and highly
insulated walls may require 7-21 days [8,14-16], and the third conver-
gence criterion in particular is acknowledged to be excessively restric-
tive [16,17]. Gaspar et al. [18] showed that facades with U-values below
0.5 W/(m? K) require substantially longer test durations to avoid system-
atic deviations, and a subsequent review of HFM minimum-test-duration
criteria [19] found no consensus on a wall-type-dependent floor. For
high-performance retrofitted walls the heat-flux signal is small and the
signal-to-noise ratio compounds the problem: Farmer et al. [20] applied
the Average Method at successive stages of a full fabric retrofit on a
solid-wall Victorian dwelling situated within the Salford Energy House
environmental chamber, and reported that in-situ U-values (down to
0.22 W/(m?K) at the post-retrofit stage) can be obtained with shorter
durations where steady-state boundary conditions and large indoor out-
door temperature difference were imposed in the chamber.

Starting conditions. The standard notes that the 72-hour minimum
applies only “if the temperature is stable around the HFM” [10], and rec-
ommends avoiding direct solar exposure. Guidance on the time of day
at which measurements should begin is, however, implicit rather than
prescriptive. Practitioners routinely start tests at night to limit solar tran-
sients, but whether the start hour materially affects the time-averaged
result of a multi-day test does not appear to have been systematically
tested on a single wall.

Moisture. Masonry is known to exhibit transient thermal proper-
ties under wetting-drying cycles. Laboratory and field work on his-
toric masonry [14,15,21] and on envelopes exposed to alternating heat
flux [22,23] have shown that moisture content elevates the apparent
U-value. Juricic et al. [24] also demonstrated that natural weather vari-
ability introduces significant uncertainty into in-situ characterisation,
yet quantifications using wind-driven rain (WDR) as the independent
driver remain sparse, particularly for maritime-temperate climates in
which the ISO 9869-1 assumption of quasi-steady conditions is routinely
violated. This is a particular concern for retrofitted walls in exposed UK
locations, where WDR loading on newly clad surfaces may differ appre-
ciably from the pre-retrofit condition.

Table 1 summarises the measurement parameters of published in-
situ HFM studies on external walls, ranked by monitoring duration from
longest to shortest. The table indicates the wide variation in study length
(from 72 h to 365 days), wall typology and U-value range, and places the
present 130-day study, which is one of the longest published continuous
monitoring for a UK wall, within the broader evidence base.

1.1. Aim and structure of this study

The aim of this research is to determine how an ISO 9869-1 Average-
Method test should be planned and interpreted for a post-retrofit low
U-value wall. Four linked analyses structure the study, moving from
the duration needed to obtain a stable signal to the environmental and
experimental factors that explain the remaining variation:

1. Length of monitoring: how the probability of ISO 9869-1 conver-
gence, and the U-value error relative to a long-duration reference,
scale with window length from 72 h to the longest complete win-
dows available.

2. Starting time: whether the time of day at which an Average-Method
test begins measurably affects the resulting U-value.

3. Moisture impact: how much moisture ingress, characterised by
WDR and dry-spell length, biases the measured U-value.
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Table 1
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Summary of published in-situ HFM studies on external walls: measurement duration, equipment, wall type, location and U-value
range. Studies are ranked by monitoring duration (longest first); the present study is shown in bold.

Reference Country Wall type U-value (W/m? K) Duration Equipment

Lee et al. [25] Korea Insulated exterior ~0.15 365 days® HFPO1, Omega
Present study UK Cavity brick + EWI 0.19-0.21 130 days greenTEG wireless
Ghazi Wakili et al. [26] Switzerland Retrofitted brick/stone 0.382 43-79 days HFM

Flores Larsen et al. [22] Argentina Cavity brick masonry 0.29-1.73 23-57 days HFPO1, HOBO U12-014
Rodler et al. [27] France Timber/historic 0.3-0.5 33 days Thermocouple

Gori & Elwell [28] UK Solid brick (all seasons) 0.59-1.92 3-30 days HFPO1, Campbell
Atsonios et al. [12] Greece Insulated wall 0.33-1.25 5-28 days TRSYS01, Campbell
Choi & Ko [17] Korea Exterior walls 0.17-0.48 21 days Datalogger

Gaspar et al. [18] Spain Low U-value fagades 0.10-0.23 72-504 h HFPO1, gSKIN
Evangelisti et al. [29] Italy Various orientations 0.24-0.37 18 days Mixed

Rasooli & Itard [30] Netherlands Various walls 0.27-5.31 14-16 days HFPO1

Evangelisti et al. [13] Italy Various ~1.31 3-15 days Mixed

Juricic et al. [24] France Various 1.3-1.6 2-15 days Modelling
Biddulph et al. [31] UK Solid brick (93 walls) 1.16 14 days Hukseflux HFPO1
Lucchi [14] Italy Historic brick masonry 0.94-2.10 14 days Ahlborn ALMEMO
Ahmad et al. [32] Saudi Arabia  Hollow precast concrete 1.459-1.803 6-14 days HFPO1, Campbell
Kim et al. [33] Korea Insulated curtain wall 0.52-1.06 72 h-14 days T-type TC

Genova & Fatta [15] Italy Historic calcarenite 0.56-1.07 72 h-11 days ~ Ahlborn ALMEMO
Marshall et al. [6] UK Brickwall 0.462-3.835 7-9 days HFPO1

Gaspar et al. [19] Spain Various (review) 0.23-1.25 60-192 h HFPOQ1, Campbell
Bienvenido-Huertas et al. [34] Spain 140 wall typologies 0.09-0.32 7 days Mixed

O’Hegarty et al. [8] Ireland Highly insulated 0.2-0.3 7 days TRSYS01

Lietal. [7] UK Solid brick 1.29-1.34° 3-7 days HFPO1

Evangelisti et al. [35] Italy Various wall types 0.54-1.58 4-6 days Mixed

Ficco et al. [36] Italy Various existing 1.35-1.68 72-120 h Mixed

Gaspar et al. [11] Spain Various facades 0.09-2.35 72h HFPO1, Campbell
Farmer et al. [20]¢ UK Solid wall + retrofit 0.22-0.33¢ 72h HFPO1

Bergero [37] Italy Cavity brick/masonry 0.73-2.54 72h HFM

Year-long monitoring; analysis windows of 3-15 days.
Mean of brick and stone wall samples.

¢ Post-retrofit values.
d

a
b

4. Significance of features: which experimental and environmental
factors, in rank order, control the scatter in 14-day U-values on
this wall. The 14-day base window is adopted from the length-of-
monitoring results in Section 3, which identify it as the shortest du-
ration at which the U-value distribution becomes statistically sta-
ble on this wall (mean absolute error 10-12%, interquartile range
+0.02 W/(m? K)) and which also matches the moisture-recovery time
scale used in the dry-spell analysis.

The study draws on 130 days of continuous 10-minute heat-flux and
temperature data from two closely spaced sensor stations on the same
east-facing post-retrofit wall, combined with on-site 5-minute weather
data. The 130-day record makes this one of the longest published con-
tinuous in-situ monitoring records for a UK retrofitted wall, and, to the
authors’ knowledge, among the first to examine monitoring length, start-
ing time, WDR, moisture and design agreement together on the same
high-performance envelope. The analysis proceeds from measurement
duration to moisture context, and then to starting time and feature sig-
nificance. This order is deliberate: duration establishes whether a sta-
ble window exists at all, moisture explains why otherwise similar win-
dows can differ, starting time tests a common scheduling assumption
once multi-day averaging is in place, and feature significance identi-
fies the measured conditions that control the remaining scatter. The
same framework is also used to interpret the design-measurement dif-
ference between the measured U-value (0.19-0.21 W/(m?K)) and the
BS EN ISO 6946 design value (0.18 W/(m”K)), where a relative dif-
ference of up to 14% corresponds to a marginal absolute difference of
approximately 0.02 W/(m? K) for this low U-value wall.

The remainder of the paper is organised as follows. Section 2 de-
scribes the measurement setup and analysis pipeline. Section 3 presents
the four linked analyses: length of monitoring, moisture impact, starting
time and significance of features. Section 4 discusses the implications

Conducted at the Salford Energy House test facility under controlled steady-state conditions, not field in-situ. TC = thermocouple.

for ISO 9869-1 practice and compares the findings with the literature.
Section 5 concludes.

2. Materials and methods
2.1. Methodology overview

Fig. 1 summarises the study. The work proceeds in five steps that are
aligned with BSISO 9869-1:2014 [10]: (i) defining the protocol question
from the literature; (ii) selecting a representative post-retrofit wall and
instrumenting it with two heat-flux stations; (iii) continuous monitoring
of heat flux, surface and air temperatures, alongside on-site weather;
(iv) systematic analysis of the four controlling factors (duration, start-
ing time, moisture and feature significance); and (v) cross-validation
between the two stations. The same 130-day dataset feeds every analy-
sis, so the results can be compared on a like-for-like basis. The analysis
pipeline (the Average-Method estimator, the convergence test and the
four post-processing analyses described in Section 2.5) is the method-
ological core of the study, while the wall, site and instrumentation de-
scribed next define the boundary conditions under which that pipeline
is exercised. The remainder of this section describes the wall and site,
the instrumentation, the validation of the data pipeline, and the analysis
used for each of the four questions.

