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Abstract

Solid masonry buildings account for around 20% of the UK building stock. As a
traditional building material in the UK, stone could enhance the architectural style of
buildings and last for thousands of years. However, historic buildings inevitably face
the issue of diminished performance over hundreds or thousands of years. For these
historic buildings whose appearance is protected, internal wall insulation (IWI) is a
possible solution for protecting the facade while saving energy, improving indoor
thermal comfort, and reducing carbon emissions. Of concern is that IWI could alter the
drying capacity of the structure, thereby increasing moisture accumulation and causing
durability issues such as freeze-thaw damage and mould growth. Hygrothermal
simulations is one of the most commonly used methods to compare the performance
and feasibility of different IWI assemblies. However, an inadequate assessment could
lead to the specification of inappropriate IWI, prompting an incorrect choice of retrofit
strategy. This study investigates the role of calibration in the assessment of moisture
risks and durability of a solid masonry wall. The calibration of a hygrothermal model
was performed using in-situ monitoring data; the model can be used for the comparison
of IWI systems. According to the results, the selection of material properties had the
highest impact in the calibration.

Keywords Calibration; Historic Buildings; Internal Wall Insulation; Hygrothermal
Simulations; Solid Walls

1 Background

Buildings contribute approximately to 30% of total global energy consumption (1) and
to 30% of global carbon emissions (2). Moreover, in UK, new buildings are a small
fraction (1%) of the building stock each year (3). Most historic buildings in the UK are
constructed with stone or brick walls. Masonry buildings account for 20% of the UK
building stock. 92% of solid wall buildings were not insulated as of 2016 in the UK,
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which suggest poorer energy efficiency compared to other building types (4, 5) and a
high potential for improvement.

Buildings are significantly affected by climate in many ways. Wind-driven rain (WDR)
exerts a horizontal force on the building envelope and promotes rain and moisture
penetration into the exterior wall structure (6). Due to precipitation and wind, masonry
walls can be subject to surface damage, cracking and peeling (7, 8).

For historic stone buildings, internal wall insulation (IWI) may be the only strategy to
improve energy efficiency while maintaining the appearance and geometry. However,
certain insulation materials affect the balance between air and water movement,
which reduces the drying capacity of the structure and increases the probability of
moisture accumulation. Moisture accumulation inside the exterior walls could cause
freeze-thaw damage, salt crystallisation, and mould growth, making moisture one of
the most critical issues affecting the structure of masonry buildings and the health of
their occupants. Furthermore, moisture can be detrimental to the thermal insulation of
materials (9), which negatively affects energy use and indoor thermal comfort. In
response to these issues, the retrofit of historic masonry buildings on the exterior
walls needs to focus on minimising moisture risk, in order to maintain the durability of
the building and contribute to the national sustainable goals. Therefore, the IWI
systems specification needs to ensure that the insulation materials do not damage
the durability of the building structure.

Hygrothermal simulations can be used for specification by designers, construction
practitioners and researchers. Monitoring each retrofit intervention requires time and
resources; therefore, combining hygrothermal simulations and a scenario analysis
can be a fast and inexpensive way to inform decision making — provided that
simulations are representative of the hygrothermal behaviour of the component
studied. Recent strategies for the conservation and retrofit of historic buildings are
developed in dynamic simulation tools (10-13). The main tools are WUFI, DELPHIN
and COMSOL Multiphysics, which are used for detailed numerical simulations to
understand the moisture response of components and materials to boundary
conditions. These tools have passed the HAMSTAD benchmark test, and most of
them have been validated based on laboratory data (14-16). However, an inadequate
assessment could lead to the specification of inappropriate IWI. Recently,
researchers have started focusing on calibration methods for the hygrothermal
simulations of internally insulated walls (17).

Calibration methods could be divided into manual and automatic. Many studies have
examined the relationship between manual and automatic calibration methods.
Taylor et al. (18) proved that the manual calibration method is more accurate than
the automatic method, but automatic calibration is dominant in saving time and
intelligent programming. For model calibration with limited parameters, manual
calibration is more suitable (19).

The indicators of model calibration are critical to the evaluation of results. RMSE
(Root Mean Square Error) and CVRMSE (Coefficient of Variation of RMSE) are used
as standard statistical indicators (20). The related calculation formulas are shown in
Equations [1] and [2], where s represents the simulation data, and m represents the
monitoring data.

