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Abstract – The majority of the traditional dwelling stock in the UK is made of 
solid brick walls. The energy efficient retrofit of such traditional buildings is one of 
the key measures to fulfil the Government pledge to reduce the GHG emissions 
by 80 percent by 2020. Internal wall insulation is one of the possible measures 
to preserve the heritage value of the external surface of the building fabric while 
improving the energy efficiency of a wall. However, it can lead to moisture-related 
risks, such as interstitial condensation and mould growth. This paper presents an 
overview of the reasons behind the need for an appropriate assessment of the 
moisture risk in internally insulated solid walls, and the state-of-the-art methods 
for risk assessment. Considering the uncertainty and variability of input data in 
the assessment of traditional solid walls, this paper argues that a probabilistic risk 
assessment can provide valuable information to support decision-making.
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1. INTRODUCTION

1.1 BACKGROUND AND CONTEXT

Internal wall insulation is important for the energy efficiency of the traditional 
building stock. However, it can lead to moisture accumulation, which can be detri-
mental to the health of occupants and the structural integrity of a building.

In the UK, it is commonly assumed that the majority of traditional and historic 
buildings were built prior to 1919 and their walls are usually made of solid 
masonry. In England and Scotland, these buildings account for around  
20 percent of the housing stock. Energy efficiency interventions on solid walls 
are less cost-effective than other measures commonly installed in the UK; for this 
reason, properties with solid walls are categorised as “hard-to-treat” [1]. As of 
December 2016, only 8 percent of the solid walls in the UK have been insulated 
[2]; this figure reflects the challenges of solid wall insulation but also highlights 
the potential of this intervention in contributing to the reduction of greenhouse gas 
emissions pledged by the UK Government.

Building Regulations that apply across England and Wales recognise the fact  
that there are issues related to solid wall insulation for existing buildings. While 
they provide stringent guidance on the minimum thermal transmittance  
(0.30 Wm-2K-1) of solid wall buildings after a thermal upgrade using insulation, 
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they also acknowledge that solid wall insulation may not be suitable for some 
buildings, hence higher thermal transmittances are accepted. For this reason, the 
Building Regulations state that all the interventions must be technically, functio-
nally and economically feasible, therefore they advise limiting the loss of space 
to no more than 5 percent of internal floor area and assuring a payback time of 
15 years or less. Moreover, they recommend the assessment of moisture related 
problems (e.g. condensation) in accordance with the requirements of Approved 
Documents (e.g. C and F) consequently acknowledging the need of assessing 
and minimising moisture risk as a result of solid wall insulation.

Currently, there is an increasing interest around moisture issues in UK buildings 
[3], and the approach to moisture assessment is changing. Various research 
projects concerning moisture in buildings have recently been funded by the UK 
Government and the construction industry, and carried out under the umbrella of 
the recently established UK Centre for Moisture in Buildings (UKCMB). The main 
documents on moisture control in buildings are currently under revision [4, 5] and 
other relevant documents have been published. A White Paper was published by 
the British Standard Institution [6] and it is advocating for a holistic approach to 
moisture risk assessment and guidance in buildings in the UK, which considers 
the interactions of the building fabric with other building elements, context and 
use, and accounts for the uncertainty of moisture sources, criteria and data.  
A report on the unintended consequences of solid wall insulation [7] identified 
the causes of potential problems with solid wall insulation and provided advice 
on how to tackle these issues. These documents acknowledge the complexity of 
moisture interactions that occur within the building fabric, especially in the case of 
insulated solid walls. Also, they warn on the adverse consequences that could be 
introduced if solid wall insulation is badly implemented.

The adverse consequences related to moisture accumulation in solid walls 
are many; these are even more relevant in case of historic buildings, where 
maintaining the heritage value of a building has priority [8]. For instance, moisture 
accumulation on timber (e.g. lintels, joist ends and structural elements) usually 
found embedded in traditional solid walls can lead to timber decay due to wood 
rot. Moreover, in some cases, moisture accumulation in internal wall insulation 
can undermine the expected energy savings [9] or lead to mould growth and 
condensation [3, 10], which may affect the health of occupants.

2. UNCERTAINTY AND VARIABILITY IN TRADITIONAL BUILDINGS

2.1 THE BUILDING FABRIC

To understand the moisture balance of traditional buildings, it is important to 
consider the variability existing in the building fabric, in the indoor environment 
and the weather.

The moisture balance of a building is mainly affected by core building materials; 
however, internal and external finishes (and other layers), which could have been 
added with the years (e.g. wallpaper, vinyl paint, gypsum plaster), might also 
affect the moisture balance of a wall [11]. The pre-existing moisture conditions of 
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a traditional building may vary considerably and can affect the moisture balance 
of the solid wall that is going to be insulated. Therefore, a thorough survey is 
advised [7], in order to have a good understanding of the pre-existing conditions 
of the solid wall [12] and to evaluate if previous alterations have harmed the 
integrity of the existing wall [13].