2.2. Wall and site

The test wall is an east-facing external wall of a post-2010 dwelling
in Liverpool, UK (53.41°N, 2.98°W). It was originally a cavity-brick
envelope and was later upgraded with full-fill cavity insulation, exter-
nal wall insulation (EWI) and brick-slip cladding, giving a design U-
value of 0.18 W/(m? K) per BS EN ISO 6946 [38]. This combination of
high-performance, thermally massive and multi-layered build-up is in-
creasingly common in UK retrofit programmes, and it is a demanding
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Fig. 1. Study workflow from measurement framework to cross-validation across two closely spaced sensor stations on the same east-facing post-retrofit wall. Length
of monitoring, starting time, moisture impact and significance of features are evaluated on the same 130-day dataset and replicated at the second sensor station.

case for the Average Method [8,18,20]: the small heat-flux signal low-
ers the signal-to-noise ratio, the high thermal mass lengthens the wall’s
response time, and the layered construction introduces hygrothermal
complexity. The wall is therefore representative of the post-retrofit UK
dwellings for which in-situ U-value verification is now being requested.

The monitoring period ran from 2 December 2025 to 10 April 2026,
a period of 130 calendar days that covers heating-dominated winter and
early-spring conditions. This is substantially longer than most published
single-wall studies, which typically span 7-30 days [1,39], and so allows
seasonal convergence behaviour to be examined systematically. Liver-
pool has a maritime-temperate climate (Koppen Cfb) with substantial
wind-driven rain (WDR) exposure, providing the natural moisture forc-
ing required for the moisture-impact analysis.

2.3. Instrumentation

Two adjacent heat-flux stations were installed on the same east-
facing wall at the same floor level, providing within-wall replication
under shared boundary conditions. The two stations were deliberately
placed close together, rather than far apart, because the objective of this
study is not to map facade-scale spatial heterogeneity but to quantify
the repeatability of an ISO 9869-1 Average-Method test under nominally
identical conditions: two sensors exposed to the same indoor and out-
door environment provide a controlled estimate of the measurement-to-
measurement variability that a practitioner would encounter, isolated
from differences in orientation, shading or wind exposure. The two sta-
tions were both located on the clear central field of the wall, away from
the reveals, lintel, floor junction and any EWI fixing positions; the dis-
tance from each plate to the nearest corner is several times the total wall
thickness, so the measurement points satisfy the one-dimensional, edge-
effect-free heat-flow assumption underlying Eq. (1). The close agree-
ment between the two independently instrumented stations throughout

the campaign (Fig. 6 and the rolling time series in Section 3) is itself
evidence that the heat flow at both points is one-dimensional and free
of localised thermal bridging:

e Location 1: heat-flux plate plus indoor surface and air temperature
sensor (SM-10284), paired with an outdoor surface and air temper-
ature sensor (SM-10292).

e Location 2: equivalent indoor pair (SM-10290) and outdoor pair
(SM-10289).

All channels were logged at 10-minute resolution, giving 144 samples
per channel per day and 18,549 time-stamped records in the merged
U-value dataset. Heat-flux plates were bonded to the internal surface
with a thin layer of high-thermal-conductivity paste, and sensor posi-
tions were chosen to avoid thermal bridges, surface irregularities and
direct solar exposure, in line with ISO 9869-1 guidance [10,40]. Fig. 2
shows the sensor mounting and a section view of the wall; Fig. 3 shows
the building east elevation with the outdoor sensor positions and the
on-site weather station; and Fig. 4 shows the indoor sensors and logging
gateway.

An on-site weather station logged wind speed and direction, rain-
fall, air temperature, relative humidity, solar radiation and surface
wetness at 5-minute resolution (37,728 records). Sensor GPS coordi-
nates were recorded, and nearby building footprints were retrieved
from OpenStreetMap to characterise the micro-sheltering context. Ta-
ble 2 lists every channel, its sensor, accuracy and logging interval; this
table contains the information needed to replicate the measurement
chain.

2.4. Sensor validation

Before deployment, the in-house Python implementation of the
Average Method (Eq. (1)) was checked against the manufacturer’s
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Fig. 2. Sensor installation schematic including section view of the post-retrofit external wall (cavity brick + insulation + EWI + brick slip), showing indoor/outdoor
surface and air temperature probes bonded to both sides of the wall and the heat-flux plate bonded to the internal surface.

Fig. 3. Outdoor nodes mounted on the building east fagade. A. HOBO RX3000 weather station Advanced Kit with BF5 diffuse radiation sensor (71 meters away from
the site, on the roof of nearby building). B. HOBOnet Wireless Ultrasonic Wind Speed & Direction Sensor for local wind measurement. C. greenTEG outer surface

temperature sensor. D. greenTEG outer air temperature sensor.

reference software (greenTEG) on an identical 72-hour controlled-
laboratory dataset. The two pipelines agreed to better than 0.3% in the
computed U-value and 0.5% in the 24-hour moving mean of heat flux
(Fig. 5), so any differences reported in Section 3 are attributable to phys-
ical and protocol factors rather than to software artefacts.

A combined standard uncertainty for the Average-Method U-value
was then estimated by propagating the manufacturer accuracies in
Table 2 through Eq. (1), following the ISO/IEC Guide 98-3 (GUM)
law of propagation of uncertainty [41]; the full propagation equa-
tions are given in Appendix A. Under typical winter conditions on
this wall (¢ ~ 2-3 W/m?, AT =~ 10 °C), the dominant terms are heat-
flux plate accuracy (+0.09 W/m?, contributing ~3-4%) and the air-
temperature pair (each +0.1 °C, together contributing ~1.4% via AT).
The combined relative standard uncertainty in U is therefore about
4-5% for a single 14-day window — in practical terms only about

+0.01 W/(m?K) on a 0.2 W/(m?K) wall — and reduces with 1/+/n for
longer integrations. This single-window combined uncertainty is carried
through the Results as an instrumentation-error band: any measured
effect substantially larger than this band cannot be attributed to sen-
sor accuracy alone, and the explicit comparisons for the moisture and
design-measurement effects are made where those results are presented
(Sections 3.3 and 4).

2.5. Analysis

All analysis was performed in Python 3.14 using numpy, pandas,
scipy, scikit-learn and matplotlib. Scripts and data will be made
available alongside the dataset in the LJMU Data Repository (see Data
Availability), so the pipeline described below can be reproduced end-
to-end.
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Fig. 4. Indoor nodes. A. Heat-flux plate. B. Air temperature probes. C. Wireless communication node. D. Data logging gateway.

Table 2

Instrumentation summary. U-value channels were logged at 10-minute intervals; weather sta-
tion channels at 5-minute intervals. BF5 accuracy figures are at 95% confidence (spectral range

400-700 nm).
Variable Unit Accuracy Interval  Standard
greenTEG UVAL Wireless System (§OMS II)
Heat flux (¢) W/m? +0.09 W/m? 10 min ISO 9869-1, ASTM C1046
Surface temperature °C +0.1°C 10 min ISO 9869-1, ASTM C1046
Air temperature °C +0.1°C 10 min ISO 9869-1, ASTM C1046
HOBOnet Ultrasonic Wind Sensor (RXW-WCG)
Wind speed m/s +0.8m/s or +4% 5min BS EN ISO 15927-3
Wind direction ° +2° (>3m/s) 5min BS EN ISO 15927-3
Onset 0.2mm Rain Gauge (S-RGB-M002)
Rainfall mm +1.0% (<20 mm/h) 5min BS EN ISO 15927-3
Delta-T BF5 Sunshine Sensor
Total solar radiation W/m? +5W/m? or +12% 5min —
Diffuse solar radiation ~ W/m? +20 W/m? or +15% 5min —
Sunshine status — +10% (WMO threshold)  5min WMO
HOBO RX3000 Weather Station smart sensors
Air temperature (ext.) °C +0.20°C 5min ‘WMO-No. 8
Relative humidity % +2.5% 5min WMO-No. 8
Barometric pressure mbar +3.0mbar 5min WMO-No. 8
Surface wetness % +5% 5min —

2.5.1. U-value estimation (average method)

This paper focuses on the Average Method because it is the refer-
ence protocol specified by ISO 9869-1 Clause 7, requires only standard
heat-flux and temperature inputs without any parameter fitting, and is
the method routinely used by practitioners and accredited testing bod-
ies for retrofit verification. The central question of this study is there-
fore precisely how this widely deployed protocol behaves on a low U-
value retrofit wall. Dynamic, Bayesian and dual-heat-flux-meter alter-
natives [27,28,31] applied to the same dataset will be reported in a
separate paper.

