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Abstract: The conservation of cultural heritage built of historical brick masonry alongside meeting
targets in energy reduction will most likely require widespread installation of internal wall insulation
(IWI). In London, traditional buildings (pre-1919) make up 40% of the existing stock and insulating
from the interior is a likely retrofit solution for solid brick walls. Adding insulation may introduce a
higher risk to moisture accumulation and consequences such as mould growth and material decay. To
investigate resilience to future moisture loads, three interior insulation assemblies (conforming to two
U-value guidelines) were simulated in DELPHIN under reference, near-future (2040), and far-future
climate (2080) scenarios. Calcium silicate, phenolic foam, and wood fibre assemblies were simulated.
The reference year climate file was compiled from observed data and future files developed using
the UK Climate Projections 2018 (UKCP18). Assemblies were evaluated for moisture accumulation,
mould growth risk, and freeze-thaw (FT) risk. Results show low-to-medium risks in 2040 and high
risks in 2080, assemblies of higher absorptivity and thinner insulation comparatively performing
best. The calcium silicate assembly fared best for moisture performance; however, all assemblies will
be subject to high moisture risk levels in the far future and responsible retrofits must take this and
alternative design solutions into account.

Keywords: solid walls; future climate; internal wall insulation; moisture risk; wind-driven rain; heritage

1. Introduction

There is a global call to action to tackle the climate crisis; in the most recent update
to the Climate Change Act 2008, the UK became the first major economy to pledge net
zero emissions by 2050 [1]. In the UK, building operations account for 34% of the nation’s
greenhouse gas emissions with fossil fuel heating making up almost half of energy use [2].
With around 25% of homes built prior to 1919 [3], internal wall insulation (IWI) is the likely
method of bringing solid wall homes to modern energy performance standards while
preserving the aesthetic and conservational value of historic exteriors [4].

While IWI offers energy-saving benefits, it changes the hygrothermal behaviour: it
introduces extra vapour and thermal resistance, reducing inward drying and posing a
risk for mould growth [5]. Accumulation of moisture can lead to a host of problems
affecting both building and occupant health and comfort. In a Danish study, solid masonry
with diffusion-open insulation showed hygrothermal differences to the uninsulated case:
observations over 30 months showed 20–30% higher humidity levels and lower temperature
throughout the masonry [6]. Mould thrives under high relative humidity and can lead to
timber decay [7] and a higher risk of respiratory illnesses [8]. High moisture content is also
a prime factor in freeze-thaw (FT) damage when water expands within pores and imposes
high material stresses. In a Swedish study, an internally insulated case was modelled to
have a higher number of freeze-thaw cycles and ice content than the original solid brick [9].
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Wind-driven rain (WDR) results from the joint occurrence of wind and rain, where
wind induces a horizontal force to create oblique rain [10]. It is a prominent wetting
mechanism, putting significant external moisture loads on an assembly [11]. The moisture
load from WDR has been studied to be the most critical to moisture risk [12–15]. In studies
which combine IWI options and WDR analysis, results generally show capillary-active
assemblies [16,17], namely calcium silicate-based [18] to result in lowest moisture levels.

The changing climate will ultimately impact the environmental loads buildings will
experience. Specifically, under a high emission (i.e., RCP8.5) scenario in the UK Climate
Projections 2018 (UKCP18), there will be a 27% increase in average winter precipitation
and an increase in hourly extremes [19]. WDR is a key concern due to these changes,
with exposure levels studied from the previous UK Climate Projections 2009 (UKCP09).
projections predicting increased events of shorter duration and higher volume [20]. In
studying the subsequent effects of future WDR loads on various facades, simulations
were performed under multiple Swedish climate scenarios and showed increased water
content in both wood and concrete exteriors [21]. Other studies on future moisture risk
exist, however they do not discuss WDR. Existing internal retrofitting options for South
Tyrol were expected to have increased condensation risk in the future [22]. In North
America, results from hygrothermal simulations also illustrate the future climate providing
conditions that favour mould growth compared to the reference climate [23]. There is
limited research linking future WDR exposures to hygrothermal performance of solid
brick walls with IWI retrofits. As simulations require location-specific weather data, an
opportunity is presented here to explore London’s future climate and how moisture loads
are likely to affect various types of retrofits.