Hygric properties of building materials can show significant variability, given by 
the different geometry of the pore system [14], which for example affects the 
vapour diffusion resistance of the material. Roels et al. [15] found a wide range of 
vapour diffusion resistances in modern handmade bricks coming from the same 
batch. This shows that, although modern bricks are fired at controlled tempera-
tures, the uncertainty of some material properties remains high.

In case of pre-1919 bricks, the firing process was uncontrolled, therefore the 
uncertainties related to material properties in traditional buildings can be even 
more significant. It is known that bricks that were stacked at the edge of the kiln 
were crumbly in texture and were used in the internal layers of walls, together 
with bricks made of poorer earth. On the other hand, bricks used for the façade 
were carefully moulded with higher quality ingredients [16]. Moreover, local clay 
was used for the production of bricks until the 19th century. Although the manufac-
turing process stayed the same, in the 19th century mass-production reduced the 
local differences that were common in previous times [17].

2.2 BUILDING OCCUPANTS AND INDOOR ENVIRONMENT

The moisture balance of a solid wall can also be affected by the levels of indoor 
vapour they are exposed to. In the UK, the indoor vapour generated in dwellings 
has been shown to vary significantly, representing humidity levels from very low 

Figure 1. Water vapour resistance factor for 30 handmade bricks from the same batch (from 
Roels et al [15]).
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to medium [18]. This range of indoor vapour is likely to be defined by a number of 
building characteristics (e.g. size of the buildings), the occupants’ density, the type 
of indoor activities (e.g. cooking, drying clothes) and the ventilation strategy (e.g. 
window opening schedule).

Figure 2. Frequency distribution of bedroom vapour pressure excess at 5 °C external tempe-
rature (from Ridley et al [18]).

2.3 THE WEATHER

Wind-driven rain and solar radiation are among the various climate parameters 
that can significantly affect a solid wall. They are particularly relevant for the 
moisture balance of traditional buildings, especially in case of un-rendered solid 
walls [19, 20].

Climate parameters have a temporal and spatial variability. It is important to 
consider the temporal variability of these parameters [21]; for this purpose, 
reference years for moisture design can be developed to consider representative 
external conditions [22, 23]. Moreover, due to climate change, the annual wettest 
day amounts are predicted to increase [24]. The spatial variability is important in 
complex urban environments; the urban geometry affects wind patterns, which 
in turn can lead to different wind-driven rain intensity across the same urban 
environment [25]. Also, the spatial distribution of wind-driven rain on an individual 
building can vary considerably [26].
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3. RISK ASSESSMENT

3.1 MOISTURE RISK ASSESSMENT

A moisture risk assessment aims at evaluating the likelihood of building failures 
due to excessive moisture accumulation. In a risk assessment, the possible risks 
are identified (risk identification), the extent of the adverse consequences related 
to these risks is estimated (risk analysis), and the estimated levels of risk are 
compared with suitable risk acceptance criteria (risk evaluation).

At design stage, an appropriate moisture risk assessment can help with the 
choice of insulation system, and also helps identifying if internal wall insulation 
is possible at all. Moisture risk assessment can be used for comparing different 
constructions and evaluating the effects of interventions, taking into account the 
effects of the external climate and occupants’ behaviour on the moisture balance 
of the building fabric [5].

3.2 DETERMINISTIC MOISTURE RISK ASSESSMENT

There are various methods available for the moisture risk assessment of internal 
wall insulation, with a focus on the wall-insulation interface. Hygrothermal simula-
tions, as described in EN 15026 [21], can be used for moisture risk assessment 
when complex moisture interactions occur, as they consider several moisture 
transfer mechanisms and allow for the assessment of various moisture-related 
risks.

The majority of moisture risk assessment examples use a deterministic scenario 
analysis, where sets of scenarios (e.g. worst-case) are used to analyse potential 
adverse consequences. Most of the scenario analyses for internal wall insulation 
consider an average or a worst-case scenario and combine it with a parametric 
analysis (e.g. [9, 27]).

To be meaningful, these deterministic scenario analyses need representative 
input conditions (i.e. material properties, indoor environment, external climate). 
Average material properties are used, and the parametric analysis often focuses 
on changing the building materials used in the analysis. Regarding the indoor 
environment, the standard suggests that “internal conditions appropriate to the 
most severe likely use of the building shall be used” [21]; however, Künzel [28] 
argues that having severe indoor conditions in the risk assessment “may limit 
the choice of retrofit measures” for existing buildings. He suggests to use a low 
indoor relative humidity instead and to reduce the indoor vapour load by venti-
lation or dehumidification.

Regarding the outdoor environment, the climate file used is often a Test 
Reference Year; however, this climate file might not be representative for the 
moisture risk assessment of internal wall insulation subject to wind-driven rain 
[29], possibly because the construction of a TRY file does not consider rainfall as 
one of the climate indices.

The orientation with highest rainfall is considered in most cases, with the aim 
of representing worst-case scenario (e.g. [27, 30–32]). Also, a safety margin on 
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wind-driven rain is considered by some authors (e.g. [28], [32]) for the analysis of 
unwanted water penetration; this approach was developed for timber frame walls 
[33] but was extended to other structures [28]. However, introducing this safety 
margin does not necessarily lead to a worst-case scenario for the moisture risk 
assessment of internal wall insulation [29].