For each candidate window [z, 7, + D] the Average-Method U-value
is computed per ISO 9869-1 Clause 7.1 as

X1
T . B €Y
Ej:l (Tin,j - Tout,j)
T,

with g; the heat flux (W/m?) and T}, ;, T, indoor and outdoor tem-
peratures ( °C). Convergence was assessed using the cumulative surface
resistance Ry = X(T; — Ty.)/ 2. q over each window, where T and T,
are the indoor and outdoor surface temperatures, as implemented in
ISO 9869-1. A window is declared converged if all three Clause 7.1 cri-

teria are simultaneously satisfied:

(C1) Minimum duration: D > 72h, (2)
Rp—R

(C2) 24-hour stability: w < 5%, 3
D

|Rfirst 2073 ~ Rusianys ‘

(C3) First/last two-thirds test: R < 5%. “4)
D
The relative error of any candidate window against the reference is
U- Uref
= 5
€ T )

ref

Reference U-values were taken as the median U-value of the longest
converged windows at each location,

D, =max{D : (C1) A (C2) A (C3)},

Upeg = median, {U(tg. Dyeg) * (C1) A (C2) A (C3)}. 6)

yielding Upes 1 oc; = 0.206 W/(m?K) and Ug 1 oy = 0.188 W/(m? K). The
measured long-duration reference U, of Eq. (6), rather than the
BS EN ISO 6946 design value, is used as the benchmark for the



H. Du and A. Pilkington
File Logger
Analysis
System data:

Average values: U-Value analysis:

Energy & Buildings 369 (2026) 117983

System: gOMSs II Heat Flux (HF): 2.44 W/m?2 Analysis period (2026-03-29 15:50:00 - 2026-04-01 15:50:00): 72h
Base Station: 502355 Inner Amb. Temp. (Ti): 18.80 °C R-Value deviation between first and last 2/3 of analysis period (dR2/3): 4.21 %
Inner Node: 10284 Inner Surf. Temp. (Tsi): 18.37 °C R-Value deviation without final 24hr of analysis period (dR24): 3.15%
Outer Node: 10292 Outer Amb. Temp. (Te): 10.72 °C

Outer Surf. Temp. (Tse):11.22 °C
Measurement time (t): 96.17 h

U-Value (U): 0.328 W/(m2K)

R-Value (R): 2.526 (m2K)/W

Data fulfils requirements of ISO 9869-1:2014 section 7.1.
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Fig. 5. Cross-validation of the in-house Python implementation (bottom) of the ISO 9869-1 Average Method against the greenTEG manufacturer software (top) on
an identical 72-hour controlled dataset. Green line shows the moving-mean U-value.

duration, starting-time and moisture analyses, and this choice is delib-
erate. A real wall is not a single homogeneous slab: the as-built section
combines brick, mortar, cavity fill, EWI, brick-slip cladding and discrete
fixings, together with mortar joints and movement or expansion joints,
and the design value, computed from nominal layer properties under
a one-dimensional steady-state assumption, cannot represent this com-
posite build-up or the inevitable gap between design and installation.
The long-duration measured reference, by contrast, is the value that
the same instrument returns on the same point of the same wall once
the transients have averaged out, and it is therefore the correct inter-
nal benchmark for questions about the measurement process itself. The
same reasoning is why the two heat-flux stations were placed close to-
gether on the clear field of the wall: keeping the boundary conditions
and the composite cross-section as nearly identical as possible between
the two points isolates measurement repeatability from facade-scale het-
erogeneity. The independent design value of 0.18 W/(m? K) is reserved
for the separate performance-gap question in Section 4, where the design-
to-measurement difference is the quantity of interest, consistent with the
convention of O’Hegarty et al. [8]. The two location references differ by
~0.018 W/(m? K) (~10%), which is reported in Section 4 as an indica-
tive measure of within-wall variability between two points on the same
facade rather than treated as a discrepancy to be reconciled. To check
that the relative-error analysis is not circular (the reference is computed
from the same dataset that is being judged), U,.; was recomputed on the
first half and the second half of the monitoring period separately. The

two halves agreed to within +0.005 W/(m? K) (~2.5%), indicating that
the rank ordering of duration, starting-time and moisture effects is ro-
bust to the choice of reference partition.

2.5.2. Length of monitoring

The length-of-monitoring analysis tests the central protocol ques-
tion: whether the 72-hour minimum is long enough to average out ther-
mal mass, sensor noise and environmental transients on this kind of
wall. Window durations D were therefore swept in 24-hour steps from
72 h to the maximum complete window available at each location. The
main figures focus on the practice-relevant range of 72 h to 42 days;
longer windows were retained to define the reference U-values and the
long-duration error thresholds. For every (D, t) pair we recorded the U-
value (Eq. (1)), whether the window was converged under Clause 7.1
(Egs. (2)-(4)), and the relative error ¢ against the long-duration refer-
ence (Eq. (5)). Mean, 5th/95th percentiles of |¢| and convergence rate
were tabulated per duration and per location.

The number of candidate windows decreases approximately linearly
with D, from ~229 at D = 3 days to ~211 at 14 days, ~183 at 28 days,
~99-109 at 65-70 days, and a single window at 121 days (both loca-
tions combined; 130-day study period, 1-day stride, after rejecting any
window with [AT| < 3 °C). Summed across all durations D = 3-121 days
and both locations, the sweep produces 13,687 candidate windows. Re-
ported error statistics for the longest durations therefore have wider
sample uncertainty and should be read as indicative.
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2.5.3. Starting time

The starting-time analysis tests whether the common preference
for night-started measurements still matters once several diurnal cy-
cles have been averaged. For each duration D € {3,5,7, 10, 14,21} days,
every possible start hour 4 € {0,...,23} was evaluated. Converged
windows were grouped into night starts (18:00-06:00) and day starts
(06:00-18:00), and the two groups were compared with two-sided
Mann-Whitney U tests [42]. A Kruskal-Wallis test [43] across all 24
hours acted as an omnibus check against any single hour-of-day differ-
ing from the rest. Non-parametric tests were used because converged U-
values at short durations are skewed and not reliably normal. Effect sizes
were reported as Cohen’s d [44] on the standardised differences, where
|d] < 0.2 is conventionally negligible, 0.2-0.5 small, 0.5-0.8 medium
and >0.8 large; this lets a statistically detectable effect be distinguished
from a practically meaningful one. The family of Mann-Whitney p-
values across the six durations was also checked under a Benjamini-
Hochberg correction [45] at the 5% false-discovery rate; no test became
significant after correction, consistent with the uncorrected p > 0.7 val-
ues.

2.5.4. Moisture impact and WDR

Wind-driven rain on the east-facing wall was computed following
BS EN ISO 15927-3:2009 [46]. Total rainfall on its own does not indi-
cate whether the rain was actually driven onto the instrumented surface,
whereas the wall’s measured response depends on orientation-specific
wetting. Five-minute rainfall was therefore summed to hourly totals,
wind speed averaged hourly, and wind direction circularly averaged.
The orientation-specific airfield index for a vertical surface facing direc-
tion © was then computed as

1,0) =2 3 v, 1" max{cos(@, - ©).0}. %)
h

where V), is hourly mean wind speed (m/s), rj, hourly rainfall total (mm),
and ¢, hourly mean wind direction (degrees, north=0°). Twelve ori-
entations at 30° intervals were evaluated; the instrumented east-facing
wall corresponds to ® = 90°. The measurement-period value was annu-
alised as
IA,ann(G) = IA,campaign(e) . Z\:’;ﬁ» 8)
days

where Ny, is the duration of the weather subset in days. The values are
reported as orientation-specific airfield indices. The roughness, topog-
raphy, obstruction and wall factors used by BS EN ISO 15927-3:2009 to
form a design wall index were not applied, because the analysis uses on-
site weather observations to compare temporal wetting forcing during
the monitoring period rather than to produce a facade design exposure
value.

Dry-spell length 7,,, was defined as the number of consecutive days
before the window centre with daily rainfall < 0.2 mm,

Tary() = max{k € N : Ry, (t— ) < 0.2mm, Yi=1,....k}. ©)

14-day converged U-values were stratified into wet periods (z4, = 0) and
dry spells (z4,, > 2 days) and compared with one-sided Mann-Whitney
U tests. A one-sided test was used because the physical hypothesis is
directional: liquid water is expected to raise, not lower, the apparent
U-value [14,15,22]. The apparent U-value recovery rate was then esti-
mated by ordinary-least-squares regression [47]

U = Uy+kgy 7y +6, (10)

in which kg, < 0 (Wm=2K~! day~!) quantifies the wall’s return towards
its dry baseline. We emphasise that k. is an effective coefficient describ-
ing how the measured U-value declines with antecedent dry-spell length;
it is not a direct measure of the rate of change of the actual liquid-water
content of the wall, which was not measured. It is retained as a prac-
tical, measurable proxy for the drying-related recovery of the apparent
thermal transmittance, and is interpreted as such throughout. Pearson
correlations [48] between Tdry and U, and between 14-day cumulative
rainfall and U, were also computed.
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2.5.5. Significance of features

To explain the residual scatter that remains after the duration and
moisture analyses, twelve physically motivated and non-redundant fea-
tures were extracted from each 14-day rolling window (Table 3). A
Random-Forest regressor [49], as implemented in scikit-learn [50],
was fitted separately at each location, using U as target on a 70/30
train/test split (200 trees, max depth 8, min_samples_leaf = 5,
random_state = 0). These hyperparameters balance variance reduc-
tion (number of trees) against the overfitting risk on the modest sam-
ple size of ~100 14-day windows per location, and were confirmed
by a coarse 5-fold cross-validation grid (depths 4-12, leaf sizes 3-10)
that produced indistinguishable importance rankings. A Random-Forest
model was preferred over linear regression because several candidate
features are expected to interact non-linearly with U (for example, AT
magnitude modulates the influence of heat-flux variability), and an en-
semble of decision trees captures these interactions without imposing a
parametric form.