RMSE = jz?‘l(si —m)* [1]

n
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RMSE
CVRMSE = x 100% [2]

mmean

To perform the simulation, the modeller must assume some parameters. For
instance, the hygrothermal properties of materials are unknown unless sampling and
laboratory measurements are performed. A previous study suggested that model
material properties could be imported from existing material libraries at the location of
the building, if existing (21). Therefore, the stone properties input for solid walls
simulation could be selected based on the details of the local stone.

2 Methodology

2.1 Case study building

A historic stone masonry building located in Edinburgh (Figure 1) was selected as the
case building of this study (22). Over the past five decades, the rainfall in Scotland
had always been maintained at a higher level than other areas in the UK (23). This
case building is a two-level stone masonry building with a pitched roof used for
wholesale and retail , which was built in 1850. The construction of this historic
building is traditional, the exterior of the wall is composed of masonry and ashlar, and
the interior of the wall is mainly lath and plaster. The U-values of the envelope
structure were measured in-situ by HES, as shown in Table 1 (24).

Figure 1 — Case study building

Table 1 — Build-up and thermal transmittance of the exterior wall (25)

Materials Thickness U-value
(mm) (W/(m?K))
Outside - Craigleith Sandstone (with Lime Mortar) 500
Blown Cellulose 50
Inside - Lath and plaster 10
Total 0.66
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2.2 Baseline model

A one-dimensional baseline model was built in Delphin according to the built-up of
the case study wall. The related parameter inputs are shown in Table 2. The exterior
wall of the case study building consists of sandstone, mortar and a limited amount of
rubble without a uniform structure of regular mortar joints and an unknown ratio of
mortar to stone. This ratio for baseline models was assumed to be 3:7 (26).

Table 2 — Data for baseline model

Surface Properties

Orientation

270°

Inclination

90°

Inside Surface

Climate
Conditions

Variables:
Temperature (K)
Related Humidity (%)

Source:
Case study building internal monitoring data

Boundary
Conditions

Heat Conduction:
Exchange coefficient for still air: 8

kg
ms3K

Vapour Diffusion:
Exchange coefficient for still air: 1 x 1078 ~

Outside Surface

Boundary
Conditions

Heat Conduction:

Convective heat conduction exchange coefficient: 12
kg
ms3K

Effective heat conduction exchange coefficient: 12 m’:‘ZK

kg
ms3K

Radiant heat conduction exchange coefficient: 5

Vapour Diffusion:
Vapour diffusion mass transfer coefficient: 7.5x 1078 %

Short-wave Solar Radiation:
Solar absorption coefficient: 0.7

Long-wave Radiation Exchange:
Long-wave emissivity: 0.9

Wind Driven Rain (EN 1SO 15927-3):
Reduction/Splash coefficient: 0.7

Initial Conditions

Temperature

293 K

Relative
Humidity

60%

The Delphin database hosts the hygrothermal properties of some materials. The
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properties of blown-in cellulose and lime plaster in Baseline models were input
according to the database. The properties of sandstone and mortar were obtained by
means of laboratory measurements of Scottish masonry materials (27). The type of
sandstone was tested during calibration. Table 3 shows the properties and thickness
input of mortar, cellulose and plaster. The baseline model is shown in Figure 2. The
stone layer on the outside is assumed to be thicker than the inside at 200mm and
150mm, respectively. The thickness of the mortar is 150mm to meet the expected
ratio (3:7).

Figure 2 — The one-dimensional baseline model in Delphin

outside inside

sandstone lime mortar cellulose lime plaster

Table 3 — Hygrothermal properties for mortar, cellulose and plaster

MOiSture Water
h | storage absorpti
Thickness cor?gggtivit Diffusion on Porosity
Materials [mm] w Y| Factor W Wao coefficie m3 | Source
A[—] pl-] kg kg | Nt Opor 113
mK [—] | [=] kg
m m=> A, [——]
m2\/s
Hot-
|rinr:1Xeed 150 0.2 23 307 |18 |0.32 0.3 (27)
mortar
Blown-in | 0.0482 20487 1780 |6.33 |0.563 0.926 Delphin
cellulose database
Lime 10 0.82 12 285 | 11.06 | 0.127 0.302 Delphin
plaster database

2.3 Calibration of hygrothermal model

The calibration process selected the actual data by HES monitored between January
2019 and October 2019 as the target. The monitoring data contains the relative
humidity and temperature at an interval of 15 minutes of the west-facing wall,

measured within the first-floor wall. Sensors were located at different depths, namely
50mm (sensor 1), 100mm (sensor 2), 215mm (sensor 3) and 430mm (sensor 4) from
the inner surface (Figure 3). The monitoring data was resampled using the mean into
a set of one-hour intervals for subsequent simulations.
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Figure 3 - Location of sensors for indoor conditions monitoring and in-wall
monitoring (28)
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Each simulation generated the following results at the four depths considered in the
monitoring, for the time between January 2019 and October 2019:

® Hourly Temperature (°C)
® Hourly Relative Humidity (%)

The hourly temperature and relative humidity of each sensor were compared to the
monitoring data of the same sensor by calculating the CVRMSE and evaluating it
against the criteria set out in ASHRAE Guideline 14 (Table 4).