A wide range of research has investigated moisture risk topics, IWI in solid brick walls,
wind-driven rain, and future climate. Studies either explored one of these in-depth or as a
pair. Studies have also been observed to be concentrated in Nordic, Central European, and
Scottish climates (e.g., [21] in Sweden, [13] in northern Italy, and [24] in Scotland). From
this review, no study has explored the link of future moisture exposure (inclusion of WDR)
to moisture risks in IWI assemblies. Specifically, the latest UKCP18 projections have not
yet been used in hygrothermal simulations and their application in London. The UKCP18
projections have been designed to replace the previous UKCP09 scenarios, refined with
new emissions scenarios, new generations of climate models, and an updated baseline of
1981–2000, which was used to evaluate historical simulation skill. UKCP18 has improved
regional climate variability and projections of kilometre scale resolution (2.2 km) [19]. This
study aimed to understand future moisture loads and how various IWI retrofit assemblies
will perform in these scenarios

2. Materials and Methods

Observed weather data were used to develop the reference year climate file, one
representative of near-extreme climate conditions. Of the various weather stations around
London, the London Weather Centre (LWC) was chosen for its proximity to the Borough of
Wandsworth and data availability. Wandsworth is the borough with the highest number
of dwellings (67,270) built pre-1919. Per ISO 15927, 15 years of climate data spanning
1990–2005 [25] were analysed to select the year with the 90th percentile total annual rainfall
and used for simulation as the reference climate; 1992 was excluded due to insufficient
data, while 1990–2005 was selected as it included the most complete data for the variables
required for simulation listed in Table 1. A full wetting (October–March) and drying
(April–September) cycle was used to analyse yearly rainfall. Atmospheric counter radiation
was calculated using empirical relationships between cloud index, temperature, and vapour
pressure. This method is also used by the WUFI hygrothermal simulation software [26].
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Table 1. Weather variables required for simulation and availability.

Hourly Variable Required Units Available Time Resolution
in Observed Data Available Time Resolution in UKCP18

Air Temperature ◦C Hourly Hourly
Precipitation mm Hourly Hourly

Relative Humidity % Hourly Daily at 12 p.m.
Global Horizontal Radiation

Shortwave W/m2 Hourly Daily at 12 p.m.

Diffuse Shortwave Radiation W/m2 Hourly Unavailable
Atmospheric Counter Radiation W/m2 Unavailable Unavailable

Wind Speed m/s Hourly Daily at 12 p.m.
Northward and Eastward Wind Vectors GivenWind Direction ◦ Clockwise from North Hourly

Cloud Index Oktas [0, 8] converted to [0, 1] Hourly Daily at 12 p.m.

For future climate conditions, the UKCP18 projections and weather morphing were
used to produce climate files. Raw data containing hourly projections at the 2.2 km grid
were available from the CEDA archive for the RCP8.5 high-emissions scenario [27]. The
high-emissions scenario is frequently referred to as “business as usual”, suggesting climate
outcomes if countries do not reduce emissions. The UKCP18 projections contain data for
three periods: 1980–2000, 2020–2040, and 2060–2080. The years 2040 and 2080 were selected
for near and far future, respectively. The UKCP18 projections contain 12 ensembles for each
year. Each ensemble represents a plausible simulation of the future. The ensembles used
in the study were selected using 2080 rainfall data considering the 90th percentile rainfall.
Variables required for simulation and their availability from UKCP18 are listed in Table 1.
In addition to calculating long-wave counter radiation above, diffuse shortwave radiation
was calculated by splitting the given global horizontal radiation into diffuse and direct
components via k, a diffuse radiation ratio [28]. Wind speed and direction were calculated
using the given Northward and Eastward wind vectors.

The UKCP18 projections provided hourly values for temperature and precipitation. A
morphing procedure was used [29] to downscale the remaining daily variables to a finer
hourly timescale. This procedure uses the reference climate year data and “morphs” them
by applying a shift or scaling factor, based on future projections.

The general equation from ISO 15927-3:2009 was used to calculate the hourly WDR
intensity in L/m2. This method uses hourly wind and precipitation data (Equation (1)).

I =
2
9

vr
8
9 cos(D − θ), (1)

v: vertical rain [mm], r: wind speed [m/s], D: prevailing wind direction [◦], θ: facade
orientation [◦].