Feature importance was assessed by permutation importance [49,511],
which records the loss in predictive accuracy when a single feature is
randomly shuffled. Permutation importance is preferred to the alter-
native impurity-based importance because the latter is biased towards
high-cardinality features. Permutation importance of feature x, was
computed with M = 30 repeats on held-out samples as

M
I, = ﬁ E[MSE((?(%’”-“),U) ~MSE(0(X),U)], 1)
where X% is the feature matrix with column k randomly permuted.
The same feature set was used at both locations so that the rankings are
directly comparable. Pearson and Spearman [52] correlations between
each feature and U were also tabulated. To verify rank stability, the im-
portance computation was repeated for ten random seeds; the outcome
of this stability check is reported with the feature-importance results in
Section 3.

3. Results

The four analyses are reported in the same order in which the meth-
ods were introduced, because each builds on the previous one. The
length-of-monitoring analysis identifies the window length needed for a
meaningful Average-Method estimate, and so justifies the 14-day base
window used for everything that follows. The moisture analysis then
explains why otherwise similar 14-day windows can give different an-
swers. The starting-time analysis isolates the diurnal-phase effect within
those same converged windows, and the feature-significance analysis
ranks the experimental and environmental factors that account for the
remaining scatter.

3.1. Raw measurements

Before the window-based analyses, Fig. 6 presents the raw 10-minute
measurements over two representative four-week sub-periods, one in
December 2025 and one in March 2026, chosen to show both early-
winter and early-spring conditions. Three features of the data underpin
the rest of the Results. First, the heat flux (panel a) is small and noisy:
the baseline conductive flux is only of order 1 to 3 W/m?, punctuated by
sharp positive spikes that coincide with the daily heating cycle and, on a
few occasions, by brief negative excursions during mild, solar-influenced
afternoons. This low and intermittently sign-changing signal is the phys-
ical origin of the long averaging requirement quantified in Section 3.
Second, the indoor air temperature (panel b, solid) cycles with the heat-
ing schedule while the outdoor temperature (panel b, dashed) follows
weather synoptics, so the driving temperature difference AT (panel c)
is highly non-stationary, mostly between 5 and 15 °C but dropping be-
low the ISO 9869-1 AT =5 °C guidance floor during the mildest spells,
for example the first week of December. Third, and most important for
the credibility of the two-station design, the two locations track each
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Table 3

Twelve physically motivated features used in the Random-Forest analysis of feature significance. Fea-

tures are computed per 14-day rolling window.

Category Feature Definition

A. AT quality

B. Flux quality

C. Thermal weather
D. Moisture

E. Indoor stability
F. Surface temp.

G. Diurnal cycling

dT_mean, dT std, dT_range
q_abs_mean, q_std
Solar_mean, Wind_mean
Rain_total mm, RH_mean
Ti_std

Tse_mean

q_diurnal_ amp

Mean, std. dev. and range of T;, — T,
Mean absolute and std. dev. of heat flux ¢
Window-mean solar irradiance and wind speed

14-day cumulative rainfall and mean relative humidity
Std. dev. of indoor air temperature

Mean external surface temperature

Amplitude of diurnal ¢ cycle (FFT first harmonic)

December 2025 March 2026
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Fig. 6. Raw 10-minute measurements over two representative four-week sub-periods (left: December 2025; right: March 2026) at both sensor stations. (a) Heat-flux
density g; (b) indoor (solid) and outdoor (dashed) air temperatures; (c) driving temperature difference AT = T;, — T, with the ISO 9869-1 AT = 5 °C guidance floor.
The two stations track each other closely in both periods, indicating one-dimensional heat flow at both points..

other almost exactly in all three panels and in both periods, which con-
firms that the heat flow at both points is effectively one-dimensional
and free of localised thermal bridging. The window-mean driving force
is AT = 8.5 and 8.4 °C (Loc1, Loc2) in the December period and 8.7 and
8.5 °C in the March period, with indoor-temperature standard devia-
tions of 2.7 and 2.6 °C in December and 1.8 and 1.7 °C in March; these
values are used in the feature-significance analysis (Section 3) and in
the AT and indoor-stability discussion.

3.2. Length of monitoring

The headline result is that the 72-hour minimum permitted by
ISO 9869-1 does not give a stable U-value on this wall, while 14 days
does, and 28 days is needed for what we term certification-grade con-
vergence. Throughout this paper, “certification-grade” is defined specif-
ically as a mean absolute error <5% relative to the long-duration mea-

sured reference U,; (Eq. (6)); it is a precision/repeatability criterion
describing how closely a short test reproduces the value obtained by
long averaging with the same instrument on the same wall. It should
not be confused with absolute measurement accuracy against the true
U-value: Section 9 of ISO 9869-1 [10] estimates an expected total un-
certainty of 14-28% for a generic in-situ HFM measurement, and the
combined instrumentation uncertainty for the present wall is 4-5% per
14-day window (Section 2.4, Appendix A). The 5% convergence thresh-
old used here is therefore a necessary, not a sufficient, condition for an
accurate absolute U-value, and the design-measurement comparison is
treated separately in Section 4. The same picture emerges whether one
looks at the spread of measured U-values, the percentage error against
a long-duration reference, or the standard’s own convergence rate.

Fig. 7 shows how the converged U-value distribution nar-
rows as the window lengthens. At 3-7 days the boxes are wide
(+0.06-0.09 W/(m?K)) and centred near, but often biased from, the
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U-value Distribution by Analysis Window Duration
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Fig. 7. Boxplots of converged U-values versus window duration. The dashed line marks the long-duration reference at each location (Eq. (6)). Scatter shrinks from

+0.06-0.09 W/(m? K) at 3-7 days to +0.02 W/(m?K) at 14-21 days.

long-duration reference. By 14 days the interquartile range has con-
tracted to about +0.02 W/(m? K) and the medians sit on the reference
line.

This narrowing translates directly into reduced error against the ref-
erence (Fig. 8, computed via Eq. (5)). The mean absolute error falls
from about 32% at 72 h to 10-12% at 14 days, 5% at 28 days, and
3-4% at 42 days. To reach <3% mean absolute error at both locations,
windows of approximately 65-70 days would be required, and <2%
would require approximately 90 days, which is rarely practical in the
field. Two features of Fig. 8 warrant explanation. First, the two location
curves terminate at different window lengths (Loc1 just before 120 days,
Loc2 just after): this is simply because the longest complete window
that can be placed within the fixed 130-day record differs slightly be-
tween stations, since the two channels have marginally different start
times and gap patterns after quality screening, so Loc2 retains one addi-
tional 24-hour step. Second, the Loc2 mean error ticks upward beyond
~120 days; at these longest durations only one or two candidate win-
dows remain (Section 2.5), so the statistic is dominated by a single win-
dow that happens to span the wettest sub-period, and the apparent rise
reflects small-sample variability and residual moisture bias rather than
a genuine loss of accuracy with longer averaging. This is also consistent
with the ISO 9869-1 Clause 7.1 convergence requirements: such a wet-
spanning window violates the 24-hour stability and first/last two-thirds
criteria (Egs. (3)-(4)), so it is not a convergence-compliant result in
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the first place. These longest-duration points are therefore plotted for
completeness but should be read as indicative only.

The ISO 9869-1 convergence rate (Fig. 9) tells the same story from
the standard’s own perspective: only 5-10% of 72-hour windows si-
multaneously satisfy all three Clause 7.1 criteria, rising to 16-17% at
14 days, 31-41% at 30 days and 36-40% at 42 days. Throughout this
range, the third criterion (Eq. (4)) is the binding constraint, in line
with [13,16,17] on different wall typologies. The convergence rate rises
to a broad plateau near 30-42 days and then declines for the longest
windows (235-45 days in Fig. 9). This decline reflects the ISO 9869-
1 Clause 7.1 convergence requirements as much as a sampling effect,
and is not a physical reversal. First, a longer window accumulates more
secular drift in R, from moisture cycling and slowly varying boundary
conditions, so a progressively larger fraction of long windows breach the
24-hour stability and first/last two-thirds tolerances (Egs. (3)-(4)) and
are rejected as non-converged, the third criterion remaining the binding
one. Second, as the window grows towards the length of the record the
number of independent placements falls sharply (from ~183 at 28 days
to a single window at 121 days), so each non-converged long window re-
moves a larger fraction of the denominator, and any long window that
straddles the wettest spell fails that third criterion through this same
secular drift. The convergence rate at the longest durations is there-
fore estimated from very few windows and is correspondingly noisy;
the practically relevant message is the monotonic rise up to ~30 days.
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U-value Error vs Analysis Window Duration (Relative to Reference)
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Fig. 8. Absolute percentage error |¢| (Eq. (5)) versus window duration, with 5th-95th percentile bands. The ISO 9869-1 72-hour minimum leaves a central tendency

of ~32% error on this post-retrofit low U-value wall.

ISO 9869-1 Convergence Rate vs Analysis Window Duration
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Fig. 9. ISO 9869-1 Clause 7.1 convergence rate (simultaneous satisfaction of Egs. (2)—(4)) as a function of window duration for both locations. The 72-hour minimum
permitted by the standard yields only 5-10% convergence; the rate reaches 31-41% only for windows of >30 days.