Table 4. ASHRAE Guideline 14 for calibration results (29)
Guideline Hourly Limit (%)
CVRMSE 30

The calibration explores the model parameter inputs closest to the actual building to
ensure that further scenario simulations are accurate and feasible. In this study,
models were built in Delphin 6.1.1. Certain inputs were adjusted to make the
simulation results close to the monitoring data. The calibration process was an
iterative simulation, which contained four steps. A prevailing model, which has the
smallest CVRMSE values that meet the criteria, was selected in each step as the
baseline model for the next step. A total of ten simulations were performed in this
iteration.

2.3.1 Step 1: Sandstone Type

This step compared the simulation results of the baseline model applied to five
different sandstone types to explore a target stone that is most similar to the actual
one. Krenzheimer sandstone, Velbke sandstone and Ruthen sandstone were
selected from the Delphin database. Craigleith sandstone and Hailes sandstone were
selected from Scottish materials data (27). Their properties are shown in Table 5.
According to the results, Hailes sandstone has the closest results to the monitoring
data, which was used for the following steps.
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MOiSture Water
Thermal storage absorpti
conduct | Diffusion on Porosity
Materials ivity Factor W, | Wy |Coefficie m3_ | Source
w ul—] kg kg nt opor [W]
Al—] (=l | [ kg
mK m3 | md g
m2ys
Krenzheimer | 1.710 148.42 125 3 0.01 0.186 Delphin
sandstone database
Velbke 1.83 11.474 242.23 | 1.561 | 0.646 0.267 Delphin
sandstone database
Ruthen 2 12.976 24458 | 14.2 |0.338 0.276 Delphin
sandstone database
Craigleith 1.7 120 45.2 10.5 | 0.0081 0.08
(27)
sandstone
Hailes 1.9 63 89.5 6.2 0.036 0.13
(27)
sandstone

2.3.2 Step 2: Model Dimension

In this step, the 2D model (Figure 4) was built with the sandstone selected in step.
Except for the stone and mortar layer, other inputs are consistent with the baseline
model. The results of the 2D model were compared with the monitored results of step
1 to explore the impact of model dimension on simulation results. According to the
details of the case building, the height of a single stone was assumed to be 371mm.
The thickness of the outside stone, mortar and inside stone was 250mm, 100mm and
150mm to achieve 3:7 of a ratio of mortar to sandstone.

Figure 4 — Two-dimensional model in Delphin
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2.3.3 Step 3: Mortar-to-Stone Ratio

I 53mm

In this step, the mortar-to-stone ratio was changed (range 1:2 to 1:9). The simulation
results of the larger ratio (1:2) and lower ratio (1:9) were compared with the
monitored results of step 2.

2.3.4 Step 4: Insulation Material Thickness

There are many uncertainties in hygrothermal models of historical buildings,
especially the thickness of materials. For instance, as the finish composed of lath
and lime plaster contains some fine chips, they may mix into the insulating material

during construction, resulting in a gap between the actual insulating material
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thickness and the design value. In this step, the insulation material (cellulose) was
modified (x5mm) to explore the impact of insulation material thickness on calibration
results.

2.4 Climate data for calibration

The 2019 hourly climate observations for Edinburgh and its surrounding stations
were obtained from the MIDAS Open database for creating weather files (30). Due to
incomplete data for one site, the collected data is assembled from different sites. The
available variables from the MIDAS Open are shown in Table 6.