A total of 24 hygrothermal simulations were carried out in DELPHIN 6.0 [30]: one
selection from each category (thermal performance, wall assembly, and climate file) in
Figure 1 made up each simulation run. Each climate file consisted of data for one wetting
and drying cycle (October–October); three cycles were simulated continuously by repeating
the climate file.
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Gypsum Board 850 0.650 10.0 850 551.0 0.277 0.20 

Figure 1. Wall assemblies and climate scenarios combinations.

The wall assemblies were selected to represent existing conditions of a solid brick
wall (assuming no other wall components) and three popular internal solid wall insulation
materials (Figure 2). Using DELPHIN’s material database, a clustering technique was



Minerals 2021, 11, 271 4 of 14

used to group bricks by their properties [31]. From Cluster 2 (historical bricks of clay and
loam), brick ZG was selected for its median values as well as matching the BRE solid wall
survey’s median values [32]. Brick thickness was based upon the common 9” build in UK
solid walls [33]. Insulation thicknesses were selected to achieve identical U-values across
assemblies. Two U-values were simulated: a “low” U-value of 0.35 W/(m2K) guided by
Building Regulations Part L [34] and a “high” U-value of 0.6 W/(m2K) recommended
by the Bristolian’s Guide to Internal Wall Insulation [35] was used to compare retrofit
thicknesses for solid walls and effects on moisture performance. The three insulation
assemblies selected are presented in Table 2.
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Table 2. Wall assemblies and material properties used in the simulations.

ρ
[kg/m3]

θpor

[m3/m3]
µ [-] Cp

[J/kgK]
Wsat

[kg/m3]
Aw

[kg/m2s0.5]
λ

[W/mK]

Existing Condition Brick ZG 1715 0.356 22.2 920 322.1 0.137 -

Phenolic Foam [36]

Brick ZG 1715 0.356 22.2 920 322.1 0.137 0.54
Low-e Perforated Composite Foil 1276 0.114 600.0 1000 113.0 0 0.23

Phenolic Foam 35 0.987 113.7 1470 501.2 0.009 0.02
Low-e Composite Foil 1276 0.114 94,384.5 1000 113.0 0 0.23

Plasterboard 1043 0.606 11.3 1047 356.0 0.367 0.26
Skim Coat 1043 0.606 11.3 1047 356.0 0.367 0.26

Calcium Silicate [37]

Brick ZG 1715 0.356 22.2 920 322.1 0.137 0.54
Calcium Silicate KP Glue Mortar 1410 0.468 22.9 1059 340.0 0.004 0.60
Calcium Silicate Climate Board 187 0.930 3.6 1100 916.4 0.766 0.06

Calcium Silicate KP Lime Plaster 1250 0.528 12.1 999 452.2 0.134 0.57

Wood Fibre [38]

Brick ZG 1715 0.356 22.2 920 322.1 0.137 0.54
Mineral Fine Plaster (Light) 586 0.779 12.6 1198 360.0 0.073 0.13

Wood Fibre Board 150 0.981 3.0 2000 600.0 0.070 0.04
Gypsum Board 850 0.650 10.0 850 551.0 0.277 0.20

The analysis considered two capillary active systems developed for internal wall
insulation: calcium silicate and dense wood fibre board [39]. Calcium silicate has a very
high water absorption (i.e., high sorption in the over-hygroscopic range). Wood fibre is the
most common capillary active system in the UK [40] and has a high water vapour sorption
in the hygroscopic range. These capillary active systems were compared with phenolic
foam, one of the most used insulation systems in the UK together with poly-isocyanurate
and polyurethane [39].

Assemblies were modelled as 1D components. This common approach is used in
hygrothermal assessments as it manages computational demand while having capability
to give first indication of differences in assembly performance. All simulations were
performed for a vertical wall with southern exposure. A south orientation was chosen since
it is subject to the largest proportion of prevailing winds and thus WDR, making it most
critical to moisture loads at London’s latitude. WDR was calculated using DELPHIN’s
standard rain model, following ISO 15927-3. A rain exposure coefficient of 0.7 was used,
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representing a sheltered building less than 10 m in height from ASHRAE 160P [41]. To
represent the average indoor conditions, temperature and RH was set to 20 ◦C and 50% for
all simulations. The indoor conditions were constant throughout all simulations to focus
the subsequent analysis on the impact of changing exterior conditions. Initial material
temperature and relative humidity were set to default 20 ◦C and 80%, respectively.

