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Abstract 
Improving the building fabric is widely known as a way to significantly reduce the energy consumption in 
buildings; therefore, internal wall insulation is adopted in many refurbishment projects. In this thesis, the 
optimum insulation thickness was determined in terms of energy saving, mould growth risks at junctions, and 
embodied energy and carbon by using a parametric process and Pareto front for multi-objective optimisation. 
The analysis considered various insulation materials and fixing systems typical of internally insulated solid walls. 
Since each insulation material and fixing system has different characteristics, the optimum level of insulation 
thicknesses was estimated individually in each fixing system and material category in the first phase, considering 
both energy savings and mould growth risk. Then, embodied energy and carbon data were used to compare the 
embodied impact of the first results, and to determine the best solution for the solid wall retrofit.  
As a result, the control of thermal bridges and selection of suitable fixing systems should be considered while 
identifying the optimum insulation thickness.  
 
Keywords: solid wall retrofit, insulation thickness optimisation, thermal bridges, condensation and mould 
growth, embodied energy 

1. Introduction 
English housing is a precious asset in the UK due to their historical value, but they also account 
for a huge part of energy consumption because of the age of the properties. According to the 
English Housing Survey, approximately 234,000 dwellings are counted in England (DCLG, 
2016), and about 80% of those will remain in 2050 (Baeli, 2013), accounting for 12% of the 
UK’s Green House Gas emissions. More needs to be done to refurbish existing dwellings to 
ensure they are fit for the future. The energy saving can be achieved by increasing the 
thickness of insulation. However, this method does not always mean it can reduce energy 
consumption. The previous research found that thicker wall insulation is not necessarily 
advantageous from a heat loss perspective, that reveals account for the majority of the 
transmission heat transfer coefficient at junctions, and that the transmission heat transfer 
coefficient at junctions per unit area of exposed elements was often higher than the reference 
value used in the UK (Marincioni, et al., 2016). In this context, the aim of this thesis is to define 
an optimum level of insulation thickness while considering the additional impact including 
thermal bridges, condensation and mould growth risks and embodied energy consumption, 
especially in internal wall insulation retrofit. A parametric analysis and the Pareto front were 
undertaken for a mid-terrace dwelling, taking into account a various insulation thicknesses, 
thermal conductivities, and fixing systems. The impact of insulated and uninsulated reveals 
on energy saving, condensation and mould growth risks, and embodied energy is presented. 
Finally, these findings are then combined with all categories to define the optimum insulation 
thickness.  

http://www.nceub.org.uk/


2. Methodology 

2.1 Case study summary: 1930’s mid-terraced house 
The type of dwelling and reveal details were extracted and simplified from the previous 
researches (Marincioni, et al., 2016; Baeli, 2013). The case study dwelling is a 6.25 m wide, 
8.9 m long and 5.7 m high typical mid-terraced house, divided into two storeys which have an 
internal partition wall that runs from front to back in both floors. Detailed input data, 
assumption, fixing details and data labelling method are indicated in Table 1 and Figure 1. 

Table 1 Input data, Assumptions, and Data labelling summary 
01 Environmental condition 
External Temp. / Surface heat transfer coefficient 0 (°C) / 25 (W/m²K) 
Internal Temp. / Surface heat transfer coefficient 20 (°C) / 7.69 (W/m²K) 
Heating Degree-Days (HDDs) 1594 (K/day) 
02 Material properties 

Name Conductivity 
(W/mK) 

Thickness 
(mm) 

Density 
(kg/m3) 

EE 
(MJ/kg) 

EC 
(kgCO2e/kg) 

M1 - PIR 0.028 
20 – 200  
(every 20) 

30 16.6 1.28 
M2 - EPS 0.035 25 80.1 4.26 
M3 - Mineral Wool 0.043 30 100.09 3.29 
F1 – Adhesive - - 0.184 m²/kg 61.67 - 
F2 - Sawn softwood 0.14 0.05 550 7.4 - 
F3 - General steel 45 0.001 7,800 20.1 1.46 
03 Area and U-value of each part of the building 
Building fabric part Area (m²) U-value (W/m²K) 
Wall 54.65 VAR. 
Windows and Door 16.6 2.0 
Roof 55.625 0.2 
Ground Floor 55.625 0.25 
04 Data labelling 
Meaning Symbol Description 

Junction point 
S Sill 
L Lintel 
J Jamb 

Junction Condition 
W With Reveal Insulation 
O Without Reveal Insulation 

 