Table 6: Required parameters for weather files from MIDAS Open

Variables Interval Station Unit
Air Temperature 1 hour Edinburgh Royal °C
Relative Humidity 1 hour Botanic Garden %
Global Horizontal 1 hour Y converted to —
Irradiation m?2 m?2
Wind Direction 1 hour Edinburgh Gogar bank ° Clocls‘gr'tsﬁ from
m
Wind Velocity 1 hour 5
Rain 1 hour Edinburgh Royal mm
Dewpoint Temperature 1 hour Botanic Garden °C
Cloud Index 1 hour Glasgow Bishopton Oktai,jcfgnl\ﬁerted
Direct Radiation
Normal Unavailable — Calculated by pvlib- w
Diffuse Radiation python (31) m?2
Horizontal
. Unavailable — Calculated from air
Air Pressure Pa
temperature (32)
Unavailable — Calculated from air
Long Wave Counter temperature, dewpoint w
Radiation temperature, air pressure and cloud m2
index (33)

3 Results and discussions

3.1 Step 1: Sandstone Type

For the temperatures, the simulation results have a very similar trend as the actual
data at all sensors locations, although with slightly lower values. The results of the
five sandstones are highly close to each other because they have similar thermal
properties (see Figure 5). This could be seen in the comparative analysis of the
CVRMSE between simulation results and actual data (Table 7). For temperature, all
CVRMSE results meet the ASHRAE 14 criterion. The calibration process is more
concerned with relative humidity.
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Figure 5: Simulation results of different sandstones and monitored

temperature data, for sensor 2. Similar results were found for other sensor
locations

—Actual_data —Krenzheimer_sandstone Velbke_sandstone
Ruthen_sandstone —Craigleith_sandstone —Hailes_Sandstone

[y
~

Table 7. CVRMSE of temperature results of different sandstones; lowest values
of CVRMSE in bold

CVRMSE [%]

Sensors  Krenzheimer Velbke Ruthen Craigleith Hailes
sandstone Sandstone Sandstone Sandstone sandstone
Sensor 1 15.00 15.54 15.36 15.31 14.40
Sensor 2 11.03 11.52 11.20 11.52 10.58
Sensor 3 10.83 11.21 10.84 11.30 10.41
Sensor 4 21.80 22.72 22.78 21.17 20.94

Figure 6 shows the variation trend of the relative humidity simulation results and
actual data at the four sensors. For relative humidity, the simulation results are
mostly higher than the actual data. The relative humidity curve of Hailes sandstone
is always above the curves of other stones, which is closest to the actual data curve,
and embodies a high degree of correlation. From the graphs, the results of other
stones are irrelevant and incomparable with the actual data.

Sensor 1 is located in the insulating material layer of the model, which is close to the
inside surface. The relative humidity at sensor 1 is similar across the five sandstones
as the inside condition significantly impacts the results. However, the other three
sensors are located in the sandstone and mortar layers, and their corresponding
results have a large gap between different sandstones. Hailes and Velbke sandstone
show more fluctuations in relative humidity. For the other sandstones, the relative

humidity, especially at sensor 3 and sensor 4, rises rapidly at the beginning of the
simulation and then remains stable.
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Figure 6: Simulation results of different sandstones and monitored relative
humidity data, at four sensors locations
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From Table 8, Hailes sandstone becomes the dominant stone type in the relative
humidity simulation with the lowest CVRMSE at sensors 1, 3 and 4. Considering the
temperature and humidity simulations comprehensively, Hailes sandstone has minor
gaps in variation trends and errors from the monitoring data. Therefore, Hailes
sandstone was selected for the final calibrated model.

Table 8: CVRMSE of relative humidity results of different sandstones; lowest
values of CVRMSE in bold.

CVRMSE [%]

Sensors  Krenzheimer Velbke Ruthen Craigleith Hailes
sandstone Sandstone Sandstone Sandstone sandstone
Sensor 1 20.10 23.97 21.01 20.65 18.02
Sensor 2 13.10 25.12 17.56 3.71 9.66
Sensor 3 28.48 38.11 25.49 38.74 7.47
Sensor 4 48.38 41.96 37.06 47.59 10.26

3.2 Step 2: Model Dimension
Figure 7 shows the relative humidity of 1D model, 2D model and monitoring data at
sensor 1. The 1D model obtains closer results to the monitoring data than the 2D
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model in both temperature and relative humidity simulations. This phenomenon can
also be observed in the results of other sensors and the CVRMSE (Table 9).

Figure 7: Simulation results of different model dimensions and monitored
relative humidity data, for sensor 1
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Table 9: CVRMSE of relative humidity results of different model dimensions
CVRMSE [%]

Sensors 1D model 2D model
Sensor 1 18.02 22.54
Sensor 2 9.66 18.59
Sensor 3 7.47 18.36
Sensor 4 10.26 19.63

The 1D model has closer results to monitoring data than the 2D model, possibly
because of the influence of the vertical mortar representing a capillary break in the
simulation. Although the layout of the mortar and sandstone of the 2D model is more
similar to the actual construction, the simplified 1D model led to more representative
results. Therefore, the 1D model was considered for the final model.