The rolling time series in Fig. 10 makes the same point in the time
domain. Each panel plots, for one window length, the U-value of ev-
ery rolling window against the date of the window centre: faint traces
are all candidate windows at a 24-hour stride, coloured markers are
the subset that satisfy the three Clause 7.1 convergence criteria, and
the horizontal dashed lines are the long-duration reference U-values at
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the two locations (Locl: 0.206, Loc2: 0.188 W/(m2K)). Short 3- and
7-day windows produce large excursions, ranging from below 0.10 to
above 0.35 W/(m?K), that are not representative of the long-run wall
performance. The 14- and 30-day curves are markedly more stable,
and converge onto the reference dashed lines as the window length-
ens. The two locations also track each other closely, confirming internal
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U-value Over Time — Raw vs Converged
(lines = all windows, dots = ISO 9869-1 Clause 7.1 converged)
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Fig. 10. Rolling U-value time series at four window durations. Faint traces show raw rolling values at 24-hour step; coloured markers mark ISO 9869-1 Clause 7.1
converged windows (Egs. (2)—(4)). Reference U-values (Locl: 0.206, Loc2: 0.188 W/(m? K)). Convergence rates: 3-d 5-10%, 7-d 2-3%, 14-d 16-17%, 30-d 31-41%.

consistency between the two stations. A mid-period rise visible in the
30-day panel coincides with the wettest sub-period and motivates the
moisture analysis that follows.

The physical reason that 72 hours is insufficient on this wall is essen-
tially one of signal-to-noise. With a design U-value of 0.18 W/(m? K) and
a typical winter AT of about 10 °C, the heat flux through the wall is only
~1.8 W/m?, an order of magnitude smaller than for an uninsulated solid-
brick wall. Sensor noise, diurnal cycling and moisture transients there-
fore make up a much larger fraction of the measured signal, and longer
averaging is required to recover a stable mean. A 14-day floor brings the
mean error below 12%, and a 28-day window is needed for <5%; this
duration ladder is consistent with the ranges previously reported for
low U-value facades by [8,18], for heavyweight masonry by [14,15],
and for post-retrofit walls by Farmer et al. [20], Wakili et al. [26]. With
the 14-day base window now justified, the moisture analysis can ask
why otherwise similar 14-day windows give different answers.

3.3. Moisture impact and wind-driven rain

The length-of-monitoring analysis showed that 14-day windows are
stable enough to compare like with like. Three sub-questions can there-
fore be asked in turn: how exposed is the east-facing wall to wind-driven
rain, do high-WDR episodes coincide with high measured U-values, and
how much does antecedent dry weather change the measured value?
These three questions, the climatic exposure of the east facade, the cou-
pling between wind-driven rain and measured U-value, and the wet-
versus-dry stratification, are examined in turn below.

The site context is summarised in Fig. 11, in which the on-site wind
rose is overlaid on satellite imagery. Prevailing winds are WSW/SW and
NE; the test wall is partially sheltered to the west by neighbouring build-
ings, but exposed to easterly fetch. Occasional easterly events therefore
align with the normal to the instrumented wall and dominate direct
WDR loading on the measurement surface.

12
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Fig. 11. Wind rose over satellite imagery at the measurement site, with OpenStreetMap building footprints providing sheltering context. Prevailing winds are

WSW/SW and NE.

Applying Eq. (7) to the on-site weather data gives the orientation-
specific airfield index in Fig. 12. The east-facing measurement wall has a
monitoring-period index of 35.8 mm, equivalent to 1, ,,, = 101 mm/yr
when annualised by Eq. (8). The most exposed orientation overall is
SSW (210°) at 162 mm/yr, with WSW only slightly lower; the east face
is therefore not the worst-case orientation, but it does intercept direct
WDR during easterly storms that, as the next sub-section shows, coincide
with peaks in measured U-value.

The orientation-weighted index proves more informative than to-
tal rainfall: only 35.8 mm of the 250.0 mm monitoring-period rainfall
(14.3%) actually drove onto the east face. Fig. 13 overlays this east-
facing WDR series on the converged U-values, and the two track each
other closely. The heaviest WDR episodes in late January—early Febru-
ary coincide with the highest measured U-values in both 14- and 30-day
windows, providing direct evidence of moisture-U-value coupling. The
apparent reduction in measured U-value in early February, even though
parts of this period are shaded as “wet”, has two related explanations.
The first is the dry week around 3 February: a run of dry days allowed
the east face to lose moisture, lowering the apparent U-value. The sec-
ond is a question of how the rolling values are plotted. Each marker
is the U-value of a multi-week window plotted against the date of the
window centre, so it is not the U-value of that single day; it reflects the
antecedent conditions over the whole window, and both the wetting
and the subsequent drying of the wall act with a lag of several days to
a week, consistent with the recovery rate reported below. A short “wet”
label on the omnidirectional rainfall record therefore does not translate
into an immediate rise in the windowed U-value. A third and smaller
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contribution is orientation: the wet shading in Fig. 13 is based on total
(omnidirectional) rolling rainfall, whereas the bias-inducing quantity is
the east-facing WDR index (Eq. (7)), and part of the early-February
rain fell under westerly and south-westerly winds onto the sheltered
face rather than the instrumented east wall. These effects are why the
orientation-specific WDR index, and not total rainfall, is used as the
moisture driver throughout this study.

The coupling becomes quantitative when the 14-day win-
dows are stratified by antecedent dry-spell length (Eq. (9))
and compared in Fig. 14. The mean U-value falls by 15.1% at
Locl (0.1934 — 0.1642 W/(m?K), p=0.001) and 13.1% at Loc2
(0.1836 — 0.1596 W/(m?K), p=0.015) as one moves from wet
(z4ry = 0) to dry-spell (Tgry 22 days) windows. Fitting Eq. (10) gives
drying-rate estimates of kg, =—6.5 mW/(m?K)/day at Locl and
—-3.9 mW/(m?K)/day at Loc2, and the underlying scatter is strongly
negative (Pearson r = —0.86, p < 0.001 at Locl; r = —0.64, p = 0.005 at
Loc2). Roughly one week of dry weather is therefore needed before the
wall returns towards its dry baseline.

The wet—dry difference is larger than the instrumentation uncer-
tainty estimated in Section 2.4, so it cannot be attributed to sensor
accuracy. It is important to note that this 13-16% figure is a relative,
within-instrument difference between two sets of windows measured by
the same sensor on the same wall (wet minus dry). The 14-28% total
uncertainty quoted in Section 9 of ISO 9869-1 is an absolute accuracy
figure that is dominated by systematic terms (plate calibration, contact
resistance, fixed thermal-bridging offset) which are common to the wet
and dry groups and therefore cancel almost entirely in the wet-minus-
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Driving Rain Index by Direction
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Fig. 12. BS EN ISO 15927-3:2009 orientation-specific airfield index by 30° wall orientation (Eq. (7)). The east-facing measurement wall has a monitoring-period
index of 35.8 mm and an annualised index of 101 mm/yr; the maximum annualised orientation is SSW (210°) at 162 mm/yr.
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Fig. 13. WDR on the east wall (top panel, orange bars, Eq. (7)) overlaid with converged U-value markers (14-day triangles, 30-day squares), and daily total rainfall
(bottom panel). Shading marks wet periods (rolling 3-day rainfall >60th percentile). High-WDR episodes align with peaks in measured U-value.

dry comparison. What remains is the much smaller random/repeatabil-
ity component (~4-5% per 14-day window, Section 2.4), against which
a 13-16% wet-dry shift is statistically significant (p < 0.015). The wet—
dry effect is thus a genuine signal and not an artefact of the standard’s
headline absolute-uncertainty band. It also turns a long-recognised phys-
ical effect [14,15,22] into specific guidance: on a post-retrofit wall with
EWI in a maritime-temperate climate, the reported U-value is sensitive
to antecedent weather at the order of +15%, and an explicit dry-spell
pre-conditioning period is therefore warranted. We are careful here
not to overstate the physical claim: the analysis quantifies the effect
of antecedent dry-spell length on the measured U-value, not the absolute
moisture content of the wall, which was not measured. Expressions de-
scribing moisture as “quantified” should be read in this measurement-
response sense throughout. The presence of an EWI layer adds fur-
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ther hygrothermal complexity, since moisture absorbed by the brick-
slip cladding or trapped at the EWI-brick interface may take longer to
redistribute than in unclad masonry, which reinforces the case for pre-
conditioning.

3.4. Starting time

With duration and moisture as the two large effects accounted for,
the starting-time analysis tests whether a smaller, scheduling-related
effect remains. The relevant statistics are presented below. Mean con-
verged U-value is essentially flat as a function of start hour for every
duration tested (Fig. 15): the largest spread across the 24-hour clock
is about 2% of the mean, and it falls below 1% once windows are
7 days or longer. Formal tests in Table 4 confirm this: night-started and
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Fig. 15. Mean converged U-value as a function of test start hour for four durations at both locations. The 24-hour profile is flat within the confidence bands, showing

that for the Average Method with D > 3 days the start time is not a material control.

Table 4
Starting time statistics (night 18:00-06:00 vs day 06:00-18:00). All dif-
ferences are statistically non-significant.

Duration AU (%) Mann-Whitney p Cohen’s d Kruskal-Wallis p
3 days <0.30 >0.8 <0.01 >0.9
5 days <0.20 >0.7 <0.01 >0.9
7 days <0.10 >0.7 <0.01 >0.9
10 days <0.20 >0.9 <0.01 >0.9
14 days <0.20 >0.7 <0.02 >0.9
21 days <0.05 >0.9 <0.01 >0.9

day-started windows are statistically indistinguishable at every duration
(Mann-Whitney p > 0.7, Cohen’s d < 0.02), and the Kruskal-Wallis om-
nibus test across all 24 hours is also non-significant.