 
Figure 1 Fixing details at junctions (F1: Bonding, F2: Wood Battens, F3-Metal Stud, from left) 

2.2 Energy consumption 
The plane wall U-value and psi-value were simulated and calculated by THERM and the 
equations. The thermally bridged U-value of the plane wall can be obtained by combining 
them. Psi-value (ψ) represents the extra heat flow through the linear thermal bridge over 
and above that through the connecting plane elements (Equation 2). From the numerical 



modelling of a two-dimensional junction, 𝐿𝐿2𝐷𝐷 is the thermal coupling coefficient between the 
internal and external environment. It is calculated from: 

𝐿𝐿2𝐷𝐷 =
𝑄𝑄

𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑒𝑒
 ( 1 ) 

Q is the total heat flow obtained by THERM, and 𝑇𝑇𝑖𝑖  and 𝑇𝑇𝑒𝑒  are the temperatures of the 
internal and external environments (BRE, 2007). By adding psi-value (𝜓𝜓) , the thermally 
bridged U-value can be calculated by Equation 3. 

𝜓𝜓 = 𝐿𝐿2𝐷𝐷 − ΣU × l (𝑊𝑊 𝑚𝑚 ∙ 𝐾𝐾⁄ ) ( 2 ) 
  

U =
𝑈𝑈𝑜𝑜 × 𝐴𝐴 + ∑ (𝜓𝜓𝑖𝑖𝐿𝐿𝑖𝑖)𝑛𝑛

𝑖𝑖=1

𝐴𝐴
 ( 3 ) 

The Degree-Days (Equation 4) was adopted to calculate the heating energy consumption. The 
Degree-Days method requires less data input, and can be used to evaluate rapidly how energy 
consumption may be influenced by the design (CIBSE, 2006). Only the heat loss throughout 
the fabric is considered in this research assuming all other factors are the same. 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝑘𝑘𝑘𝑘 ∙ ℎ)

= 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑘𝑘𝑘𝑘/𝐾𝐾) × HDDs �
𝐾𝐾
𝑑𝑑𝑑𝑑𝑑𝑑

� × 24 (hours) ( 4 ) 

2.3 Condensation and Mould growth risks 
The condensation is aroused when the surface temperature is below the dew point 
temperature, and it causes another unintended consequence such as mould growth. Surface 
temperature at the particular point and property of the air can be obtained by THERM and 
psychrometric chart (Table 2). 

Table 2 Property of Air summary 
Relative humidity 70% 60% 50% 
Moisture content (g/kg) 10.33 8.85 (g/kg) 7.38 (g/kg) 
Dew point Temp (°C) 14.5 12.1 (°C) 9.4 (°C) 

The temperature factor (ƒ𝑅𝑅𝑅𝑅𝑅𝑅) which can be calculated by surface temperature (Equation 5), 
and the TTV model (Equation 4) developed by Hukka and Viitanen (Johansson, 2011) were 
used to make it possible to derive the risk for mould growth on the wall. If ƒ𝑅𝑅𝑅𝑅𝑅𝑅 is lower than 
0.75, mould growth would be caused, and there is a risk for mould growth when the relative 
humidity in a material exceeds the critical relative humidity in TTV model. 

ƒ𝑅𝑅𝑠𝑠𝑠𝑠 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇. (𝑇𝑇𝑠𝑠𝑠𝑠) − 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇. (𝑇𝑇𝑒𝑒)
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇. (𝑇𝑇𝑖𝑖) − 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇. (𝑇𝑇𝑒𝑒)

 ( 5 ) 

𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �−0.00267 ∙ 𝑇𝑇3 + 0.160 ∙ 𝑇𝑇2 − 3.13 ∙ 𝑇𝑇 + 100%, 0℃ ≤ 𝑇𝑇 ≤ 20℃
100%,𝑇𝑇 < 0℃, 80%, T > 20℃ � 

( 6 ) Where 𝜑𝜑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  is critical relative humidity 
T is the surface temperature 

2.4 Embodied Energy (EE) and Carbon (EC) 
Three insulation materials and fixing systems are chosen to compare the difference in 
performance. The conversion factors are taken from ICE Database (Geoff & Craig, 2011). As 
can be seen in Table 1, each insulation material and fixing system has a different conversion 
factors and density. Therefore, it is expected that the embodied impact of the materials would 
be different. Annual embodied energy was estimated by dividing the values by the lifespan 
(60 years) (Anderson & Howard, 2000). 
  