BS EN 15026-2007 is the widely-used standard for moisture transfer by numerical
methods applied in hygrothermal simulations. However, it has no moisture risk assessment
criteria. To assess moisture balance of the various assemblies, total moisture content
(liquid water, water vapour, and ice) was monitored to see if there was wetting, drying, or
equilibrium reached throughout the simulation period.

Monitors were placed at interface of brick and insulation to compare risk of con-
densation and mould growth across assemblies. Mould growth was predicted via the
VTT model, an empirical model that predicts mould growth as a function of temperature,
relative humidity, and substrate [42,43]. In this model, the extent of mould growth on a
surface is described by a mould index, M (-), ranging from 0 (no growth) to 6 (full coverage
of a surface). In addition, freeze-thaw risk was evaluated by monitoring ice content in
the outer 1 cm of the brick through the simulation period, as this is where the risk is
highest. Traditionally, a critical degree of saturation is used to represent a porous material’s
resistance to damage from freezing [9]. As there may still be freeze-thaw occurring at lower
moisture contents, total ice content was monitored in simulations to observe impacts of the
changing climate.

3. Results
3.1. Climate Analysis

From the 15 years of continuous weather data analysed, 1999 was ranked to have
annual rainfall nearest to the 90th percentile and selected to represent the near-extreme
reference climate for simulations. For future climate, a similar ranking process was un-
dertaken for the 12 available projection sets. Ensemble 1 (90th percentile) was selected for
climate file creation.

Figures 3–5 summarise important differences between the investigated climate scenar-
ios. Between reference and 2080 (90th) climates, the average yearly temperature increases
by approximately 3 ◦C with summers becoming warmer. The range of temperatures also
increases: reference climate has a difference of 33.2 ◦C between minimum and maximum
temperatures, whereas 2080 (90th) climate has a 40.1 ◦C difference. Along with increasing
temperatures, the annual WDR index also increases with time. The overall trends observed
are cooler, wetter winters and hotter, drier summers. Future climate also results in higher
relative humidity and significantly lower solar radiation.
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3.2. Hygrothermal Simulations
3.2.1. Moisture Accumulation

In the reference climate, no assemblies showed an increase in total water content over
the three simulation years with consistent wetting and drying cycles (Figure 6a). In the
future 2080 climate, however, moisture content increased slightly with each year in all
assemblies: the largest increase was approximately 2 kg for wood fibre between year 1 and
year 2. Compared to the reference climate, total moisture content increases drastically with
much higher variations in 2080 (Figure 6b). This is consistent with an annual WDR intensity
increase from 202 to 271 L/m2 from reference to 2080 climate. It is difficult to compare total
moisture content between assemblies as each insulation material is different in absorptivity.
Although the calcium silicate insulation had higher absorptivity than wood fibre insulation,
the wood fibre assembly had higher moisture content, due to the higher sorption isotherm
of wood fibre in the hygroscopic range. Calcium silicate’s board adhesive (i.e., glue mortar)
likely limited its water uptake inward compared to wood fibre.
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3.2.2. Interstitial Condensation and Mould Risk

The interface between brick and insulation was the most critical for relative humidity
observations. The thermal resistance of the added IWI leads to a lower temperature of the
brick, which reduces drying capacity and creates a surface for potential condensation. The
added IWI also adds to diffusion resistance, making it harder for walls to dry out. Using
calcium silicate as an example, Figure 7 shows the interface RH for each climate scenario
and both thermal performance targets. Low U-value assemblies (solid lines) show higher
relative humidity than their thinner insulation and higher U-value counterparts (dotted
lines). This was also true for the other two assemblies including the closed-cell phenolic
foam. Overall, there is a clear increase in RH between reference (90th) and 2080 (90th)
scenario represented by black and red lines.

During winter, all climates resulted in similar RH levels except for 2080 (90th) with 4%
higher RH at peak. The biggest effect of changing climates is seen during summer months
where variations of up to 30% are present and the assembly’s ability to dry decreases. This
corresponds to increasing water content in the previous section. These trends were also
observed in the phenolic foam and wood fibre assemblies.