This null result is practically useful. For Average-Method tests of
three days or more on a low U-value retrofit wall, scheduling tests for
a particular hour of the day brings no measurable benefit, because the
integration in Eq. (1) averages out diurnal forcing regardless of phase.
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3.5. Significance of other features

The final question is what controls the residual scatter that remains
after duration is fixed at 14 days and the moisture effect has been charac-
terised. Random-Forest permutation importance (Eq. (11)) gives a clear
answer: measurement-protocol variables dominate, and the same five
factors dominate at both locations even though the exact rank order dif-
fers slightly. Permutation importance quantifies how much the model’s
prediction accuracy (here, mean squared error on the U-value) degrades
when the values of a given feature are randomly shuffled, thereby break-
ing its relationship with the target; a higher value means the model re-
lies more heavily on that feature and the feature explains more of the
window-to-window scatter in measured U-value. Values sum to approx-
imately 1 across all twelve features. The enumeration below is ordered
by the Locl ranking (which also matches the rank obtained when the
two locations are pooled); the Loc2 permutation-importance values are
reported alongside for the same features, and their order at Loc2 dif-
fers (at Loc2 the leading features are dT_std, q_abs_mean and Ti_std,
with dT_mean ranked fourth at 0.080). This is the intended message of
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Fig. 16: the same five protocol features dominate at both stations, but
their internal order is not identical, so the apparently low Loc2 value of
dT_mean is consistent with, not contradictory to, Fig. 16. In descending
order of importance these are

1. dT_mean, mean indoor-outdoor temperature difference AT =
T, - T,, (°C) over the 14-day window: driving-force magnitude;
larger AT raises the signal-to-noise ratio of Eq. (1). Permutation
importance: Locl 0.284, Loc2 0.080.

2. dT_std, standard deviation of the 10-minute AT series (°C) over
the window: driving-force variability, a proxy for thermal non-
stationarity of the boundary conditions. Permutation importance:
Locl 0.160, Loc2 0.276.

3. q_abs_mean, mean absolute heat flux m (Wm™2) over the window:
direct signal-to-noise indicator for the heat-flux measurement; low
values indicate near-zero net heat transfer and high relative sensor
noise. Permutation importance: Locl 0.114, Loc2 0.213.

4. Ti_std, standard deviation of the indoor air temperature T;, (°C)
over the window: indoor temperature stability; large excursions
drive additional thermal-mass charging/discharging that biases the
cumulative average. Permutation importance: Locl 0.107, Loc2
0.171.

5. q_std, standard deviation of the 10-minute heat-flux series (W m~2)
over the window: heat-flux variability, reflecting combined sensor
noise and transient conduction not captured by the mean. Permuta-
tion importance: Locl 0.055, Loc2 0.069.

Fig. 16 ranks all twelve features at each location. This ranking is ro-
bust: repeating the permutation-importance computation for ten ran-
dom seeds left the top-five order unchanged at both locations, with im-
portance values varying by less than +15%. The weather variables sit
lower in raw importance, but as the moisture analysis already showed
they act indirectly through moisture accumulation: 14-day cumulative
rainfall correlates positively with U-value (Pearson r = +0.41 at Locl,
p<107%; r=40.20 at Loc2, p=0.04). There is no contradiction be-
tween weather appearing low in the Random-Forest importance and
moisture having a significant effect in the wet—dry analysis. The two
analyses ask different questions on different timescales. The wet-dry
stratification compares groups of windows separated by antecedent
dry-spell length and isolates the moisture signal directly; the Random-
Forest, by contrast, ranks how much each feature explains the window-
to-window scatter that remains after the 14-day duration is already fixed,
and on that residual the instantaneous protocol variables (driving-force
magnitude and stability, heat-flux signal-to-noise, indoor stability) vary
more sharply from window to window than the slowly varying, partly
collinear weather aggregates. Moisture’s influence is real but is ex-
pressed through the cumulative-rainfall feature (with the positive corre-
lations quoted above) and through its slow modulation of the heat-flux
signal, rather than through a single dominant instantaneous weather fea-
ture. In other words, weather sets the slow drift while protocol quality
sets the fast scatter.

The bivariate scatter plots in Fig. 17 show that the signs of these
effects are consistent with physical intuition, provided they are read
as measurement-artefact signatures rather than as changes in the true
fabric U-value (which is a property of the wall and does not itself de-
pend on AT). A larger AT is associated with a lower measured U-value
because it raises the heat-flux signal relative to the fixed sensor-noise
floor, reducing the positive noise-rectification bias in the ratio of sums
in Eq. (1); greater AT variability and indoor instability are associated
with a higher measured U-value because they degrade the quasi-steady
assumption and leave un-cancelled thermal-storage terms in the numer-
ator; and a higher mean heat-flux magnitude is weakly associated with
a higher measured U-value once the AT regime is fixed. We stress that
these associations describe how the estimator responds to measurement
conditions, not how the wall itself changes. The linear fits in Fig. 17 are
deliberately shown only to indicate the sign and rough consistency of
each relationship between the two stations; the scatter is wide and the
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linear coefficients of determination are modest, which is exactly why a
non-linear Random-Forest, rather than linear regression, was used for
the importance ranking. The linear lines should therefore be read as
indicative trends, not as well-determined predictive models. Taken to-
gether, the four analyses give a coherent operational picture for this
wall: choose a window of at least 14 days, avoid the week immediately
after heavy WDR, do not worry about the exact start hour, and ensure
AT and indoor temperature are as large and steady as possible.

4. Discussion
4.1. Revising the 72-hour minimum for high-performance retrofit fabric

The convergence and error curves (Figs. 9 and 8) suggest that the
blanket 72-hour minimum in ISO 9869-1 is not appropriate for high-
performance post-retrofit envelopes. For the wall studied, 14 days ap-
pears to be a reasonable lower bound for an indicative U-value (errors
<12%), 28 days is required for certification-grade (<5%) results, and ap-
proximately 65-70 days is required for <3% mean absolute error; even
42-day windows still carry ~4% mean absolute error.

The underlying reason is essentially physical. A design U-value of
0.18 W/(m? K) produces a steady-state heat flux of only ~1.8 W/m? un-
der a 10 °C temperature difference, compared with ~15 W/m? for an
uninsulated solid-brick wall at U-value ~ 1.5 W/(m?K). At such low
flux levels, the sensor noise floor (~0.5 W/m? for typical HFM plates),
diurnal cycling and solar-driven transients on the east facade together
represent a substantial fraction of the measured signal, so longer aver-
aging periods are needed to recover a stable mean. This signal-to-noise
argument is consistent with Gaspar et al. [18], who found that facades
with U-value < 0.5 W/(m? K) required AT > 19 °C or extended durations
to achieve 5% accuracy, and with O’Hegarty et al. [8], who documented
extreme scatter for U-value < 0.2 W/(m? K).

The third Clause 7.1 criterion (Eq. (4)) [10] also appears to be the
binding constraint throughout. As already noted by Lee et al. [16], Choi
and Ko [17], tests that are “accurate” in the sense that U ~ U,; may
nevertheless fail this criterion because of slow secular drift in the envi-
ronmental boundary conditions. A revised criterion that recognises the
thermal time constant of the wall, for example a duration set to at least
three thermal time constants rather than a fixed 72 hours, would be
more physically grounded and would particularly benefit the growing
stock of insulated retrofit walls whose time constants are much longer
than the 72-hour floor was originally designed for. Two caveats apply
to a time-constant-based rule. First, the thermal time constant r = RC
requires the layer-by-layer thermal resistances and heat capacities to be
known, which is often not the case for as-built retrofit walls where the
exact cavity-fill density, EWI thickness and brick-slip build-up may be
uncertain or undocumented. Where the layer make-up is unknown, =
can instead be estimated empirically from the measured data, for ex-
ample from the decay time of the heat-flux autocorrelation or from the
e-folding time of the step response after a sharp AT change, so that
the rule remains usable without a full material specification. Second,
the present numbers translate to other walls through the same physics
rather than as fixed day counts: the required duration scales with the
wall’s thermal time constant and inversely with the achievable signal-
to-noise ratio (itself set by the U-value and the available AT). A heav-
ier or better-insulated wall, or one tested at smaller AT, will there-
fore need proportionally longer than the 14/28-day figures found here,
whereas a lighter or higher-U-value wall tested at large AT may con-
verge sooner. The practical recommendation is thus to express the floor
as “>3 thermal time constants, and not less than 14 days for fabric below
~0.3 W/(m?K)”, so that the rule adapts to other wall types rather than
fixing a single universal duration. For more poorly insulated, higher-U-
value walls, where the heat-flux signal is far larger and convergence is
correspondingly rapid, the existing 72-hour ISO 9869-1 minimum gener-
ally remains valid, and the extended durations recommended here apply
specifically to low U-value fabric; further long-term monitoring would



H. Du and A. Pilkington

Energy & Buildings 369 (2026) 117983

Factor Importance Ranking (Random Forest, same 12 factors)
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Fig. 16. Random-Forest permutation importance (Eq. (11)) of the 12 factors controlling 14-day U-value at each location (200 trees, max depth 8, 30 repeats).
Each panel is ranked independently by its own permutation importance, so the factor order differs between the two locations. The same five factors dominate across
locations, confirming that measurement-protocol sensitivities dominate over site-specific effects.
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Fig. 17. Scatter of U-value against the four top-ranked factors, with both locations overlaid. Linear regressions confirm consistent signs and similar slopes between

locations.

be needed to test how weather and moisture affect the measured U-value
of such higher-U-value walls in the way examined here.