3. Results and Discussion 
In order to optimise the thickness considering energy, embodied energy, condensation and 
mould growth risks, Pareto Front analysis was adopted. The Pareto Point methods aim at 
searching for the best solution between the different objectives (Coello, et al., 2007). 

3.1 Energy saving (Heating energy and Embodied Energy) 
Figure 4 and 5 indicate the U-value in which the additional heat loss throughout thermal 
bridging (Figure 3) is added in both with and without reveal insulation. As can be seen in the 
graph, although the shape of the U-value circle line looks similar to the plane wall U-value 
result in Figure 2, the value difference is approximately 0.18 W/m²K in the maximum case. 

  
Figure 2 U-value for Plane wall Figure 3 Heat loss throughout thermal bridges 

  
Figure 4 Thermally Bridged U-value (With reveal) Figure 5 Thermally Bridged U-value (Without reveal)  

Embodied energy of Insulation and fixing materials were summarised in Figure 6 and 7. 
Regarding Bonding case, since it should use the same amount of adhesive irrespective of the 
thickness of insulation, the same embodied energy was assigned in all insulation thickness. 
Timber battens showed the lowest embodied energy result. In terms of insulation material, 
slightly higher results can be seen in the case with reveal insulation, as the additional 20 mm 
insulation at reveal were calculated. However, the differences are too narrow to consider this 
as a serious impact. On the other hand, although the same volume of the material was 
estimated, the large differences can be found in the insulation materials. 

  
Figure 6 Embodied Energy (Fixing Materials) Figure 7 Embodied Energy (Insulation Materials) 

Figure 8 shows the sum of each condition’s heating energy and embodied energy. The 
interesting result is that the embodied energy is increased consistantly. In the dot and dab 
bonding fixing system, the embodied energy consumption outweighs the heating energy 
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consumption at the 0.2 thickness of insulation because of the amount of insulation and fixing 
materials. 

 

 
Figure 8 Total Energy Summary (Heating + Embodied Energy) 

3.2 Condensation and Mould growth risk results 
In terms of condensation risks, irrespective of the fact that reveal insulation is installed or not, 
the thicker the insulation material, the lower the surface temperature. However, the 
temperature differences are slight and has passed the criteria when reveals are insulated, 
whereas the without reveal insulation cannot pass the temperature limitation in RH 60 and 
70% condition. Figure 10 and 11 illustrates the  ƒ𝑅𝑅𝑅𝑅𝑅𝑅  and VTT model result respectively for 
mould growth potential. All the simulations without the reveal insulation show the lower 
result than the benchmark value (0.75) irrespective of the insulation materials and installation 
detail. This means that there is a mould growth risk if reveal insulation is not properly installed. 
On the other hand, in case with reveal insulation, even though there is a slight difference 
between them, all values are passed to meet the critical value. 

 
Figure 9 Condensation Risks 

  
Figure 10 Mould Growth risks (ƒ𝑅𝑅𝑅𝑅𝑅𝑅) Figure 11 Mould Growth risks (TTV model) 
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4. Optimisation and Conclusion 

 
Figure 12 Pareto Front result for optimisation 

The efficiency of the insulation is significantly decreased when the insulation is not installed 
on the reveal compared to those with reveal insulation. Following the Pareto front result 
(Figure 12), M3-F2-W (▲) and M1-F2-W (X) show the result of minimising energy 
consumption and the surface relative humidity. The surface temperature of M1-G2-W is 
approximately 1.5-dgree higher in comparison to M3-F2-W. However, since the cases with 
reveal insulation are all passed the guideline condition, both cases are enough to avoid 
condensation and mould growth risks. Although 0.1-meter-thick mineral wool has the lowest 
energy consumption (216.66 kWh/year), more than 0.14-meter should be considered to meet 
the minimum U-value criteria (0.3 W/m²K) from the UK regulation. The performance gap 
between 0.1 and 0.14 meter is slight (3.63 kWh/year) so that the optimum level of insulation 
can be defined as 0.14-meter mineral wool with wood batten fixing system and with reveal 
insulation (M3-F2-W). As a result, the thicker the insulation material, the greater the 
additional problems such as increasing the proportion of embodied energy and condensation 
and thermal bridging risks. Moreover, from the particular thickness, the result which the 
other risks outweigh the operating energy consumption can be found in the total energy 
consumption section. If the heat loss throughout the longer junctions such as edges between 
the wall, floor and roof are added, the result would significantly increase. Therefore, 
optimised insulation thickness cannot achieve the energy saving without the proper 
treatment on thermal bridges at every junction and hidden energy consumption. 
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