In the reference climate, RH fluctuates between 40% (summer) and 90% (winter) with
RH decreasing until year three (Figure 8). Calcium silicate and wood fibre assemblies’
performance are almost identical, whereas phenolic foam shows RH consistently above
60%. The mould index M is below 4 for the three years (Figure 9). The difference in mould
index between high and low U-value is more marked for the phenolic foam compared with
the other two assemblies analysed.

From the side-by-side comparisons, far-future climate shows increased risk for mould
growth across all assemblies. This is aligned with rising RH levels and increased rain
in future climates. In the far future, both wood fibre and phenolic foam assemblies stay
above 80% RH throughout the year and present high risk for mould growth, with a mould
index exceeding 5 on the first year of simulations for phenolic foam and approaching 6
(the maximum value) for wood fibre. Additionally, wood fibre hovers around 100% RH
for most of the year, indicating potential risk of wood decay. Consistently higher RH in
the summer months also delays drying and assemblies reach their driest point around one
month later.



Minerals 2021, 11, 271 8 of 14Minerals 2021, 11, x FOR PEER REVIEW 8 of 15 

 

 

 

 

Figure 7. Calcium silicate assembly interface relative humidity with each climate scenario—low 

and high U-value assemblies. 

In the reference climate, RH fluctuates between 40% (summer) and 90% (winter) with 

RH decreasing until year three (Figure 8). Calcium silicate and wood fibre assemblies’ 

performance are almost identical, whereas phenolic foam shows RH consistently above 

60%. The mould index M is below 4 for the three years (Figure 9). The difference in mould 

index between high and low U-value is more marked for the phenolic foam compared 

with the other two assemblies analysed. 

From the side-by-side comparisons, far-future climate shows increased risk for 

mould growth across all assemblies. This is aligned with rising RH levels and increased 

rain in future climates. In the far future, both wood fibre and phenolic foam assemblies 

stay above 80% RH throughout the year and present high risk for mould growth, with a 

mould index exceeding 5 on the first year of simulations for phenolic foam and approach-

ing 6 (the maximum value) for wood fibre. Additionally, wood fibre hovers around 100% 

RH for most of the year, indicating potential risk of wood decay. Consistently higher RH 

in the summer months also delays drying and assemblies reach their driest point around 

one month later. 

Although calcium silicate performs the best in comparison, with lower RH and no 

risk of condensation, a mould index of 5 was reached in the first year, increasing year-on-

year. As U-values of all assemblies are identical, interface temperatures were roughly the 

same. In terms of insulation properties, calcium silicate had higher absorptivity than 

wood fibre insulation, which helped draw moisture inward away from the interface. In 

the far-future climate, the difference in insulation levels can be seen: thinner calcium sili-

cate and wood fibre assemblies reduce RH levels in the summer by allowing more drying 

(no difference is seen in the phenolic foam insulation) compared to their thicker counter-

parts. The phenolic foam assembly provided a much higher vapour resistance compared 

Figure 7. Calcium silicate assembly interface relative humidity with each climate scenario—low and
high U-value assemblies.

Minerals 2021, 11, x FOR PEER REVIEW 9 of 15 

 

 

with wood fibre and calcium silicate insulation, drastically reducing moisture movement 

across the assembly and thus resulting in higher RH at the interface. 

  

 
(a) (b) 

Figure 8. The 30-day moving average of interface relative humidity and temperature for low and high U-value assemblies: 

(a) reference climate (90th percentile); (b) future 2080 climate (90th percentile) with an 80% RH guideline for moisture risk. 

  

 
(a) (b) 

Figure 9. Mould index, M, for low and high U-value assemblies: (a) reference climate (90th percentile); (b) future 2080 

climate (90th percentile), considering a worst-case scenario substrate (very sensitive, with almost no decline). 

3.2.3. Freeze-Thaw Risk  

Ice content in the outer 1 cm of each assembly’s brick layer was monitored to identify 

freeze-thaw risk. A FT cycle in these results indicates periods where any amount of ice 

presence was detected between hours of no ice presence. It is worth noting that these re-

sults do not dictate actual damage occurring, as damage would rely on a material’s pre-

disposition to freeze-thaw risk and a certain level of ice content. In Table 3, the existing 

brick-only condition had the lowest amount of ice content compared to retrofitted assem-

Figure 8. The 30-day moving average of interface relative humidity and temperature for low and high U-value assemblies:
(a) reference climate (90th percentile); (b) future 2080 climate (90th percentile) with an 80% RH guideline for moisture risk.