The benefits of the deterministic scenario analysis are its simplicity and low 
computational effort, which usually are desired characteristics for decision-
making tools at design stage. However, it might not capture the risk completely, 
especially if inputs do not fully represent the variability and uncertainty found in 
(and around) traditional buildings.

3.3 PROBABILISTIC MOISTURE RISK ASSESSMENT

A probabilistic risk assessment can consider the inputs’ uncertainties and varia-
bilities identified for the material properties, the indoor and outdoor environments 
but requires a high computational time. Probably helped by the significant impro-
vement of computational power, the interest in a probabilistic risk assessment for 
internal wall insulation has been increasing. The International Energy Agency’s 
Annex 55 [34] focused on the development of a probabilistic approach to risk 
assessment; uncertainty was propagated through hygrothermal simulations. Zhao 
et al. [35] used a Monte Carlo Analysis for the stochastic analysis of internal wall 
insulation, and combined it with local sensitivity analysis. Vereecken et al. [36] 
analysed the hygrothermal risks and energy savings of various insulation systems 
using a probabilistic approach. This is now further developed within a EU-funded 
project [37].

The advantages of a probabilistic risk assessment are many. While a determi-
nistic scenario analysis does not provide a full understanding of risk, a probabi-
listic risk assessment is able to represent the full range of possible outputs. In 
addition, it also describes the likelihood of risk and can provide information on the 
key factors affecting moisture risk.

An example of how probabilistic risk assessment can inform decision making is 
shown below. As it can be seen in the histogram of maximum relative humidity 
at the critical interface between capillary active internal wall insulation and an 
existing solid brick wall (Figure 3, left), the maximum relative humidity varies 
between 80 % and 100 % but the majority of instances fall around 95 %. To 
evaluate the moisture risk, a possible criterion for internal wall insulation, 
suggested by the WTA [38], is that the maximum relative humidity must not 
exceed 95 %. With a probabilistic risk assessment, it is possible to identify 
the percentage of results exceeding the threshold. Figure 3 (right) shows the 
empirical cumulative density function of maximum relative humidity; using the 
mentioned criterion, the graph shows that 33 % of results exceed the threshold. 
Consequently, the assessed insulation system could be considered an unaccep-
table solution for this case.



Energy Efficiency in Historic Buildings 2018

56

A probabilistic sensitivity analysis can provide additional information for moisture 
risk assessment, identifying the input factors that affect moisture risk the most. 
For example, in a sensitivity analysis of an internally insulated solid brick wall in 
Wales, shown in Figure 4, the most important factors were found to be related to 
the microclimate (i.e. orientation, rain exposure), some key material properties of 
the capillary active insulation (e.g. vapour diffusion resistance, effective saturation 
moisture content, thickness), and the regional climate. On the other hand, the 
indoor environment did not have a considerable influence on moisture risk.

The analysis was performed according to the elementary effects method (for 
more details see [39]), considering 34 input factors and the risks of condensation 

Figure 3. Histogram (left) and cumulative distribution function (right) of the failure criterion 
maximum relative humidity. Example for an internally insulated brick wall in Wales.

Figure 4. Probabilistic sensitivity analysis results, based on the elementary effect method: key 
factors for condensation (left) and mould growth (right). High values of * describe factors with 
a relatively high influence on the response variable; high values of σ describe factors that are 
subject to interaction effects. Example for a solid brick wall in Wales, internally insulated with 
a capillary active system.
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and mould growth. Overall, the sensitivity analyses regarding condensation and 
mould growth showed a fairly consistent result, indicating similar key factors. The 
variability of the regional climate was considered using a collection of 22 years of 
weather data; the variability of the indoor environment was described in Figure 2.

4. CONCLUSION

This paper presents an overview of the state of the art of moisture risk 
assessment of the internal insulation of traditional solid walls in the UK. The 
existing regulatory framework in the UK acknowledges the technical and practical 
limitations of internal wall insulation; however, the current guidelines needs 
updating and some of the main documents concerning moisture risk assessment 
in buildings are under revision. For an appropriate moisture risk assessment, 
the complexity of moisture interactions in traditional solid walls need to be consi-
dered. The uncertainties and variability of material properties, indoor and outdoor 
climate can affect significantly the moisture balance of a solid wall.

Currently, moisture risk in internally insulated walls is assessed with a determi-
nistic scenario analysis, coupled with a parametric study, which depends on the 
ability to identify representative inputs. An alternative approach, the probabilistic 
risk assessment, is able to capture the full range of possible outputs and provides 
information on the likelihood of risk, proving that probabilistic risk assessment can 
support decision-making for the internal insulation of traditional solid brick walls. 
Also, a probabilistic sensitivity analysis can inform on the relative influence of 
factors on the moisture risk, considering actual distributions of input data.

The main disadvantage of a probabilistic moisture risk assessment is the high 
computational effort, which could be solved developing a meta-model. Finally, it is 
important to note that both approaches highly depend on the quality of input data.
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