This duration ladder (14 / 28 / 65-70 days) is broadly consistent
with the ranges reported by Gaspar et al.[19] in their review of HFM
minimum-test-duration criteria, by Lucchi[14], Genova and Fatta[15]
for historic heavyweight masonry, and by Farmer et al.[20], Wakili
et al. [26] for post-retrofit constructions. The present study extends the
evidence base from those earlier works to a modern UK cavity-brick
retrofit with EWI, a construction type that has received relatively less
attention than either historic masonry or continental nZEB envelopes.

4.2. Relation to dynamic and active measurement methods

The analysis above stays within the framework of the steady-state
Average Method of ISO 9869-1, because that is the method in routine
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use for retrofit sign-off and the one whose 72-hour floor is under ex-
amination here. It is nonetheless worth setting the results against the
family of dynamic and active alternatives, several of which are explic-
itly designed to shorten the test or to reduce the AT sensitivity that
dominates low U-value measurements. Dynamic (system-identification)
post-processing of the same heat-flux and temperature records, for ex-
ample the ISO 9869-1 dynamic method, ARX/RC grey-box models,
the Anderlind regression, and Bayesian or Kalman-filter state estima-
tors [28,30,31,53], explicitly models the wall’s thermal storage instead
of waiting for it to average out, and can in favourable cases return a con-
verged U-value from one to two weeks of data, sometimes less. These
methods directly target the slow-drift mechanism that we found makes
the third Clause 7.1 criterion binding, and are therefore a natural com-
plement to the duration ladder proposed here: where a 28-day steady-
state test is impractical, a dynamic re-analysis of a 10-14-day record
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may recover comparable accuracy, at the cost of greater modelling com-
plexity and sensitivity to model-order and prior choices. Active meth-
ods that impose a controlled boundary condition (guarded or unguarded
hot-box style heating, the Excitation-Response or heat-pulse techniques,
and infrared-thermography-assisted approaches [30,39]) raise the heat-
flux signal artificially and so improve the signal-to-noise ratio that is the
root cause of the long durations reported here; they are powerful for
low U-value fabric but require additional equipment, controlled access
and, often, unoccupied conditions, which limits their use as a routine in-
situ quality-assurance hold point during occupied retrofit delivery. Our
findings should therefore be read as establishing a defensible passive,
steady-state baseline, against which the additional cost and complexity
of dynamic post-processing or active excitation can be justified when
test duration must be compressed or when AT is unavoidably small. A
direct, like-for-like comparison of the dynamic and Average methods on
this wall is the subject of ongoing work: as shown in the outdoor and
indoor installation photographs (Figs. 3 and 4), a second pair of heat-
flux plates was installed on both flanking walls for this purpose, and
a dedicated companion paper will report the dynamic-versus-Average
comparison using the extended record, including summer data, where
the small driving temperature difference is most challenging; that com-
parison is kept separate here to keep the present paper to a manageable
length.

4.3. Starting time irrelevance

The null result of the starting time analysis (Fig. 15, Table 4) carries
two practical implications. First, practitioners working with the Average
Method over >3-day windows need not schedule tests for specific hours
of the day, and measurements may be initiated whenever access per-
mits. Second, this is not, however, a licence to ignore solar exposure: the
mechanism that renders starting time irrelevant is the time-integration
inherent in Eq. (1), which averages across many diurnal cycles, and
the recommendation of Evangelisti et al. [29] to avoid south-facing or
directly sun-exposed walls therefore remains valid. The mean solar gain
over the test shifts the apparent U-value, while the phase of the start
does not.

4.4. Moisture as the dominant external control

The 13-16% wet-vs-dry gap (Fig. 14) and the ~4-6 mW/(m> K)/day
drying rate together provide a quantitative link between WDR and
the measured U-value. The underlying mechanism is reasonably clear:
liquid water raises the apparent thermal conductivity of the insula-
tion and masonry layers, and latent-heat transfer adds to the mea-
sured heat flux [14,15,21,22]. When this is set against an east-facing
BS EN ISO 15927-3:2009 annualised airfield index of 101 mm/yr, the
effect cannot be regarded as a marginal correction, because a field
monitoring that begins in the week following an easterly storm could
be biased by 13-16% even before any instrumentation error is taken
into account. For an EWI-clad wall, moisture pathways are also more
complex than for exposed masonry, in that WDR may be absorbed
by the brick-slip render, trapped at the insulation-masonry interface,
or channelled through fixings [26]. The drying rates measured here
(4-6 mW/(m? K)/day) should therefore be interpreted as effective wall-
system rates that integrate across all of these layers.

It would seem reasonable that ISO 9869-1 reporting should include
the WDR and dry-spell context at the time of measurement. A short
climatic-exposure annex, following the BS EN ISO 15927-3:2009 frame-
work used here, could complement the existing requirement [10] to re-
port measurement start/end times and logging intervals.

4.5. Interpreting the design-measurement difference

The reference U-values of 0.206 W/(m?K) (Locl) and
0.188 W/(m?K) (Loc2) exceed the design value of 0.18 W/(m?K) [38]
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by 14.4% and 4.4%, respectively. In absolute terms, however, the dif-
ferences are only +0.026 and +0.008 W/(m? K), with a mean absolute
difference of +0.017 W/(m?K). For a low U-value fabric this is, on the
present evidence, a fairly modest deviation, and one that should not
be interpreted in the same way as a large absolute heat-loss penalty.
A number of factors may contribute to this difference, including local
thermal bridging at EWI fixings, workmanship quality at the cavity-fill
boundary, moisture uptake during the first heating season after retrofit,
and the inherent uncertainty in steady-state calculations that assume
homogeneous material properties [31]. The ~10% difference observed
between the two sensor locations, which are mounted on the same
wall under nominally identical boundary conditions, also suggests that
spatial variability on a single facade can be of comparable magnitude
to the relative design-measurement difference itself.

From a standards and retrofit quality-assurance standpoint, a purely
relative performance-gap threshold can therefore over-penalise high-
performance fabric, since a small absolute difference is divided by a
small design U-value. ISO 9869-1 reporting would arguably be more in-
formative if design-measurement agreement were assessed against both
a relative tolerance and an absolute U-value tolerance. For low U-value
walls, the result might reasonably be considered within tolerance if ei-
ther criterion is satisfied, for example if

U,

meas Udesign

Umeas - Udesign < AUabs or = Crel- (12)

Udesign
Such a dual criterion would preserve relative performance-gap report-
ing for higher U-value elements while allowing absolute U-value dif-
ferences to provide the more meaningful pass/fail basis for low U-
value fabric. On the present evidence, indicative threshold values of
AU, ~ 0.03 W/(m?K) and 6, ~ 15% would have classified both sensor
locations as within tolerance against the BSEN ISO 6946 design value,
while still flagging the genuinely under-performing solid-wall-insulation
installations reported in the ECO4/GBIS audits [5] where measured U-
values exceed design by 0.5 W/(m? K) or more. These suggested values
are illustrative; calibration against a multi-site dataset would be needed
before adoption in a standard.

The ~10% difference between the two sensor locations is, however,
based on n = 2 pseudo-replicates on the same wall and should be read
as indicative of within-wall variability rather than as a precise estimate
of facade-scale heterogeneity.

4.6. What matters most: protocol, not weather

The feature-significance analysis ranks measurement-protocol vari-
ables (AT quality, heat-flux signal strength, indoor stability) above
weather variables in raw importance (Fig. 16). This ordering is con-
sistent with the moisture-impact analysis, since weather acts indi-
rectly through moisture accumulation over 14-day horizons while pro-
tocol variables determine the signal-to-noise ratio in Eq. (1). A reli-
able U-value therefore appears to require four conditions: AT should
be maximised, ideally above 10°C in line with Lee et al.[16], Ficco
et al.[36], Bienvenido-Huertas et al.[54]; indoor temperature should
be kept as stable as practicable; the week immediately following heavy
WDR should be avoided; and the test should integrate over at least
14 days, and preferably 28.

4.7. Implications for warm homes delivery and retrofit quality assurance

These findings position in-situ U-value measurement as a practical
quality-assurance hold point for large-scale retrofit, and not solely as a
retrospective research tool. The Warm Homes Plan links delivery scale
with consumer protection, standards reform, oversight, and the use of
in-use thermal-performance evidence to tailor measures, identify hidden
defects and improve installation quality [3]. The ECO4/GBIS response
indicates why this matters in practice: visual inspection, certification
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and paperwork did not in themselves prevent high rates of major non-
compliance in some solid-wall-insulation installations, and consequently
required audit, suspension and remediation at no cost to affected house-
holds [4,5].