Minerals 2021, 11, 271 9 of 14

Minerals 2021, 11, x FOR PEER REVIEW 9 of 15 

 

 

with wood fibre and calcium silicate insulation, drastically reducing moisture movement 

across the assembly and thus resulting in higher RH at the interface. 

  

 
(a) (b) 

Figure 8. The 30-day moving average of interface relative humidity and temperature for low and high U-value assemblies: 

(a) reference climate (90th percentile); (b) future 2080 climate (90th percentile) with an 80% RH guideline for moisture risk. 

  

 
(a) (b) 

Figure 9. Mould index, M, for low and high U-value assemblies: (a) reference climate (90th percentile); (b) future 2080 

climate (90th percentile), considering a worst-case scenario substrate (very sensitive, with almost no decline). 

3.2.3. Freeze-Thaw Risk  

Ice content in the outer 1 cm of each assembly’s brick layer was monitored to identify 

freeze-thaw risk. A FT cycle in these results indicates periods where any amount of ice 

presence was detected between hours of no ice presence. It is worth noting that these re-

sults do not dictate actual damage occurring, as damage would rely on a material’s pre-

disposition to freeze-thaw risk and a certain level of ice content. In Table 3, the existing 

brick-only condition had the lowest amount of ice content compared to retrofitted assem-

Figure 9. Mould index, M, for low and high U-value assemblies: (a) reference climate (90th percentile); (b) future 2080 climate
(90th percentile), considering a worst-case scenario substrate (very sensitive, with almost no decline).

Although calcium silicate performs the best in comparison, with lower RH and no risk
of condensation, a mould index of 5 was reached in the first year, increasing year-on-year.
As U-values of all assemblies are identical, interface temperatures were roughly the same.
In terms of insulation properties, calcium silicate had higher absorptivity than wood fibre
insulation, which helped draw moisture inward away from the interface. In the far-future
climate, the difference in insulation levels can be seen: thinner calcium silicate and wood
fibre assemblies reduce RH levels in the summer by allowing more drying (no difference is
seen in the phenolic foam insulation) compared to their thicker counterparts. The phenolic
foam assembly provided a much higher vapour resistance compared with wood fibre and
calcium silicate insulation, drastically reducing moisture movement across the assembly
and thus resulting in higher RH at the interface.

3.2.3. Freeze-Thaw Risk

Ice content in the outer 1 cm of each assembly’s brick layer was monitored to identify
freeze-thaw risk. A FT cycle in these results indicates periods where any amount of ice
presence was detected between hours of no ice presence. It is worth noting that these
results do not dictate actual damage occurring, as damage would rely on a material’s
predisposition to freeze-thaw risk and a certain level of ice content. In Table 3, the ex-
isting brick-only condition had the lowest amount of ice content compared to retrofitted
assemblies. Side-by-side comparisons of the assemblies in respective climate and U-value
scenarios show similar performances between all wall types. This suggests that the outer
portion of brick is uninfluenced by additional wall layers behind it but rather follows exter-
nal rainfall patterns. There is a noticeable decrease in ice content (both duration of events
and quantity) in the far future. The reduced insulation thickness (high U-value) resulted
in lower outer layer ice content in reference and far-future climates. However, it should
be noted that in the far-future climate scenario, the introduction of IWI resulted in higher
ice contents than in the brick-only scenario. Although moisture content increases in 2080,
outside temperatures remain above zero degrees during peak moisture events. In general,
the London climate is classified as temperate and risk of damage due to freeze-thaw cycles
will not increase in the future.
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Table 3. Duration, freeze-thaw (FT) cycles, and total quantity of ice content in simulated assemblies for reference and
far-future climate.