3.3 Step 3: Mortar-to-Stone Ratio (MSR)

Using relative humidity at sensor 1 as an example, Figure 8 illustrates the trend of
relative humidity results of different MSR and monitoring data. From the graphs, the
gap between simulation results and monitoring data is negatively correlated with
MSR, which rise in MSR leads to more satisfactory results.

Figure 8: Simulation results of different mortar-to-stone ratios and monitored
relative humidity data, for sensor 1

Relative Humidity [%]

2
%
s
%
o,
-,
"z,
2.
3
/
[y
2
s
=
ic>
>
%

—monitoring data 37 =34 122 —1:9

Page 11 of 16



CIBSE Technical Symposium, UK April 2022

Table 10: CVRMSE of relative humidity results of different mortar-to-stone
ratios

CVRMSE [%]

Sensors

1:9 1:4 3.7 1:2
Sensor 1 31.27 19.66 18.02 16.77
Sensor 2 26.35 10.97 9.66 8.55
Sensor 3 9.00 7.92 7.47 7.62
Sensor 4 18.62 12.70 10.26 9.50

According to Table 10, a decrease in MSR from 3:7 could cause the results to
deviate from the monitoring data, suggesting the need for a capillary break in the
hygrothermal model, here represented by a thicker layer of mortar. A rise in MSR
from 3:7 made the results at most locations approach the monitoring data. Sensors 1
and 2 are closer to the critical surface than other sensors and were considered for
the selection of MSR. Therefore, a mortar-to-stone ratio of 1:2 was selected for the
next step.

3.4 Step 4: Insulation Material Thickness

Figure 9 shows the trend of the relative humidity results of different insulation
material thicknesses and monitoring data at sensor 2. The insulation material
thickness is positively correlated with the gap between simulation results and
monitoring data. According to Table 11, reducing the insulating material thickness
could improve the simulation accuracy for the central area of the model. Conversely,
a rise in the insulating material thickness makes the simulation on the sides of the
model more accurate. Since scenario simulations focused on the relative humidity of
the critical surface (close to sensors 1 and 2), 55mm of insulation materials was
selected for the final calibrated model.

Figure 9: Simulation results of different insulation material thicknesses and
monitored relative humidity data for sensor 2
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3.5 Final Calibrated Model
The materials and layout of the calibrated model (Figure 10) were determined by the
calibration simulation results.

Figure 10: The calibrated model

Hailey Sandstone Lime Mortar [Jfjinsutation lLime Plaster

From the analysis of the CVRMSE results during calibration, the accuracy of the
model largely depended on the selection of sandstone.

The error between simulation results and monitoring data saw the most fluctuating
changes when testing different stones in hygrothermal calibration simulations. It is
very reliable to select stone properties in the database that are geographically close
to the case building. Other scholars also agreed with this finding (21). However, both
Hailes sandstone and Craigleith sandstone are from Scotland and saw a different
behaviour in the simulations. Therefore, selecting local material properties as input is
only part of the success; in this case, the calibration exercise was able to support the
final material selection.

4 Conclusions

Internal wall insulation is a possible solution for protecting the facade of historic
buildings while saving energy, improving indoor thermal comfort, and reducing
carbon emissions. However, an inadequate assessment could lead to the
specification of inappropriate IWI, affecting the durability of the wall. Scenario
analysis by means of hygrothermal simulations is a useful method to explore suitable
assemblies to participate in retrofit or design schemes of buildings. Calibration is one
of the essential parts of the simulation, which improves the accuracy and
representativeness of simulation results.

To explore the impact of the calibration of hygrothermal simulations on the retrofit of
solid walls, this paper used a case study to perform hygrothermal simulations in
Delphin. The calibration simulations were divided into four steps, which respectively
test the influence of sandstone type, model dimension, MSR, and insulation material
thickness on the simulation results. The required simulations were completed under
the current weather. The current climate data was established based on the MIDAS
Open dataset. The following are the main results:

e The temperature simulations showed more stable and accurate results than
relative humidity.

e Appropriate calibration could effectively improve the accuracy of relative
humidity simulations, which highly depends on the adjusted parameters.
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e The sandstone type (material properties input) was the most critical factor, if
compared with model dimension, mortar thickness and mortar-to-stone ratio -
as long as a capillary break is considered in the model.

The calibrated model can be used as a reference model for scenario simulations to
explore the best refurbished assembly.

In the future research, field trips and detailed confirmation of case building could be
implemented to obtain more accurate parameter settings for modelling. Besides,
databases of more new weather observatories are worth exploring to bring
simulations closer to reality.
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