For practitioners, the actionable message of the present analysis is
that a 72-hour ISO 9869-1 test cannot be regarded as a defensible sign-
off test for this class of low U-value wall. Commissioning specifications
would more reasonably require a 14-day minimum for indicative diag-
nosis, 28 days where results are used for certification or dispute res-
olution, explicit reporting of the preceding dry spell and orientation-
specific WDR index, and the reporting of both absolute and relative
design—-measurement differences. For housing providers and local au-
thorities delivering area-based programmes, these requirements could
be applied as a risk-based sample across archetypes, elevations, con-
tractors and installation batches, with failed or moisture-biased tests
triggering re-test, intrusive inspection or targeted remediation before fi-
nal payment is released. For policy makers and scheme administrators,
the implication is that monitoring should be embedded as a scheme rule
rather than left to optional post-occupancy research, since measured fab-
ric performance can complement PAS 2035, PAS 2030 and TrustMark
compliance checks, protect households from ineffective insulation, and
provide early evidence on whether Warm Homes Plan funding is in fact
producing real heat-loss reductions.

This study does not imply that every dwelling in the UK requires 130-
day HFM monitoring. Rather, it indicates the minimum measurement
physics that should inform proportionate scheme design: low U-value
walls need longer integration, an explicit moisture context, and a tol-
erance framework that distinguishes material underperformance from
small absolute differences. Embedding these checks would help avoid
two opposite failures in retrofit quality assurance, namely accepting
poorly performing insulation because the measurement was too short
or too wet, and overstating a modest low U-value discrepancy because
it has been judged only as a percentage.

4.8. Limitations

Four limitations merit explicit mention. First, the present results are
based on a single wall with two heat-flux sensors in a single climate
and over a single (winter—early spring) season, and the two sensors
are pseudo-replicates on the same facade rather than independent sam-
ples. The numerical thresholds reported here (14 / 28 / 65-70 days,
the 13-16% wet-vs-dry effect, and the indicative AU, ~ 0.03 W/(m? K)
tolerance) should therefore be read as a case-study calibration of the
underlying signal-to-noise and thermal-time-constant arguments, rather
than as universal numbers; multi-site replication across wall typologies,
orientations and climates is required for generalisation. Lee et al. [25]
and Nardi and Lucchi [39] note that convergence behaviour is sen-
sitive to climate zone, wall thermal mass and internal gain patterns.
Second, the reference U-value was taken as the median of the longest
converged windows rather than as an independently measured labora-
tory U-value; an independent guarded-hot-box reference for the same
wall build-up would tighten the absolute-error analysis, although the
first-half/second-half U,.; check (Section 2.4) and the +0.02 W/(m? K)
spread at >14 days lend support to the choice. Third, the 130-day mon-
itoring spans winter and early spring only; extending the monitoring
through summer would allow the seasonal dependence of convergence
to be characterised more fully [24], which is of particular interest for
low U-value walls where the AT driving force diminishes in warmer
months. Because the present campaign did not include summer data, it
cannot itself evidence warm-season behaviour, and the duration figures
above should not be extrapolated to summer without further measure-
ment. The governing constraint is the driving temperature difference
rather than the calendar season: ISO 9869-1 already requires AT to re-
main above about 5 °C, and on a low U-value wall the small ~2 W/m?
signal makes this floor the binding limitation. In hot-summer climates,
such as the Italian setting examined by Alongi et al. [55], AT fre-
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quently falls towards a few degrees and can reverse during the day;
their parametric heat-flow study found that wall thermal-property esti-
mates degrade markedly under small and reversing temperature differ-
ences, so summer Average-Method testing is correspondingly unreliable
there. In mild or cool maritime climates, by contrast, a sufficient indoor-
to-outdoor temperature difference can often be maintained or induced
through summer, in which case Average-Method testing remains feasible
provided AT is kept above the ISO floor. Where a reliable AT cannot be
sustained, a dynamic or active method (above) is preferable to a longer
steady-state test. Fourth, the wet-vs-dry stratification uses total daily
rainfall as the dryness indicator; a stricter test stratifying by orientation-
specific WDR (Eq. (7)) would more directly isolate east-facade wetting
and is a natural extension once additional sites are available.

5. Conclusions

A 130-day, two-sensor monitoring study on a post-retrofit east-
facing wall (cavity brick + insulation + EWI + brick slip; design U-
value = 0.18 W/(m?K)) in Liverpool, UK, analysed at 10-minute reso-
lution over 13,687 candidate windows across both locations, provides
the evidence base for adapting ISO 9869-1 to high-performance retrofit
fabric. The findings cohere around a single physical theme: a low U-
value wall produces a heat-flux signal so small (~2 W/m?) that test du-
ration, antecedent moisture and the relative-versus-absolute framing of
the design gap all become first-order issues, whereas the start hour does
not. The four conclusions below should be read as consequences of that
one signal-to-noise argument rather than as independent results. Four
conclusions follow:

1. The 72-hour standard minimum is inadequate for low U-value
retrofit walls; mean absolute error at 72 h is ~32%. A 14-day dura-
tion floor should be adopted for indicative results, 28 days for +5%
certification-grade accuracy, and approximately 65-70 days for <3%
mean absolute error (42-day windows still carry ~4% mean abso-
lute error). The physical basis is the low signal-to-noise ratio inher-
ent in high-performance envelopes: at U-value = 0.2 W/(m?K) and
AT = 10 °C, the heat flux is only ~2 W/m?, making long averaging
essential.

2. The starting time of an Average-Method test is statistically ir-
relevant once the window is >3 days (p > 0.7, d < 0.02). Scheduling
tests for specific hours of the day confers no benefit.

3. Moisture is the dominant external control: wet periods inflate U-
value by 13-16% relative to dry spells, with 4-6 mW/(m? K) recov-
ered per consecutive dry day. The east-facing BS EN ISO 15927-
3:2009 airfield index is 35.8 mm for the monitoring period, or
101 mm/yr when annualised, and measurement tests following
heavy WDR require explicit pre-conditioning.

4. The design-measurement difference is marginal in absolute
terms: measured U-value exceeds the 0.18 W/(m?K) design value
by +0.008 to 0.026 W/(m?K), even though the relative difference
reaches 4-14%. For low U-value fabric, absolute U-value differences
should be reported alongside percentages and may provide the more
appropriate compliance tolerance. Protocol quality (AT magnitude,
heat-flux signal strength, indoor temperature stability) sets window-
to-window scatter; weather acts indirectly through 14-day moisture
accumulation (Pearson r = +0.20 to +0.41, p < 0.05).

The results support augmenting ISO 9869-1 Annex B with (i) a wall-
type-dependent duration floor calibrated to the target U-value and local
AT regime, (ii) a mandatory dry-spell pre-conditioning period scaled to
the local orientation-specific WDR index, and (iii) a dual tolerance for
judging design—-measurement agreement, under which either an abso-
lute U-value limit or a relative percentage limit can be satisfied. Adapt-
ing the standard in these three respects would bring reported Average-
Method U-values closer to true as-built performance, avoid overstating
small absolute differences in low U-value fabric, and give practitioners,
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policy makers and housing providers a defensible monitoring route for
the Warm Homes Plan and successor retrofit schemes [3,6,8,9].
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Appendix A. Combined standard uncertainty of the
Average-Method U-value

The Average-Method U-value (Eq. (1)) is a ratio of the time-summed
heat flux to the time-summed temperature difference,

N
_ Zj:l 4a;

ZjN=1 (Tin,j - Toul,j)

Following the GUM [41] framework for propagation of uncertainty
through a function U = f(g, AT), and treating the mean heat flux and
the mean temperature difference as the two dominant input quantities,
the combined standard uncertainty u,(U) is obtained from the first-order
(relative) propagation law as
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where u(g) and u(AT) are the standard uncertainties of the window-mean
heat flux and temperature difference and u(g, AT) is their covariance.
For the present analysis the heat-flux and temperature channels are cal-
ibrated independently, so the covariance term is taken as negligible and
Eq. (A.2) reduces to a root-sum-square of the two relative terms. Each
input uncertainty combines a systematic (calibration) component and a
random (averaging) component,

(A.3)

in which s, and s, are the standard deviations of the 10-minute sam-
ples within the window, and N is the effective number of indepen-
dent samples after accounting for autocorrelation (estimated from the
integral autocorrelation time, N = N At/(27;,)). Using the manufac-
turer calibration figures of Section 2.4 (+£3% for the heat-flux plate and
+0.1-0.2 K per temperature channel), a 14-day window with AT =~ 8°C
yields a relative systematic contribution of ~3% from the plate and ~2%
from AT, with the random terms contributing a further 1-2% after au-
tocorrelation correction, giving a combined standard uncertainty of ap-
proximately 4-5% per 14-day window. The expanded uncertainty at the
95% level (k = 2) is therefore of order 8-10%, which remains within
the 14-28% total band quoted in Section 9 of ISO 9869-1 [10] and
against which the 13-16% wet-dry effect (Section 3.3) is distinguish-
able because the dominant systematic terms cancel in the wet-minus-dry
comparison. In plain terms, a single 14-day Average-Method U-value
from this wall is limited by the instruments to about +5% (roughly
+0.01 W/(m?K) on a 0.2 W/(m? K) wall), widening to about +8-10% at
the stricter 95% confidence level; a difference in the reported U-value
smaller than this band cannot be separated from sensor noise, whereas
the larger moisture and design-measurement effects discussed in the
main text can be.
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