Existing Low U-Value High U-Value

Brick
Only

Calcium
Silicate

Phenolic
Foam

Wood
Fibre

Calcium
Silicate

Phenolic
Foam

Wood
Fibre

Reference
Climate

Hours with ice present 9 27 27 27 27 27 25
Number of FT cycles 3 3 3 3 3 3 5

Sum of ice content [kg/m3] 24.1 263.3 266.0 251.7 201.6 205.8 192.5

2080 (90th)
Climate

Hours with ice present 0 18 22 20 12 12 12
Number of FT cycles 0 3 3 3 3 3 3

Sum of ice content [kg/m3] 0 66.3 70.7 64.9 26.8 28.2 23.1

3.2.4. Summary of Results

Throughout the near and far-future climate scenarios, results show increased total
assembly moisture, and increased risk of interstitial condensation and mould growth.
This corresponds with rising temperature and increased moisture loads. Freeze-thaw risk,
however, was seen to decrease over time.

The uninsulated brick had the least risk, followed by the calcium silicate assembly.
In comparing assembly properties, a more absorbent insulation material showed highest
resiliency against future moisture loads. From the two U-values modelled, a higher U-value
of 0.6 W/(m2K) compared to 0.35 W/(m2K) resulted in lower risk in these categories across
all assemblies. This was true especially for the calcium silicate and wood fibre assemblies
where RH dropped at least 10% during drying months.

4. Discussion

A total of three solid wall insulation assemblies conforming to two U-value guidelines
and original uninsulated brick were simulated for reference, near-future, and far-future
climates. In simulations, thinner insulation assemblies dried more and resulted in lowest
moisture risks. These results agree with findings from the literature mentioned in the
introduction. Considering the reference climate, the difference in interface RH and mould
index between assemblies of different U-value was found to be more marked for the
phenolic foam assemblies. In the far future, this was seen most prominently in calcium
silicate and wood fibre assemblies, where thinner insulation allowed more drying and
reduced RH levels by at least 10% in the warmer months. On the other hand, the phenolic
foam assembly showed almost no drying at either thickness. It is widely known that
added thermal and vapour resistance changes walls’ moisture balances and results in
higher moisture risks due to reduced drying and altered temperature and vapour pressure
profiles [6,9]. For freeze-thaw risk, the effects of a warming climate and thinner insulation
reduce the duration, number of cycles, and the total quantity of ice found in the masonry
layer. A recent European study also found higher freeze-thaw risk in IWI assemblies and
that warming is counteracting freeze-thaw risk increasing with winter WDR loads [44].

Even though results show uninsulated brick had lowest moisture risks, this is not
a desirable construction to keep due to lower thermal performance, lower comfort, and
likelihood of surface mould growth. For these reasons retrofit is on the agenda. Based on
the results of this study, designing for the reference climate with U-value 0.35 W/(m2K)
guided by Part L regulations is generally low in risk to moisture-related consequences. In
the near-future climate, these risks remain low except for interface RH, which stays above
80% in winter. In the far-future scenario, designing to the current regulations would result
in medium-to-high risks all around. It is worth considering thinner insulation of maximum
60 mm as suggested by the Bristolian Guide [35]. Coupled with the observed 2–3 ◦C
average temperature increase in 2040–2080, a thinner insulation offers a valid balance of
energy demand reductions and moisture performance. In addition to reduced moisture
risk, thinner insulation may also increase uptake of solid wall retrofits due to reduced space
disruption and easier installation [45].
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From the analysis, calcium silicate outperformed phenolic foam and wood fibre insu-
lation assemblies. The findings herein on the performance of calcium silicate insulation
corroborate existing research: under reference climate conditions, hygrothermal simula-
tions by Nielson et al. [16] and Knarud et al. [18] concluded preference for capillary-active
and moisture-open materials. Similar guidance is found in IWI guidance documents [35].
From simulation results in this study, this performance is consistent with that under future
climates as well. To stay consistent in assembly U-values, wall thicknesses were adjusted
for this rather than by manufacturers’ standard sizing. The only case affected by this was
calcium silicate, where the manufacturer’s maximum thickness was exceeded to reach the
0.35 W/(m2K) U-value. This material would be unable to achieve this thermal resistance
with currently available thicknesses on the market. This, however, is not an issue with the
previously recommended thinner insulation.

On practicality, the phenolic foam assembly was simulated considering the “dot and
dab” installation technique. A popular alternative is mechanically fixing the insulation
using timber battens. Both techniques introduce a small air layer and new wood material in
the mechanically fixed case at the interface. The small (5 mm) air layer was not simulated;
however, based on phenolic foam’s results, an air layer and/or timber battens would
increase favourable conditions for mould growth (presence of oxygen and nutrients)
and wood decay. Any air gaps and poorly sealed joints under a negative air pressure
difference could allow spore movement towards the interior environment. If accurately
installed, calcium silicate and wood fibre assemblies are fully bonded and it would be
unlikely for mould to grow and reach the interior compared to what occurs with phenolic
foam. Phenolic foam has lower thermal conductivity but clearly presents challenges when
considering moisture in various buildups.

Current assembly designs do not show resilience towards projected future moisture
loads and new strategies must be explored to address resilience within retrofits. Along
with loosening U-value requirements, external water repellent layers have shown results in
reducing moisture uptake in historic bricks [46]. Nevertheless, these preliminary findings
should be used with caution as exterior treatments can cause further deterioration from
rainwater infiltration (through cracks and joints), trapped moisture, and salt movement [47].
Alternatively, old brick walls can be repointed. A well-functioning lime-based mortar joint
prevents rainwater intrusion and allows moisture to escape, especially if a hard cement
mortar is currently used [48]. These alternative actions along with future innovations
will become necessary if climate is to evolve as projected and should be a subject for
further research.

Wind is a large parameter in determining the amount of WDR received by a facade. In
this study, Met Office weather stations and UKCP18’s local projections allowed for the use
of weather data collected in an urban centre. Although its high-resolution grid captures
urban land use and subsequent urban heat island (UHI) effect in major cities such as London
used in this study [49], wind is a variable further nuanced by microclimate. DELPHIN’s
rain model for this study is not comprehensive enough to account for microclimate nuances
such as adjacent buildings or obstructions. As this study was comparative and focused
on the impacts of the changing climate, Computational Fluid Dynamics (CFD) would
be a valuable extension to investigate WDR effects in an urban setting. CFD would
also address varying impact velocities and droplet trajectories for complex geometries in
urban surfaces [50]. On further climate work, the hourly data availability restricted this
study to the RCP8.5 high-emissions scenario: further work should be done to develop
hygrothermal simulation-compatible files for additional emissions scenarios in the UK.
This will allow more accessibility and insights into moisture resilience. Additionally, the
analysis considered a historic brick from a representative cluster of historic bricks of clay
and loam; further analysis will consider the variability of material properties of the existing
wall, combining the current climate files with a probabilistic approach to moisture risk
assessment [51].
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5. Conclusions

Reaching decarbonisation targets will require a major overhaul of England’s existing
buildings. To preserve value associated with London’s rich heritage, the main energy-
saving strategy of adding insulation must be done from the interior. With added IWI comes
energy savings but also increased risk of moisture accumulation from condensation or lack
of drying due to the altered construction. Consequences of moisture accumulation include
mould growth, freeze-thaw of brick, and material decay. From the climate analysis, main
observations were warming temperatures in all seasons, increased annual WDR, higher
average relative humidity, and lower total solar radiation. All these climate factors played
into wall assembly performance.

At time of writing, no studies existed which link exposure of WDR to moisture risks in
IWI assemblies for future climates in a London context. Particularly novel to this study is
the use of the newly released UKCP18 climate projections in hygrothermal simulation. This
study aimed to understand how various IWI assemblies performed under near-extreme
reference and future climates. Performance was assessed based on moisture accumulation,
interface relative humidity, and moisture content in brick. Monitors were placed during
simulation on the outer brick face and the interface between brick and insulation. The
analysis revealed that:

• current U-value standards have low moisture risk in the reference climate but will
suffer high risks with the projected future moisture loads if unchanged;

• thinner insulation assemblies performed better in all scenarios and should be allowed
for solid wall retrofits;

• calcium silicate (high absorptivity) performed best under future climate conditions; and
• additional moisture interventions will be needed to reduce the high risks of future

moisture loads.

If retrofits are to be future-proof, the conclusions above should be considered. Fur-
ther studies should be undertaken, considering urban microclimate factors, additional
climate years (i.e., a 50th percentile rainfall year), additional assemblies, as well as con-
sidering the variability of solid wall construction and material properties. This will add
a more holistic picture of how traditional buildings can be adapted to be resilient and
responsibly retrofitted.
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